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1 Introduction 

Sustainability is a multidimensional concept which encompasses 
environmental, social, economic, temporal (inter and intra-generational equity) 
issues (WCED 1987). This complex notion should be understood and approached 
from the different perspectives of stakeholders to create a shared vision and 
impetus for progress. Various stakeholders such as governments, non-
governmental organizations (NGOs), and consumers have an influence on 
sustainability through regulations, advocacy and consumption behavior, 
respectively. Though various stakeholders influence sustainability in this way, 
corporations stand out as one of the most important actors as they have a great 
influence on society through their products and services that support societal 
needs on a daily basis. Production and consumption of products and services is a 
major source of environmental impacts in our society (Tukker et al. 2006, Nijdam 
et al. 2005). Due to globalization, product value chains are spread across different 
geographies. These value chain activities can impact the environment and 
stakeholders both positively and negatively. Similarly, various activities of 
stakeholders can, in turn, impact the activities of product value chains which are 
managed by several companies. This suggests the inter-dependence and influence 
on each other both positively and negatively.  

Life Cycle Assessment (LCA) is a systems analysis tool which can help 
companies in improving their processes, products and business models by 
providing impact of their activities and supporting decisions throughout the 
product life cycles (UNEP/SETAC 2009). Despite the advancement of LCA and its 
application for formulating policies in European Union (EU) (EC 2003, EC 2009), a 
great majority of companies do not use LCA to improve the performance of their 
products and services on a daily basis. Some of the reasons are that the global 
value chains are complex thus collection of data from different activities of value 
chain partners is not only cumbersome and resource intensive but also involves 
confidentiality issues (O’Rourke 2014). Moreover, it is argued there is a need for 
improvement of LCA methodology (allocation, life cycle impact assessment 
methods for some impact categories) and harmonization (Finnveden et al. 2009, 
O’Rourke 2014). Finally, most of the sustainability issues are not directly 
connected to the business priorities (value creation) and thus they are not 
considered in day-to-day decision-making within different business activities (UN 
Global Compact and Accenture 2013). Against this background, the main objective 
of this thesis is to make a contribution to bridge the gap between sustainability 
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science and business management by contextualizing the application of LCA in 
corporate sustainability and aligning LCA with business functions/activities and 
business priorities (value creation). To fulfil this objective, we need to understand 
a few important aspects which will be discussed throughout the introduction 
chapter.   

In order to understand the context of today’s corporations and their value 
chains, it is important to know how different stakeholders are approaching 
sustainability and their influence on corporations. This chapter broadly discusses 
these aspects which include mega trends, governments’ actions, NGOs activities 
and other stakeholders that shape the sustainability debate and have influence on 
the performance of corporate value chains. It will provide a detailed discussion on 
a corporate sustainability model which delineates the mechanism between 
context of companies (thereby their products and services), strategy and 
leadership of companies, sustainability performance and value creation. Every 
activity of a corporation has an impact on sustainability. Therefore, we will 
explore role of various business functions in integrating sustainability into day-to-
day business decisions since each business function delivers specific activities for 
a corporation. Business functions need support from sustainability metrics and 
tools while delivering these activities which primarily involve decision-making. We 
introduce the hypothesis that Life Cycle Assessment (LCA) is a candidate tool for 
supporting decisions and integrating sustainability in business functions. 
Subsequently, the main research question and sub-questions of this thesis are 
introduced. Finally, a detailed explanation of context and overview of each 
chapter and their contribution to the research questions will be described. 

1.1 Mega trends and their implications for society and corporations 
Global population is steadily growing and expected to reach 9.5 billion by 

2050 (UN 2012). The per capita income of the growing middle class is rising 
steadily in developing countries, thereby contributing substantially to increased 
global consumption (OECD 2010, UN 2013). It is also expected that there will be 
more elderly people in Japan, China and many countries of Europe (NIC 2012).The 
share of urban population is continuously growing (UN 2011, GSSD 2014). These 
demographic shifts can cause resource shortages, severe environmental problems 
(e.g. urban air quality), and waste problems and require great socio-economic 
changes such as infrastructure development and opportunities to innovative 
products to address these problems. In addition, billions of the poor and future 
population by 2050 need to be provided with basic amenities such as food, 
clothing, shelter, mobility, health, and energy services (UN SDG 2014). However, 
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the planet’s carrying capacity is limited and we are already witnessing severe 
environmental problems (WWF 2012, UN DES 2013, Rockstrom et al. 2009). 
According to IPCC (2014), climate change poses various risks such as extreme 
weather events, threats to ecosystems, uneven distribution of impacts which are 
generally greater for disadvantaged people and communities, global impacts to 
economy due to damages, impacts on crop production, extensive biodiversity 
loss. The confidence level and agreement of scientists on these risks and impacts 
is already ‘high’. Many regions in the world such as India and China are facing 
severe water scarcity problems which will not only lead to problems to local 
communities but also to business due to high production costs and operational 
risks (China water risk 2014, Grumbine and Xu 2013, CDP 2013). The loss of forest 
cover and biodiversity is also unprecedented in tropical rain forests of Brazil and 
Indonesia due to soy production, palm oil plantations and illegal logging (WWF 
2012, UN DES 2013, Rockstrom et al. 2009). The prices of commodities are more 
volatile and steadfastly increasing in the last decade due to resource scarcity 
(McKinsey 2013). The resource scarcity is not yet a mega trend but it can 
eventually impact the food and energy security and exacerbate the vulnerability 
of poor (UN DES 2013). Resource scarcity and price volatility increases costs of 
production and causes uncertainty in management decisions. Moreover, with the 
current developmental model social problems such as poverty and inequity are 
rampant in many societies in the world. These wicked problems are multifaceted 
and need co-operation between different stakeholders to provide effective 
solutions. These trends not only affect society but also business through various 
risks and opportunities. 

1.2 Governmental rules and actions 
Various governments worldwide are introducing new legislations and 

programs such as emission trading schemes (ETS). Recently, United States 
Environmental Protection Agency (US EPA) proposed carbon pollution standards, 
the clean power plan, to cut carbon emissions from existing power plants (US EPA 
2014a). Besides EU ETS, there are other countries such as Australia, New Zealand, 
Japan, China, and states or provinces such as California, Alberta and Quebec 
already implementing ETS programs (World Bank 2014). Similar to ETS, 
governments are creating incentives to reduce the release of toxic chemicals into 
the environment through public disclosure programs. For instance, US EPA has 
Toxic Release Inventory (TRI) program, under which US facilities in different 
industries must annually report releases of certain toxic chemicals that may pose 
a threat to human health and environment (US EPA 2014b). Similarly, developing 
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countries such as China and India are also amending existing rules and introducing 
new rules and programs. China amended environmental protection law to reduce 
appalling air and water pollution problems. It provided greater power to 
authorities to impose higher fines and, even, to detain company bosses for non-
compliance (The Guardian 2014a). India created the Perform Achieve and Trade 
(PAT) program to promote energy savings and energy intensity improvements. 
Under PAT, 478 facilities from energy intensive industries and electricity sector 
have been provided with mandatory energy efficiency targets (EDF and IETA 
2013). In 2013, India introduced a corporate social responsibility clause in the 
companies act which requires companies that make a net profit of 5 crore INR 
(USD 850,000) need to spend 2% of this earnings annually on Corporate Social 
Responsibility (CSR) activities (MCA India 2014). This has also brought SMEs into 
the area of CSR. The EU has mandated companies with more than 500 employees 
to disclose non-financial information pertaining to various environmental and 
social key performance indicators such as environmental aspects, social and 
employee-related matters, and respect for human rights, anti-corruption and 
bribery issues, and diversity on the boards of directors. This covers around 6000 
large companies in the EU (EC 2014). Europe is one step ahead of others by going 
beyond corporate reporting with product environmental footprint for consumer 
products under the initiative Building the Single Market for Green Products (EU 
PEF 2013) even though this initiative is at pilot level right now. Overall, 
governments across different geographies are moving towards stricter and 
mandatory requirements for making companies to consider sustainability issues in 
business. 

1.3 Advocacy and activities of NGOs 
According to Castells (2008) the global civil society is filling the void created 

by national governments in managing world’s problems and it has the 
technological means (internet and social media) to exist independently from 
political institutions and mass media. Consequently, NGO activity has been 
growing fast worldwide with the pursuit of environmental justice and to influence 
decision-making of governments and corporations (Agyeman and Evans 2004, 
O’Rourke 2005). For example, the number of NGOs in China has drastically 
increased from 150,000 to 500,000 during 2000-2013 (Economist 2014). This 
figure is expected to double due to the relaxation of the rules by the Chinese 
government. Box 1.1 shows an example of NGO activity in China on supply chain 
sustainability. Many international NGOs have dedicated campaigning programs to 
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influence global production and consumption (O’Rourke 2005). These campaigns 
use existing concerns of consumers and deploy negative information critique on 
brands. Subsequently, with a network of actors they co-ordinate direct action, 
negotiate with brands and advance new certification schemes and multi-
stakeholder standards. By this process, they create new non-governmental 
regulatory institutions and sometimes even influence state regulations (O’ Rourke 
2005). Some examples are the sweat shop campaign against Nike to reduce 
adverse impacts on workers and communities in footwear supply chains in Asia, 
the paper campaign against Staples to protect old-growth forests, the computer 
take-back campaign against electronics companies such as Dell to take 
responsibility for full life cycle impacts of their products, including take back and 
end of life. Conservation International (CI), International Union for the 
Conservation of Nature (IUCN) and World Resource Institute (WRI) have extensive 
programs to create awareness on ecosystems services and collaborating with 
governments and businesses for devising new frameworks and metrics to improve 
corporate decision-making (WBCSD 2014, TEEB 2014). World Wide Fund for 
Nature (WWF) and the Sustainable Trade Initiative (IDH) have programs to 
transform markets of different commodity value chains such as aquaculture, 
cotton, electronics, paper, palm oil, soy, timber. Through multi-stakeholder 
coalitions, IDH aim to accelerate and up-scale sustainable trade to reduce 
poverty, safeguard environment and enable safe and transparent trade. Some 
NGOs such as Solidaridad are training small and medium enterprises in developing 
countries like India and China for better environmental management. The global 
reporting Initiative (GRI) and UN global compact are providing impetus for 
considering and reporting sustainability issues in business. In essence, the 
strength and activity of global NGOs are increasing and more focussed programs 
and actions are devised to improve transparency throughout value chains. 
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Box 1.1: An example of NGO activities in China 
 
 
 
 
 
 
 
 
 
 
 
 

1.4 Other stakeholders and related incidences 
The interest of investors on sustainability and its influence on business is 

more than ever before and substantially increasing. Institutional investors, e.g. 
insurance and pension funds, and portfolio managers are using sustainability 
information of companies to gain intelligence on company sustainability strategy, 
to benchmark against competitors, and to engage and make investment decisions 
(SustainAbility, 2013). The US investment funds that incorporate sustainability 
aspects, called as Sustainable and Responsible Investment funds (SRI), have 
increased from $12 billion to $1 trillion during 1995-2012 (US SIF 2012). Similarly, 
insurance industry engagement in climate change adaptation and mitigation 
activities has increased and these activities represent $2 trillion of industry 
revenues across 51 countries by 2012 (Mills 2012). Examples of these activities 
are innovative insurance products, in-house carbon management, financing 
renewable energy projects, and disclosing climate risks.  

According to Ader (1995) and Parsons (1995), media plays a crucial role in 
sensitizing and amplifying the societal and environmental issues to become 
problems. A problem becomes agenda of a public authority when it gets wide 
spread attention and shared concern of sizeable share of population. Due to this 
influence of media on stakeholders, it is important to consider the sustainability 
issues presented by media to general public. Box 1.2 shows the recent issues 
published by media and their influence on the corporate sustainability. The Rana 
Plaza incident presented in the box 1.2 uncovers the insufficient factory 

Institute of Public and Environmental affairs (IPE), a Chinese NGO, has 
helped the government with their transparency programs such as a ‘database 
of violators’ and ‘take a picture to locate a polluter’ to identify violations and 
take action against those companies. IPE strongly believes that transparency 
helps pollution control (Jun 2014). Furthermore, the Chinese government has 
responded by making it mandatory to disclose real time data of public 
enterprises, such as wastewater and waste gas disposals. Recently, IPE has 
collaborated with 20 NGOs and devised the Green Choice Alliance (GCA) 
program for responsible supply chain management. It intends to promote 
green supply chains by pushing large corporations such as brands and retailers 
to consider environmental performance of suppliers in procurement decisions 
(IPE 2014). 
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infrastructure, lax building codes, safety regulations, and working conditions of 
numerous factories in Asia. Emergence of digital media has accelerated the 
information exchange and it can cause irreversible risks to corporations, such as 
reputational damage. 

Box 1.2: Influence of media on corporate sustainability 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Multi-stakeholder organizations such as The Sustainability Consortium (TSC) 

and Sustainable Apparel Coalition (SAC) are working to improve sustainability of 
products throughout supply chains. These organizations are aiming to provide 
tools that can be broadly applicable to companies from different sectors in the 
value chain for improving sustainability. Due to the activities of multi-stakeholder 
organizations, corporate sustainability is gaining momentum in companies. 

1.5 Role and Influence of corporations on sustainability 
Corporations are ubiquitous and everyone uses and interacts with their 

products and services continuously. Some corporations are bigger than countries 
in terms of corporate revenues compared to GDP of countries. Walmart is bigger 
than South Africa, General Electric (GE) is bigger than Peru, and General Motors 
(GM) is bigger than Vietnam (GPF 2010). Modern corporations are not only big 
but also spread across different continents selling goods and services and 
supported by numerous suppliers worldwide. Owing to this global outreach, they 

Recently Cambodian factory workers, mostly from textiles, protested and 
demanded to double the minimum wage which is currently $80 per month 
with an average of 60 working hours per week (BBC 2014, The Cambodia daily 
2014). This caused ire in the home countries of brands and retailers, for 
example, Swedish media targeted H&M for its responsibility towards 
Cambodian factory workers and, consequently, its CEO met Cambodian prime 
minister and demanded for the doubling of minimum wage. In the early 1990s, 
Nike faced an extensive consumer boycott due to the article published by New 
York Times on abusive labour practices reported at some of its Indonesian 
suppliers (Porter and Kramer 2006). Such incidences are happening in 
different parts of the world. An eight-storey factory building, Rana Plaza, 
collapsed in Bangladesh and caused death of 1,130 workers in 2013. This 
gruesome incident caused formation of Accord and Alliance by European and 
the US brands, respectively, to improve the building standards with auditing 
and inspection, followed by grants and soft loans. A separate process for 
compensation to the factory victims, around $40 million, was also established 
(The Guardian 2014b). 
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touch the lives of millions of people as employees, customers and local 
communities, influence the local economies, and have impacts on the natural 
environment. As described above, corporations are regularly facing external 
pressures from resource scarcity, pollution, government legislations, labour issues 
and scrutiny of media and NGOs. Stakeholders and customers are expecting fair 
business practices such as respecting the natural environment and addressing 
concerns of affected stakeholders while doing business. Companies have to 
increasingly pay higher fines for violations, compensations for wrongdoings, and 
need to earn the license to operate from the local communities (Porter and 
Kramer 2006). Moreover, companies also depend on the desire of customers to 
buy their products, desire of employees to work for them and desire of investors 
to provide capital with low costs. It is increasingly clear that stakeholders are 
holding companies responsible for the social and environmental problems in the 
society, which could seriously affect the profit earning capacity of a company due 
to the large financial risks presented by the stakeholders (Porter and Kramer 
2006). Some companies are not only driven by external pressures but have 
inherent motivation of conducting business sustainably, in many cases due to the 
beliefs of top management in sustainability. Irrespective of the type of 
motivation, to be successful in the increasingly challenging world with stricter 
government legislations, scarcer resources, volatile commodity prices, influence 
of NGOs and raising customer expectations, companies need to embrace 
sustainability (Hart and Milstein 2003, Laszlo and Zhexembayeva 2011). 
Furthermore, according to contingency theory (Lawrence and Lorsch 1967) 
external pressures are potential threats or opportunities to the firm. Therefore 
organizational performance results from the alignment of organizational 
dynamics with external pressures. However, it is argued that proactive companies 
can improve organizational sustainability performance by effectively integrating 
and addressing external pressures through their own practices that guide their 
core business decisions, thus sustainability can be a source of opportunity, 
innovation and competitive advantage (Porter and Kramer 2006, Burke and 
Logsdon (1996).  

In order to integrate sustainability in business through use of tools such as 
LCA, we need to understand how these tools interact with different elements of 
corporation and we require a better insight into how these tools can support end 
objective (value creation) of corporations. To provide this understanding to the 
sustainability practitioner, in the next section, a corporate sustainability model is 
presented. 

 



Ch
ap

te
r 1

 

 
25

 

Fi
gu

re
 1

.1
: C

or
po

ra
te

 S
us

ta
in

ab
ili

ty
 M

od
el

 a
da

pt
ed

 fr
om

 E
ps

te
in

 (2
01

2)
 a

nd
 E

ps
te

in
 a

nd
 R

oy
 (2

00
1)

  

O
ut

pu
ts

/i
nt

er
m

ed
ia

te
ou

tc
om

es
O

ut
co

m
es

/V
al

ue
Ex

te
rn

al
 co

nt
ex

t 
E.

g.
 M

eg
a 

tr
en

ds
, 

re
gu

la
tio

ns
, g

lo
ba

l 
st

an
da

rd
s,

 
co

ns
um

er
 

pr
ef

er
en

ce
s

In
te

rn
al

 co
nt

ex
t 

E.
g.

 n
um

be
r o

f 
bu

sin
es

s u
ni

ts
, 

on
go

in
g 

LC
A 

an
d 

so
ci

al
 a

ud
it 

pr
og

ra
m

s

Bu
si

ne
ss

 co
nt

ex
t

E.
g.

 n
um

be
r o

f 
co

m
pe

tit
or

s,
 

m
ar

ke
t s

ha
re

, 
ge

og
ra

ph
ic

 
di

ve
rs

ity
 o

f s
al

es
 

an
d 

pr
od

uc
tio

n

Hu
m

an
 a

nd
 

Fi
na

nc
ia

l R
es

ou
rc

es
E.

g.
 R

&
D 

sp
en

di
ng

 
on

 e
nv

iro
nm

en
t, 

fu
nd

s f
or

 tr
ai

ni
ng

s

Le
ad

er
sh

ip

E.
g.

 B
oa

rd
 a

nd
 

CE
O

 
co

m
m

itm
en

t, 
cl

ea
r v

isi
on

Su
st

ai
na

bi
lit

y 
st

ra
te

gy
. E

.g
. L

ife
 

Cy
cl

e 
M

an
ag

em
en

t, 
Su

pp
lie

r c
er

tif
ic

at
io

n 
fo

r s
us

ta
in

ab
ili

ty

Su
st

ai
na

bi
lit

y 
St

ru
ct

ur
e.

 E
.g

. 
Se

ni
or

 m
an

ag
er

s 
w

ith
 su

st
ai

na
bi

lit
y 

re
sp

on
sib

ili
ty

Su
st

ai
na

bi
lit

y 
sy

st
em

s,
 p

ro
gr

am
s 

an
d 

ac
tio

ns
. E

.g
. 

EM
S,

 sa
fe

ty
 

tr
ai

ni
ng

s,
 la

bo
ur

 
pr

ac
tic

e 
au

di
ts

Su
st

ai
na

bi
lit

y 
pe

rf
or

m
an

ce
 

m
et

ric
s (

m
ay

 b
e 

bo
th

 a
n 

ou
tp

ut
 a

nd
 

ou
tc

om
e)

•
Em

iss
io

ns
•

W
as

te
s

•
La

bo
ur

 p
ra

ct
ic

es
•

W
or

kp
la

ce
 

sa
fe

ty
•

Pr
od

uc
t q

ua
lit

y
•

Pr
od

uc
t s

af
et

y
•

Et
hi

ca
l s

ou
rc

in
g

•
Co

m
m

un
ity

 
in

vo
lv

em
en

t

St
ak

eh
ol

de
r 

re
ac

tio
ns

•
Em

pl
oy

ee
s

•
Co

m
m

un
ity

•
Cu

st
om

er
s

•
Su

pp
lie

rs
•

N
GO

s
•

Go
ve

rn
m

en
t

•
In

ve
st

or
s a

nd
 

Fi
na

nc
ia

l 
an

al
ys

ts
 

Lo
ng

-t
er

m
 

co
rp

or
at

e 
 

pe
rf

or
m

an
ce

. E
.g

.
-L

ow
er

 ri
sk

s
-P

ro
du

ct
 

di
ffe

re
nt

ia
tio

n
-In

cr
ea

se
d 

sa
le

s 
fr

om •
gr

ee
n 

pr
od

uc
ts

•
En

ha
nc

ed
 

re
pu

ta
tio

n
-C

os
t s

av
in

gs
 fr

om
 

re
du

ct
io

n 
of

•
En

er
gy

•
Re

so
ur

ce
 u

se
•

Em
pl

oy
ee

 
tu

rn
ov

er
-R

ed
uc

tio
n 

of
 

•
Fi

ne
s

•
Di

sp
os

al
 co

st
s

In
pu

ts
Pr

oc
es

se
s

Co
rp

or
at

e 
co

st
s/

be
ne

fit
s o

f a
ct

io
ns

Fe
ed

ba
ck

 lo
op

s

2
3

Th
er

e 
ar

e 
th

re
e 

m
aj

or
 se

ts
 o

f i
m

pa
ct

s (
nu

m
be

rs
 in

 th
e 

fig
ur

e)
:

1.
Co

rp
or

at
e 

fin
an

ci
al

 co
st

s a
nd

 b
en

ef
its

 o
f a

ct
io

ns
2.

En
vi

ro
nm

en
ta

l a
nd

 S
oc

ia
l I

m
pa

ct
3.

Fi
na

nc
ia

l i
m

pa
ct

 th
ro

ug
h 

su
st

ai
na

bi
lit

y 
pe

rf
or

m
an

ce

1



Introduction  

 
26 

1.5.1 Corporate sustainability model (CS model) 
In this section, we take a step back to understand how sustainability tools, 

e.g. LCA, and other approaches can be integrated into the organizational context 
of companies. We therefore present a corporate sustainability model that shows 
which inputs are required for management, how sustainability is managed in an 
organization through different processes, what the expected outputs are and how 
sustainability leads to value creation.  

In reality, business managers are typically pressed to deliver value and their 
performance is measured on how effective they are in delivering value. Despite 
the inherent motivation and/or external pressures, managers often face 
difficulties in addressing stakeholders’ concerns in day-to-day business while 
simultaneously improving corporate social, environmental and economic 
performance which is also called sustainable value. We adapted a definition of 
sustainable value from Hart and Milstein (2003):  

“Creation of sustainable value is the identification of strategies and practices 
that contribute to a more sustainable world by viewing global challenges 
associated with sustainability through an appropriate set of business perspectives, 
and the utilization of these strategies and practices to drive shareholder value”. 

 
In a global survey of CEOs, conducted by United Nations Global Compact and 

Accenture (2013), it was found that the major barrier to embed sustainability in 
business is a lack of a direct link between sustainability and business value. To 
facilitate effective implementation of sustainability in business, there is a need to 
align structures, systems, sustainability metrics, corporate performance 
measurements, and rewards (Epstein 2012). Epstein and Roy (2000) proposed a 
corporate sustainability model to align all the above aspects and link them with 
different aspects of corporations. Figure 1.1 shows the interactions of various 
elements, their influence and alignment to drive long-term corporate financial 
performance which is an outcome of sustainability integration. The framework 
distinguishes intermediate results (outputs) and final outcomes by three major 
sets of impacts, shown in figure 1.1 with arrows and numbers. The first arrow 
represents the immediate and identifiable costs and benefits of processes which 
ultimately determine impact on long-term financial performance of companies, 
such as costs savings from packaging, energy and waste. The second arrow shows 
the impact of sustainability strategies, sustainability structure and sustainability 
systems on the sustainability performance of the company. The third arrow shows 
the impact of stakeholder reactions on long-term financial performance. For 
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example, energy and waste reduction can be seen as manufacturing excellence of 
a company thus sends a positive message to financial analysts and investors of SRI 
funds which can reduce future capital costs. Various elements of the model are 
further described below. 

1.5.1.1 Inputs to corporate sustainability model 

The company leadership defines sustainability objectives and strategies of the 
organization by understanding the inputs presented in figure 1 such as external 
context, internal context, business context, and human and financial resources. 
External context consists of mega trends, government regulations, NGO activities 
and developments in investor community which is already discussed above. The 
internal context is related to the business unit’s current mission, strategy, 
structure and systems which have an influence on future sustainability 
performance such as environmental protection, employee rights. The business 
context contains trends of the industry sector, characteristics of customers and 
products. Companies in different industries can be affected by widely different 
pressures from government, customers, multi-stakeholder organizations and 
community activists. For example, chemical industry might have more potential 
for regulations than the service sector. Some industries such as apparel and 
footwear sector has been creating common tools for implementing sustainability 
throughout product value chains and the industry gets impetus as a result of 
these initiatives. Corporations need financial and human resources to train and to 
staff dedicated personal for implementing sustainability. Hence all these inputs 
substantially influence the choices a company leadership makes while formulating 
and implementing sustainability strategies and actions.  

When developing a sustainability program or applying a tool it is necessary to 
thoroughly understand this context of the company to provide insights and 
solutions that are aligned with the challenges and circumstances of the company. 

1.5.1.2 Processes of corporate sustainability model 

The processes conducted under the CS model allow to identify which strategy 
is appropriate for the company and how it will be implemented through 
dedicated programs. Familiarity with the corporate processes allows the 
sustainability practitioner to embed the sustainability approaches in business. 

As shown in Figure 1.1, the processes of corporate sustainability include 
leadership, sustainability strategy, sustainability structure and sustainability 
systems, programs and actions. The leadership creates the sustainability strategy 
based on the broader context of the company. Some examples of elements of a 
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sustainability strategy are operational efficiency, product life cycle management, 
product stewardship, and sustainability innovation. The leadership also decides 
sustainability management structure to implement the strategies with the help 
required programs and information systems in place. Sustainability issues are 
wide ranging in nature; hence it needs to be dealt by various business functions in 
a company as opposed to one department or function. For example, placing 
sustainability as a sole responsibility of corporate legal department might address 
product liability issues and compliance but not innovation. By cross-functional 
management, it is possible to integrate sustainability in company structure 
through various business functions which carry out the primary and support 
activities of a company (Epstein 2006).  

The internal programs are audits for social and environmental practices of 
facilities, life cycle assessment (LCA) and design for environment, and employee 
trainings (safety, environment). The external oriented programs are supplier 
certification programs, supplier audits for workplace practices, community 
outreach programs and sustainability reporting. Activities such as LCA are 
considered proactive and designed to improve sustainability as opposed to some 
programs which are implemented reactively to respond to stakeholder concerns 
(Epstein 2006). 

1.5.1.3 Outputs of corporate sustainability model 

The outputs, figure 1.1, of corporate sustainability programs and actions are 
improvement of various sustainability aspects such as environmental emissions, 
wastes, labour practices such as child labour and forced labour, workplace safety, 
product quality and many other positive and negative impacts of corporations on 
various stakeholders (Epstein 2012). If companies attempt to improve social and 
environmental performance as an intermediate output to improve corporate 
financial performance i.e. profitability, then it is called as business case for 
sustainability (Epstein 2012). Similarly, companies can also view corporate social 
and environmental performance improvement as ultimate objective without 
having any goal of improving profitability. In either of the cases, it is important 
that companies consider the various corporate impacts on society and 
environment and how company can improve its contribution to society through 
its sustainability performance.  

Stakeholder reactions are a vehicle to convert sustainability performance of a 
product or a company to corporate financial performance. Though it is difficult to 
integrate stakeholder concerns in day-to-day management decisions, companies 
that want to improve profitability should identify their stakeholders and impacts 



Ch
ap

te
r 1

 

 
29 

of their product, processes and activities on these stakeholders. Stakeholder 
reactions can significantly affect short-term costs and revenues and long-term 
financial performance on various levels. The advantages provided by some key 
stakeholders are: 

• A satisfied customer commits himself/herself to long-term purchasing of 
the company products. They can also boycott products with negative 
environmental and social performance. 

• Regulators and communities may reduce the impending legislations and 
may reduce monitoring and enforcement activities based on a company 
performance. 

• Investors and shareholders provide long-term capital when they consider 
sustainability performance of the corporation as an important aspect in their 
investment decisions. 

• A motivated employee can contribute for the innovation, service of its 
customers and reliability of the workforce that reduces employee absence or 
lowers turnover rates.  

Hence better stakeholder relationships can provide lasting competitive 
advantage to companies. 

1.5.1.4 Outcomes/sustainable value creation opportunities of corporate 
sustainability 

To integrate sustainability in business, through implementation of various 
tools and supporting business decisions, the outcomes of the sustainability 
improvements should be connected to the value creation. Next, we describe 
various elements of sustainable value creation, see last column of figure 1.1. 
Sustainability practitioners need to be aware of them to create traction for 
sustainability implementation in companies. 

For many companies the ultimate value of sustainability strategy is about 
short-term and long-term performance of companies. Therefore outputs of the 
sustainability processes should be connected to monetary outcomes and value 
creation opportunities for effectively capturing the contribution of sustainability 
to organizational performance. It was found that the improved environmental 
and social performance of companies can impact financial performance through 
reduced costs, improved revenues, and avoidance of risks and with new business 
opportunities (Epstein 1996, Eccles et al. 2012, Hart and Milstein 2003). There are 
several examples that demonstrate this relation and show various aspects of 
sustainable value creation (Hart and Milstein 2003, Laszlo and Zhexembayeva 
2011, UNEP/SETAC 2009). Process improvements could lower energy and water 
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usage and save operational costs (Worrell et al. 2003). Similarly, improving the 
raw material utilization not only saves raw materials costs but also can reduce 
costs for handling and disposal of waste while simultaneously driving the 
environmental footprint lower. There are several risks that can be avoided by 
sustainability performance improvements (TEEB 2010, Koplin et al. 2007). 
Increased scarcity of raw materials such as water can lead to disruption of 
operations, i.e. lost production activity, which will impact the revenue earning 
capacity. Companies may face higher fines for violations, compensations for 
wrongdoings, and need to earn the license to operate from the local 
communities. These are called regulatory and legal risks. There are possibilities 
for damaging corporate reputation, i.e. reputational risks, from media and NGO 
campaigns for not meeting stakeholder expectations such as worker health and 
safety and labour practices. The market and product risks can also occur when 
customers move to other products with better sustainability performance or 
governments imposing sustainable procurement policies. Companies with poor 
sustainability performance might need to pay higher insurance costs and may face 
higher costs of capital or difficulties in getting debt or equity financing from banks 
with rigorous investment policies. These are called financing risks.  

Similarly, there are several opportunities for companies with superior 
sustainability performance for each category of risks mentioned above. It is 
possible to get additional revenues from environmentally and socially superior 
products through creation of eco-premium. Moreover, sustainability performance 
of companies can influence the desire of customers to buy their products (brand 
image), the desire of employees to work for them (preferred employer) and the 
desire of investors for providing long-term capital (blue chip status or good rank 
in indexes such as Dow Jones sustainability index). Companies with superior 
sustainability performance can differentiate their products in the market against 
competitors to attract new customers and, consequently, create a competitive 
advantage. For example, Business to Business (B2B) companies can help their 
customers, i.e. end producers, to meet their sustainability goals by supplying 
superior intermediate products. In essence we can say that the existence of a 
company or its profit making capacity can be impacted by several ways described 
above through various risks and opportunities created by sustainability 
performance and stakeholder reactions, which are together called as business 
value or sustainable value. For integration of sustainability in day-to-day business 
decisions, we need to understand how sustainability performance impacts the 
stakeholder’s actions which in turn affect the costs and revenue streams 
ultimately impacting profit earning capacity of the organizations. This improved 
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understanding can make a “business case for sustainability" much clearer i.e. the 
third arrow (Figure 1.1).  

Although the corporate sustainability model displayed in Figure 1.1 presents 
the overall mechanism with interactions between different aspects and feedback 
loops, it does not explicitly discuss the involvement of various managers in the 
organization in achieving sustainability performance and translating it into value 
creation. In the next section, role and involvement of different business functions 
for integrating sustainability in core business are described. 

1.5.2 Involving the whole organization: role of business functions  
Every activity of an organization has an impact on its sustainability 

performance. Moreover, in a company business decisions of each activity are 
ultimately taken by different business functions and thus they are the final actors 
who need to ensure that sustainability and financial goals go hand in hand. For 
example, the procurement department selects suppliers, thus need to consider 
supplier sustainability practices, speed of delivery and pricing. Similarly many 
other business functions such as research and development or innovation, 
business development, operations, marketing, procurement and finance need 
support for making day-to-day business decisions. With this support, it is possible 
to integrate sustainability in a company structure through various business 
functions that carry out the primary and support activities of a company. This 
approach is tied to the strategy and operation of a company and is based on the 
interdependence between society and business (Porter and Kramer 2006). 
Therefore it tries to maximize the benefit for both rather than a zero sum game. 
Figure 1.2 describes the roles of different functions in integrating sustainability 
through company-wide activities and efforts. Depending on the sector and type of 
company (B2B or B2C), different companies have several ways of organizing the 
activities as departments. The names of business functions can vary from 
company to company, e.g. manufacturing or operations. Main activities of a few 
business functions or departments are also briefly described here from the 
literature (Porter 1985, Porter and Kramer 2006, Epstein and Roy 1998). 

Technology and innovation can also be called as Research, Development and 
Demonstration (RD&D). In this thesis product design, product development and 
innovation are mentioned interchangeably. The main activities are developing 
new products with additional functionality, improving the existing products with 
alternative process routes, and developing new processes to recycle waste.  

 



In
tr

od
uc

tio
n 

 

 
32

 

  
Fi

gu
re

 1
.2

: V
al

ue
 c

ha
in

 o
f a

 c
om

pa
ny

 w
ith

 b
us

in
es

s 
fu

nc
tio

ns
 a

nd
 r

el
at

io
n 

to
 s

us
ta

in
ab

ili
ty

 a
da

pt
ed

 fr
om

 P
or

te
r 

(1
98

5)
, E

ps
te

in
 a

nd
 R

oy
 (

19
98

) a
nd

 
Po

rt
er

 a
nd

 K
ra

m
er

 (2
00

6)
 

Support activities/functions

Pr
im

ar
y 

ac
tiv

iti
es

/f
un

ct
io

ns

O
pe

ra
tio

ns
•

Re
du

ce
 

em
iss

io
ns

 a
nd

 
w

as
te

•
Re

du
ce

 e
ne

rg
y 

an
d 

w
at

er
 u

se
•

Im
pr

ov
e 

he
al

th
 

an
d 

sa
fe

ty
 

st
an

da
rd

s

M
ar

ke
tin

g 
an

d 
sa

le
s

•
Co

m
m

un
ic

at
e 

en
vi

ro
nm

en
ta

l 
at

tr
ib

ut
es

•
U

nd
er

st
an

d 
cu

st
om

er
 n

ee
ds

 
an

d 
pr

ef
er

en
ce

s
•

Pr
om

ot
e 

co
rp

or
at

e 
im

ag
e

•
Ga

ug
e

ne
w

 
op

po
rt

un
iti

es
 

fo
r s

us
ta

in
ab

le
 

pr
od

uc
ts

In
bo

un
d 

an
d 

ou
tb

ou
nd

 lo
gi

st
ic

s
•

Re
du

ce
 

tr
an

sp
or

ta
tio

n 
im

pa
ct

s
•

Re
du

ce
 

pa
ck

ag
in

g 
im

pa
ct

s

Af
te

r-
sa

le
 s

er
vi

ce
•

Cu
st

om
er

 
su

pp
or

t f
or

 
be

tt
er

 
pe

rf
or

m
an

ce
 

•
Ta

ke
-b

ac
k

•
Re

cy
cl

in
g

Te
ch

no
lo

gy
 a

nd
 In

no
va

tio
n 

(R
D&

D)
•

Re
de

sig
n 

pr
oc

es
se

s a
nd

 p
ro

du
ct

s f
or

 su
pe

rio
r s

us
ta

in
ab

le
 p

er
fo

rm
an

ce
 

•
De

sig
n 

ne
w

 p
ro

du
ct

s f
ro

m
 su

st
ai

na
bl

e 
fe

ed
st

oc
ks

 a
nd

 w
as

te
 (p

ro
du

ct
 se

rv
ic

e 
sy

st
em

s,
 c

lo
sin

g 
th

e 
lo

op
)

Pr
oc

ur
em

en
t

•
Ch

oo
se

 e
nv

iro
nm

en
ta

lly
 a

nd
 so

ci
al

ly
 re

sp
on

sib
le

 su
pp

lie
rs

•
Co

lla
bo

ra
te

 a
nd

 d
ev

el
op

 su
pp

lie
rs

 fo
r b

et
te

r p
ra

ct
ic

es

Hu
m

an
 re

so
ur

ce
s

•
Tr

ai
ni

ng
 in

 p
rin

ci
pl

es
 o

f s
us

ta
in

ab
ili

ty
 

•
De

ve
lo

p 
aw

ar
en

es
s,

 c
ul

tu
re

 a
nd

 re
w

ar
d 

m
ec

ha
ni

sm
s f

or
 su

st
ai

na
bi

lit
y 

in
te

gr
at

io
n

Fi
rm

in
fr

as
tr

uc
tu

re
(E

HS
, f

in
an

ci
ng

, p
la

nn
in

g,
 le

ga
l, 

co
m

m
un

ic
at

io
ns

)
•

M
ai

nt
ai

n 
da

ta
ba

se
s o

f f
irm

 re
so

ur
ce

 u
se

 a
nd

 e
m

iss
io

ns
•

Fi
na

nc
ia

l a
nd

 su
st

ai
na

bi
lit

y 
re

po
rt

in
g,

 tr
an

sp
ar

en
cy

, g
ov

er
nm

en
t r

eg
ul

at
io

ns



Ch
ap

te
r 1

 

 
33 

Business development is involved in finding new applications or opportunities 
in different markets for the firm’s products through collaboration with 
prospective customers or strategic alliances with other companies. It also defines 
the final product and positioning strategy and finds opportunities for the 
development of new business models. In some companies business development 
is part of the innovation. 

Procurement/sourcing is involved in finding the right suppliers who can 
provide quality inputs at the right time. It also negotiates pricing and keeps track 
of the production timeline. Sourcing also conducts supplier environmental and 
social audits and deals with supplier certifications. In some companies, depending 
on the level of awareness of suppliers, sourcing also conducts training. Sourcing is 
responsible for avoiding any risks arising from supplier practices such as bribery 
and child labour. It can go further by not only looking at sustainability 
performance of suppliers but also the influence of purchased items in the final 
product life cycle of customers (Weidema 2014, Koplin et al. 2007). This would 
help close the information cycle between suppliers and final customers and may 
bring collaborative opportunities for future sustainable business development.    

Marketing and sales is responsible for communicating the product attributes 
and differentiating their products against competitor’s products. It conducts 
market research to find opportunities for existing market growth and expansion 
to new markets. It represents the company in various forums and trade fairs for 
promoting the products. For Business to consumer (B2C) companies, it also 
handles communication with consumers. Marketing department can acquire the 
consumer intelligence related to how customers/consumers make trade-offs 
between price, environmental performance and other quality parameters. 
Combined with long-term planning, this understanding can help further 
improvements necessary for improving products sustainability performance and 
also find opportunities for new products to address consumer needs (Weidema 
2014). It should also concentrate on education and awareness rising of consumers 
based on fact-based marketing.  

Human resource management plays a crucial role in implementing labour 
practices related to diversity and discrimination, safe working conditions, labour 
rights, and compensation and layoff policies among many other things. 

The primary and support functions of an organization should be supported by 
sustainability metrics to take effective decisions that will improve corporate 
sustainability performance by embedding sustainability at the organization level. 
Thus, the next section deals with life cycle assessment, a systems analysis tool, for 
supporting business functions. 
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1.6 Aim of the thesis and research questions 
In todays interconnected world, the influence of many companies span across 

different parts of the world. Therefore the relevance of different aspects of 
sustainability for a company depends on the type of product systems, location of 
global supply chains, and related social and environmental problems/drivers. 
Thus, the integration of sustainability in business is difficult and inherently 
complex. This requires a holistic understanding of the interdependence of 
industrial systems with sound tools that can capture the complexity and provide 
metrics to embed sustainability in different business decisions. Systems thinking 
helps understand the different parts within the system and their relation to other 
systems. Life Cycle Assessment (LCA) is a systems tool that can assess and help 
improve the environmental performance of products by providing powerful 
insights into the whole value chain (ISO 2006a, 2006b and ILCD 2010). By doing 
this, LCA avoids shifting of impacts from one process step/industry to another, 
from one impact category to another and from one place to another. LCA 
supports businesses in making various decisions such as the selection of 
processes, materials, and supply chains. By supporting these business decisions 
and actions, LCA can offer value creation opportunities to business and improves 
shareholder and stakeholder value simultaneously. Furthermore, the interest and 
focus of governments (EU PEF 2013, AFNOR 2011) and businesses (WBSCD 2013, 
SAC 2014, TSC 2014) in using life cycle assessment is significantly growing. 

LCA can support businesses in making various decisions such as the selection 
of processes, materials, and supply chains. By supporting these business decisions 
and actions, LCA offers various value creation opportunities to business by 
simultaneously improving corporate sustainability performance. The tools and 
methodologies for assessing social sustainability are still under development 
(Cucek et al. 2012). Therefore, this thesis is limited to environmental sustainability 
aspects.  

LCA has been applied in companies and in public policy making. When applied 
in companies, in most of the cases, LCA has been seen as a mere auxiliary 
technical tool and the insights were limited to the impact quantification, which is 
the major strength of the tool, without actively involving business functions. 
Many companies are not implementing LCA in their day-to-day business due to its 
resource-intensive nature, complexity and the difficulty of contextualizing the 
relevance of LCA for the circumstances of companies. There has hardly been any 
exploration of how LCA can offer advice to existing corporate structures through 
decision support of business functions. There is little research to understand the 
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role of LCA in supporting business functions (Sandin et al. 2014) and consequently 
linking it with sustainable value creation opportunities (UNEP/SETAC 2009). There 
were a few publications to show the applications of LCA in business (Jensen and 
Remmen 2006, Fava 2004, Rebitzer and Buxmann 2012, Nakano and Hirao 2011, 
Gloria et al. 2014). A few researchers have attempted (Vogtlander et al. 2001 and 
2002) to quantify value through eco-costs of material depletion, energy use and 
emissions, but other stakeholder related responses and intangible aspects were 
not part of this method.  

Against the above background, the main objective of this thesis is to make a 
contribution to bridge the gap between sustainability science and business 
management by contextualizing the application of LCA in corporate sustainability 
and aligning LCA with business activities/functions and business priorities (value 
creation).  

1.6.1 Research questions 
How can Life Cycle Assessment (LCA) support business functions in 

integrating environmental sustainability into business and create sustainable 
value?  

 
Sub-questions: 
1. How can LCA support product and process innovation, new business 

development and other business functions in making decisions and creating value? 
2. How can companies contextualize various applications of LCA in business 

and create sustainable value? 
 
Table 1.1 shows the overview of different chapters and the business functions 

and research questions addressed. The research questions are addressed by the 
following approach. We describe the business context and present the situation 
of companies involved in the research. Subsequently, case studies are presented 
on the support provided by LCA in innovation and product development 
processes of each company involved in the research; the case studies also show 
how LCA has helped different business functions to create sustainable value. In 
the final chapter synthesis and conclusions, the relevant aspects of each case 
study will be presented in a comprehensive way to understand the link between 
contexts of different companies, the support provided by LCA to different 
business functions and various value creation opportunities resulted from those 
interactions. 
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Table 1.1: Overview of the business functions covered and research questions addressed by thesis 
chapters 

 Chapters I B M P SVC RQ 

② 

Innovative membrane filtration system for 
micropollutant removal from drinking water 
- Prospective environmental LCA and its 
integration in business decisions 

 
 

   

1 

③ 
Prospective LCA of an antibacterial T-shirt 
and supporting business decisions to create 
value 

     

④ 

Environmental assessment of coloured 
fabrics and opportunities for value creation: 
Spin-dyeing versus conventional dyeing of 
modal fabrics 

     

⑤ 
Innovations in paper making: An LCA of 
printing and writing paper from conventional 
and high yield pulp 

     

⑥ 

Value creation with LCA: An approach to 
contextualize the application of LCA in 
companies and thereby creating sustainable 
value 

     2 

⑦ 
Synthesis, conclusions and 
recommendations 

     
1 
and 
2 

I = Innovation (RD&D), B = Business development, M = Marketing, P = 
Procurement, SVC = Sustainable value creation, RQ= Research questions,    = 
explicitly covered,      = not explicitly covered. 

 
In this thesis, four different products were researched. Two products are 

related to product innovation with an additional, also new, functionality 
(micropollutant removal drinking water membrane system and antibacterial 
textile) and two products are related to process innovation (spin-dyeing and high 
yield pulp-based paper). To integrate sustainability in business and create value, 
the product development process should be aligned with this objective from the 
beginning. The case studies chosen for this thesis allowed us to be involved in 
their development from the initial stage. A brief description of context of each 
product and the corresponding chapter is presented below. 
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1.7 Context and outline of chapters of the thesis 
In the earlier sections, we have described the bigger picture of corporate 

sustainability and potential role of LCA. Chapters 2-5 cover LCA case studies of 
different products. Chapter 6 describes various applications of LCA in business. 
Chapter 7 provides a synthesis of how LCA helped in creating sustainable value in 
the case studies, followed by conclusions and recommendations. This section 
provides a detailed description of the context and outline of all the chapters (case 
studies) in the thesis. 

To support different business functions in making decisions by aligning 
business priorities with sustainability issues, we need to understand the external 
and internal context relevant for the product and the companies. This context 
should be understood from demographic trends, sustainability issues, risks and 
opportunities pertinent for the product, applicable and impending legislations, 
relevant NGO activities, the future competitiveness of the product, the industry 
and its current sustainability initiatives, if any, and internal context of the 
companies involved in the research. Many of these aspects also depend on 
locations of supply chain partners and customers or consumers. All these features 
influence the internal and business context of a company and thus this 
understanding would help to link the value creation opportunities entailed from 
the LCA-based metrics integration into business decisions which will be explained 
in the synthesis and conclusions (chapter-7). The industries involved in this 
research are water filtration, textiles and pulp and paper. We will describe 
context of each industry and details of LCA studies covered in corresponding 
chapters below. 

1.7.1 Context and description of membrane LCA case study (Chapter 
2) 

Membranes are one of the fast growing technologies used for different 
filtration applications such as drinking water, wastewater treatment and 
industrial processes. Most widely used materials for membranes are 
petrochemical-based plastics such as polypropylene (PP), polyethylene (PE), 
polyethersulfone (PES) family, polyacrylontrile (PAN), and polyvinylidene fluoride 
(PVDF) and to some extent cellulose acetate (CA) which is partially bio-based 
(Pearce 2007). Resource scarcity and geopolitical disturbances can cause 
fluctuation in the cost of the fossil resource-based raw materials. Moreover, these 
materials also contribute to climate change. With growing need for application of 
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membranes in the world, it is important that membranes with better 
performance and new functionality could be produced from renewable resources. 

Increasing consumption of pharmaceuticals and personal care products (PCPs) 
leads to pharmaceutically active chemicals (PACs) in aquatic environment from 
the urine and faeces (Velicu and Suri, 2009). PACs also contain synthetic 
hormones which are used for contraceptives (17 alpha-ethinyl estradiol, EE2) and 
animal growth (Wise et al. 2011, Khanal et al. 2006). These substances act as 
endocrine disrupting chemicals (EDCs) which are also known as micropollutants 
(Caldwell et al., 2010, Own and Jobling 2012, EEA 2013). Kidd et al. (2007) 
conducted a 7 year experiment to understand the effect of estrogens on wild fish 
populations and found that chronic exposure of fathead minnows to low 
concentrations of EE2 led to feminization (intersex) of male fish and altered 
oogenesis, i.e., creation of egg cells, in females causing a near extinction of this 
fish from a lake. A part of scientific community believes that micropollutants can 
cause different cancers and problems like premature puberty (EEA 2012). 
Furthermore, rapid industrialization is causing widespread chemical pollution in 
developing countries and is warranting the need for filtration systems which are 
capable of removing these micropollutants from the aquatic environment, more 
importantly from surface water for human consumption. In 2013, EU Water 
Framework Directive has been amended to include some miropollutants into the 
priority substances list. These priority substances are regularly monitored and 
their concentration needs to be limited for ensuring Environmental Quality 
Standards (EQS) of surface waters (EC 2012, EurActiv 2013).   

Membrane producers are looking for innovation opportunities to address raw 
material risks by moving to bio-based materials and new functionalities such as 
micropollutant removal membranes.  Electricity use during the operation of 
membranes is one of the significant costs to the customers. Therefore, producers 
are looking to reduce operational electricity use of membranes with superior 
control strategies and by reducing membrane fouling. In the recent decades the 
membrane market is growing in Middle East and also in developing countries like 
India and China where price of electricity is increasing consistently. Thus, 
membranes with a low maintenance cost have a competitive advantage over 
others. Owen and Jobling (2012) have estimated that to control EE2 in waste-
water works costs England and Wales around €30 billion in total by using 
conventional GAC adsorption. These costs would be ultimately passed onto the 
public through higher water prices (EEA 2013). Therefore, there is a demand for 
alternative technologies with lower costs for both installation (capital) and 
maintenance (operations).  
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In this thesis, a case study was conducted for a membrane producer located 
in Europe in the context of EU FP7 funded SurFunCell (2009) project. This 
producer would like to broaden their product portfolio by developing renewable 
resource-based cellulose acetate nanofiltration membrane with a capability to 
remove micropollutants from surface water for drinking water purposes. Figure 
1.3 shows the position of producer in the product life cycle and the business 
functions benefitting from LCA. The main objective of Chapter 2 is to determine 
the environmental impacts of membranes made of different micropollutant 
removal coatings (enzyme-based) and compare with conventional granulated 
activated carbon (GAC) adsorption process. GAC adsorption was chosen as 
reference technology for comparison. Apart from providing insights in the impacts 
of membrane life cycle, we have derived parameters for an eco-friendly 
configuration which would be better than GAC worldwide using different 
scenarios. This is a crucial guidance for the product design and development team 
to optimize the membrane performance to limit the environmental impacts of 
membrane and also reduce operational costs. We also describe how insights 
based on LCA can help procurement and marketing departments of membrane 
producer. LCA was not used by the producer until this project. We therefore 
provided LCA training to the persons responsible for the development of the 
micropollutant removal membrane. 

 

 
Figure 1.3: The cradle-to-grave life cycle of the micropollutant removal membrane system and the 
position of the producer involved in the LCA study and interactions with business functions 

1.7.2 Context and description of textile LCA case studies (Chapter 3 
and 4) 

The relevance of different demographic aspects such as population growth 
and increased wealth, ageing population and urbanization to textile industry is 
significant. Population growth demands more textiles to be produced with little 
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environmental impacts, especially textile wet processing such as dyeing and 
finishing which offers opportunities for innovation (IMPRO 2014). The global 
production of textiles is mostly located in the Asian countries primarily China, 
India, Bangladesh, Pakistan, Sri Lanka, Vietnam and other East Asian countries. 
These regions are already having dire environmental and resource problems such 
as air pollution, water pollution and water scarcity (World Bank 2009). 
Antibacterial clothes can alleviate the problems of morbidity, in particular related 
to wounds, of the growing and ageing population in different countries. This 
would improve the comfort and convenience of clothing and also leads to growth 
of hygiene products. Similarly, continuously growing urban population may also 
call for clothes that can be cleaned fewer times due to already existing water 
scarcity and insufficient power supply; this demands development of easy care 
finishing chemicals (IMPRO 2014). The water scarcity and interrupted power 
supply not only disrupt the textile operations but also influence the cost structure 
of textile production companies due to raising water and power tariffs in these 
countries. 

The number of legislations that can affect textile industry are growing in 
different countries. Historically, textile industry has been considered as one of the 
most water polluting activities in China, especially dyeing and finishing facilities 
which contribute to 80% of total textile industry wastewater discharges (Xiaoyue 
et al. 1999, Green choice 2012). Dyeing and finishing activities also cause air 
pollution from the release of volatile organic compounds (VOCs) and energy 
production. The use of certain Azo dyes, which pose cancer risks due to the 
release of aromatic amines, is prohibited according to EU regulation on 
Registration, Evaluation and Authorization of Chemicals (REACH) (CBI, 2012). 
Retailers and importers in EU should comply to this legislation by ensuring that 
their global supply chains avoid the usage of these Azo dyes. Similarly, there are 
legislations and standards such as eco-label, Oeko-Tex standard, German and 
French regulations prohibiting and limiting the use of certain chemicals such as 
heavy metals, formaldehyde, and pentachlorophenol (Putte et al. 2013). The EU 
has been conducting further studies to avoid some chemicals which are used in 
textile products during dyeing, finishing and other stages that can cause allergic 
reactions to the users (Putte et al. 2013). It was suggested that conventional 
biocidal chemical ‘Triclosan’ should be avoided since it can cause allergic contact 
dermatitis (ACD) (Putte et al. 2013). Swedish chemicals agency has proposed 
taxation on products containing hazardous chemicals as a means to encourage 
substitution and innovation (KEMI 2013). Effluent discharge standards for dyeing 
and finishing facilities were raised by Ministry of Environmental Protection (MEP), 
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China to reduce the water pollution impacts from the textile industry (MEP China 
2014, Green choice 2012). According to Prof.  Gong (2013) air pollutant discharge 
standard for dyeing and finishing of textile industry are under preparation by 
Chinese government agencies. 

Several NGOs have questioned unscrupulous practices of textile suppliers. 
Greenpeace has published several studies about the water pollution from 
different companies located in China and international brands and retailing 
companies that are sourcing from these companies (Greenpeace  2012a, 2012b, 
2012c). Greenpeace has also written letters to many international companies to 
take effective action against water pollution in China from textile operations. As a 
response to the NGO activity, a coalition “Zero Discharge of Hazardous Chemicals 
(ZDHC)” was founded by several well-known brands, such as Adidas, Nike, Puma, 
H&M, C&A and also joined by many others later, to create common tools and 
procedures for removing hazardous chemicals from textile supply chains by 2020 
(ZDHC, 2014). Owing to these initiatives, many forward looking brands and 
retailers are looking for new solutions which can avoid chemical pollution risks in 
the supply chains. 

The Sustainable Apparel Coalition (SAC) is a multi-stakeholder coalition which 
is composed of companies, academia, service providers (auditors, certification 
bodies), NGOs, and industry associations. The participating companies cover the 
whole supply chain from raw material producers to brands and retailers which 
represent more than 30% of apparel and footwear market in the world (SAC 
2014). SAC’s mission is to create common tools and approaches to improve the 
environmental and social performance of textile products. In a preliminary 
analysis, it was found that the environmental performance of industry in the 
consumer use and end of life phases is low (SAC 2012). To address these issues, 
SAC has been working with several projects to improve performance of textile 
products. The projects are extending product life (repair and refurbish), reducing 
washing impacts (clever care by consumers), designing products for end of life, 
and closing apparel and footwear loops through innovative technologies for 
recycling. SAC is collaborating with The Sustainability Consortium’s (TSC) textile 
working group and other apparel industry associations in different parts of the 
world to harmonize the sustainability assessment tools and approaches which 
improve the adoption of tools, avoids redundancy, and reduces costs of 
implementation. Due to these initiatives, many textile brands and retailers would 
like to make progress with innovative solutions which can reduce consumer use 
phase impacts and improve ability to recycle the clothes. Furthermore, apparel 
brands and retailers are visible to NGOs and consumers and, hence, constantly 
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under scrutiny. On the other hand, the sustainability agenda of textile suppliers 
and fibre producers (B2B companies) is driven by customer demands. 

The textile industry has been moving east for the last few decades. Due to this 
shift of industry to low cost countries, EU companies need to be particularly 
innovative to be competitive in the international market. Production of special 
fibres and fibres from biopolymers with high performance and new functions such 
as spun-dyed fibres, water repellence, antibacterial properties and self-
cleaning/easy cleaning surfaces have been considered as some of the areas where 
EU textile companies can make progress due to their impressive track record in 
technical textile market (Rosendo and Scheffer 2012). It was foreseen that key 
driving forces and differentiators for fibres are wet processing steps with less 
water and energy per material weight which are a source of lower production 
costs and better environmental performance (Rosendo and Scheffer 2012). 

In this thesis two products from different textile companies are involved. The 
case study concerning antibacterial yarn is conducted for a Slovenian yarn 
producer in the context of SurFunCell (2009) project. Antibacterial textiles, which 
prevent undesirable odours and may reduce the number of consumer washing 
cycles and related environmental impacts, are a new product in the textile 
industry. This might be an interesting product innovation in the context of 
increasing consumption of textiles in developing and developed countries. Owing 
to greater competition from spinners in the developing countries, this producer 
wanted to venture into speciality yarns, i.e. as antibacterial yarns, with 
sustainability as a differentiator in the market. Figure 1.4 shows the position of 
producer in the product life cycle and the business functions benefitting from 
LCA. The main objective of Chapter 3 is to identify the environmental impacts of 
antibacterial T-shirts coated with nanosilver, produced by two different 
techniques, and compare with alternative technologies and conventional non-
antibacterial T-shirts. Application of LCA from the beginning of product 
development has helped different business functions to support some business 
decisions which can improve environmental performance and thereby also offer 
other value creation opportunities. We derive recommendations for the producer 
especially product development/innovation. Additionally, we have also described 
how insights based on LCA can help procurement, business development and 
marketing departments of the antibacterial yarn producer. This company is new 
to LCA-based decision-making and some training has been provided to managers 
from innovation, business development and marketing departments. 
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Figure 1.4: The cradle-to-grave life cycle of an antibacterial T-shirt and the position of the 
producer and interactions with business functions 

The spin-dyeing case study is conducted for Lenzing, a bio-based fibre 
producer based in Austria. This company wants to further strengthen its position 
as a sustainable fibre producer by providing solutions to the challenges faced by 
textile industry and customers. Textile wet processing, i.e. dyeing and finishing, is 
known cause environmental impacts such as water pollution. Spun-dyed fibres 
are developed against this background since these fibres avoid the conventional 
dyeing process. Figure 1.5 shows the position of the producer in the product life 
cycle and the business functions benefitting from LCA. The main objective of 
Chapter 4 is to establish the environmental impacts of conventionally dyed fabrics 
and spun-dyed fabrics made of wood-based modal fibres. The results of this LCA 
provided an input to the business development and to the marketing department. 
We describe sustainable value creation opportunities by linking this process 
innovation with LCA. To make different business functions aware and consider 
sustainability issues and LCA in business decision-making, training has been 
provided to managers. 

  
Figure 1.5: The cradle-to-gate life cycle of a spun-dyed fabric and the position of the producer who 
commissioned LCA and interactions with business functions 
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1.7.3 Context and description of high yield paper LCA case study 
(Chapter 5) 

Pulp and paper industry is dependent on wood as a prime source of raw 
material. The net amount of pulp imported to the EU is chemical pulp and it is 
expected to grow further from Latin American countries due to low-cost 
production capacity (Indufor 2013). Similarly, Confederation of European paper 
industries (CEPI) countries, which consists of 18 EU countries, are net importers of 
pulp wood and pulp, and net exporters of paper as shown in Table 1.2. CEPI is 
importing around 20% of pulp from rest of the world. The most important issue 
connected to forestry is biodiversity loss, which is already irreversible in several 
parts of the world (Rockstrom et al. 2010). There are impacts on forest health and 
productivity from climate change. This is due to stifling of forest growth in water 
scarce regions, higher risks of drought, and also due to increased frequency of 
insect outbreaks, wildfires and storms (US EPA 2014c). The pulp and paper 
manufacturing process, especially bleaching, is resource intensive (energy, water 
and chemicals) and hence calls for further reduction of these impacts, e.g. by 
reducing number of bleaching steps or avoiding them altogether. 

Integrated Pollution Prevention and Control (IPPC) directive has been 
providing guidelines for environmentally friendly technologies and practices (BREF 
2013). Pulp and paper industry is also covered under EU Emissions Trading 
Scheme (ETS). The industry need to reduce its emissions to be competitive in the 
international market. To avoid deforestation and degradation of forests through 
illegal logging, some certification schemes have been encouraged by policies and 
this led to government’s involvement in arenas such as Green Public Procurement 
(BREF 2013). To ensure that wood is sourced from forests which are managed 
sustainably, international not-for profit NGOs such as Forest Stewardship Council 
(FSC) and Programme for the Endorsement of Forest Certification (PEFC) are 
offering certification programs for forests and their products. Some other 
international NGOs have created initiatives such as responsible trade of pulp and 
fibre products and pulpwood plantations to address illegal logging (WWF 2014).      

It has been recognized that increasing competition between wood for 
bioenergy and for the paper industry poses challenges in terms of long-term 
availability and increasing cost of wood (BREF 2013). Russia, a major wood 
exporting partner to Europe, is imposing export taxes which restricts supply of 
wood and affects competitiveness of the pulp and paper industry in Europe 
(Indufor 2013, EEN 2010). There is an increasing competition from low-cost and 
high-quality commodity-grade paper imports from China (EEN 2010). 
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Table 1.2: Imports and exports of pulp and paper industry in CEPI countries (CEPI 2010) 

Average values of 2007, 2008 and 2009 

 
Consumption Imports Exports 

Net 
imports 

Net  
imports  
in pulp 
equivale
nts@ 

Pulp wood, 
in 1000 m3 

150,298 29,575 - 29,575 9,270* 

Pulp,  
in 1000 tonnes 

47,214 7,778 2,199 5,580 5,580 

Paper,  
in 1000 tonnes 

88,056 5,091 16,485 -11,394 -4,550# 

Total imports of Pulp to CEPI countries, tonnes 10,300 
Percentage of imports in total pulp consumption, % ~20 

@These values are based on the assumptions listed below the table. But they 
can vary based on the wood density and yield of pulping process and therefore 
represent rough estimates. 

*Average wood density 0.55 tonne/m3 in line with wood used in this case 
study 

*Weighted average yield of pulping is estimated at 57% based on  yield of 
chemical pulping (45%) and mechanical pulping (85-95%) from PITA (2011) and 
share of chemical pulp to mechanical pulp is 70:30 in CEPI (2010) 

#Average share of pulp in paper is 40% (other fractions are 44% recovered 
fiber, 14% non-fibrous material and rest) (CEPI 2010) 

 
In this thesis, a case study was conducted for a paper producer situated in 

Europe within the SurFunCell (2009) project. The above background indicates that 
for the EU pulp and paper industry to be competitive, it needs to find innovative 
ways to manufacture paper products that require lower amounts of wood while 
simultaneously having lower environmental impacts. Therefore pulp and paper 
producers are looking into new ways of producing paper which uses lower 
amount of wood, i.e. high yield pulp, to address resource scarcity issues. Chapter 
5 studies the environmental impacts of different types of printing and writing 
paper (combination of kraft pulp or unbleached kraft pulp or chemi-thermo 
mechanical pulp or recovered pulp and different types of coatings made of nano 
or macro TiO2 and CaCO3). This LCA was conducted parallel to product 
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development using a combination of pilot scale and commercial scale data. Figure 
1.6 shows the position of producer in the product life cycle and the business 
functions benefitting from LCA. The insights provided by LCA can help the 
innovation and business development department to choose type of pulp and 
type of coating for a printing and writing paper. This chapter did not explicitly 
describe the value creation opportunities resulting from this product and the 
decisions supported by LCA. They are described in the synthesis chapter. In the 
past, the producer has used LCA for other products, especially for the 
communication of environmental benefits to customer. However, LCA is not a 
day-to-day practice of the company for the whole product portfolio. We therefore 
provided training to the manager responsible for the high yield paper 
development who also looks into business development aspects. 

 

  
Figure 1.6: The cradle-to-gate life cycle of high yield pulp-based paper producer and the position 
of the producer and interactions with business functions 

1.7.4 Application of LCA and value creation (Chapter 6) 
In the earlier chapters we attempted to show how LCA supports business 

decisions of various departments during the innovation and business 
development process. In Chapter 6, we provide a framework and procedure to 
help integrate environmental sustainability in business through various business 
functions using LCA. The framework provides the relationship between drivers, 
strategies, and the involvement of business functions to create sustainable value. 
It describes various contexts of LCA application (and relation to drivers and 
business functions) and how it is connected to value creation. We also describe a 
procedure to conduct LCAs in companies with the objective of creating 
sustainable value. 

High yield pulp based paper

Unbleached/
CTMP pulp

Nanoparticle 
production

Paper 
production

LCA

Innovation Business 
development

Procurement

Business functions of the high yield pulp based paper producer
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1.7.5 Synthesis, conclusions and recommendations (Chapter 7) 
One of the main challenges faced by professionals while dealing with 

sustainability is to connect the various perspectives and insights in such a way 
that it informs strategic decision-making and allows integrating sustainability into 
business. Chapter 7 provides a synthesis by integrating various elements 
presented in the above chapters. As shown in figure 1.1, it brings together all the 
necessary elements such as external and business context, business decisions 
supported by LCA, potential responses from relevant stakeholders and resulting 
value creation opportunities for each case study presented in the research. 
Finally, we show how research questions are addressed followed by important 
conclusions and recommendations for further research. 
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2 Innovative membrane filtration system for micropollutant 
removal from drinking water – prospective environmental 
LCA and its integration in business decisions1 

2.1 Abstract 
Micropollutants in freshwater, e.g., pharmaceuticals such as contraceptives, 

are a source of increased concern for human health and wildlife. Even after 
excretion, some of these compounds are pharmaceutically active in aquatic 
environment and they are found to cause endocrine disruption in both human 
and wildlife populations. In this study we analyzed a membrane system, coated 
with enzymes, which removes endocrine disrupting chemicals or micropollutants 
from surface water used for drinking. In order to help a membrane manufacturer 
in product development, we conducted a cradle-to-grave life cycle assessment. 
Water purification with two membrane systems, based on membrane coating 
covalent binding versus adsorption, were analyzed and compared with granulated 
activated carbon made from coal and wood. It was found that the membrane 
with covalent binding can have much lower environmental impacts than activated 
carbon made from coal. A sensitivity analysis showed that operational electricity 
use, the source of electricity and membrane coating frequency influence the 
results significantly. Scenario analysis indicates that a membrane system with 
covalent binding which uses operational electricity lower than 0.2 kWh per m3 of 
filtered water and with monthly enzyme coating frequency can perform better 
than conventional activated carbon systems irrespective of the electricity source. 
These findings can be used to guide the optimization of the membrane 
parameters. This study provided an understanding of the membrane modification 
for micropollutant removal and its impacts on environment. Finally, we describe 
how environmental sustainability can be integrated into business decisions, such 
as process and material selection and design optimization, with the help of life 
cycle assessment. 
  

                                                           
1 This chapter is a slightly adapted version of the article: Manda, B. M. K., Worrell, E., 
Patel, M. K. 2014. Innovative membrane filtration system for micropollutant removal from 
drinking water - prospective environmental LCA and its integration in business decisions. 
Journal of Cleaner Production 72, 153-166.  



Membrane LCA……… integration of sustainability in business decisions  

 
58 

2.2 Introduction 
Progress in science and technology had led to numerous products to address 

human needs such as pharmaceuticals (e.g., pain killers, contraceptives, anti-
depressants, cancer drugs, hormone therapies, and veterinary medicine to 
promote growth of cattle and antibiotics) and personal care products (PCPs) (e.g., 
skin creams, antibacterial soaps, shampoos, sun screens, perfumes, and musks) 
which are used daily and end up in wastewater. The consumption of these 
products by humans and animals can lead to increase of pharmaceutically active 
chemicals (PAC) in the aquatic environment from the urine and faeces (Velicu and 
Suri, 2008). Wise et al. (2011) estimated that 40% of all oral contraceptives 
consumed reach sewage streams in the form of available synthetic estrogen (17 
alpha-ethinyl estradiol, EE2). Khanal et al. (2006) reported that 90% of the 
estrogen load in the environment comes from animal manure originating from 
natural steroidal hormones used for herd health programs (Fisher and Scott, 
2008). Numerous studies have reported that these can act as endocrine 
disrupting chemicals (EDC). For instance, Fisher and Borland (2003) reported that 
30 tonnes/year of EDCs are released into the natural environment around Sydney. 
These have been detected in wastewater influents and effluents due to 
persistence and inefficient removal by current water purification systems. 
Consequently EDCs end up in surface water which is used for drinking (Caldwell et 
al. 2010, Touraud, 2011). Kidd et al. (2007) conducted a 7 year experiment to 
understand the effect of estrogens on wild fish populations and found that 
chronic exposure of fathead minnows to low concentrations of EE2 led to 
feminization (intersex) of male fish and altered oogenesis, i.e., creation of egg 
cells, in females causing a near extinction of this fish from a lake.  

The Endocrine Society published the following position statement: “Evidence 
for adverse reproductive outcomes (infertility, cancers, malformations) from 
exposure to EDCs is strong, and there is mounting evidence for effects on ... 
thyroid, neuroendocrine, obesity and metabolism, and insulin and glucose 
homeostasis” (Diamanti-Kandarakis et al. 2009). While, according to Wise et al. 
(2011) and Caldwell et al. (2010), risks to human health from EE2 at the present 
concentration levels in drinking water appears to be minimal, Tourad et al. (2011) 
state that there is no consensus among scientific community about these risks. An 
EU-funded research programme concluded that “The contribution of drinking 
water to the exposure of humans towards EE2 seems to be very low. However, 
since EE2 is one of the most potent synthetic estrogenic compounds unintentional 
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exposure of the population, especially developing embryos or pre-pubertal boys 
and girls, should strictly be avoided” (Wenzel et al. 2003). 

Human  exposure to EDCs could  occur  via  two  potential pathways:  
consumption of  water  or  consumption  of  fish  which  have  accumulated  PACs 
through bioaccumulation (Caldwell et al. 2010, Khanal et al. 2006). Both pathways 
indicate the urgent need for removing pharmaceuticals and EDCs from surface 
water which is used for human consumption.  

Kim at al. (2007) conducted full and pilot scale experiments to understand the 
efficacy of different water treatment technologies in removing pharmaceuticals 
and EDCs from surface water and wastewater. They found that conventional 
drinking water treatment such as coagulation and sand filtration and conventional 
wastewater treatment (WWT), e.g., activated sludge, are inefficient for removal 
of these compounds. Instead, they suggested Granulated Activated Carbon (GAC) 
and Microfiltration (MF) with Reverse Osmosis (RO) or Nanofiltration (NF) due to 
their high removal rate. Koh et al. (2010) also mentioned these technologies for 
the removal of EDCs at wastewater treatment plants. Filby et al. (2010) found that 
there are likely benefits of applying GAC and ClO2 for wastewater treatment with 
an efficiency of removal ranging between 70 to 100% for total estrogenicity and 
53-100% for individual steroid estrogens. Chong et al. (2012) assessed advanced 
oxidation technologies that remove EDCs after conventional wastewater 
treatment. Most research deals with EDCs’ removal by means of conventional 
water treatment methods, while practically no research has been published on 
the development of membrane technologies for micropollutant (such as 
hormones and other endocrine disrupting chemicals) removal from surface water 
used for drinking purpose. The latter is the topic of this paper. 

In an EU-funded project (Surfuncell 2009) research has been conducted to 
modify the surface of a water treatment membrane to ensure safe micropollutant 
or EDCs removal capability. In this study, we have chosen a hollow fibre 
nanofiltration membrane due to its high ratio of surface area to volume and due 
to the avoidance of extensive pre-treatment as required for spiral wound 
nanofiltration membranes. Cellulose triacetate, referred to as cellulose acetate 
(CA) throughout this study, has been chosen as membrane material not only due 
to the interest of the producer to move towards renewable resources but also 
due to the focus of the Surfuncell project which aims to combine the use of 
cellulose with new technologies to offer novel solutions. The main research 
question addressed by this paper is whether the new micropollutant removing 
membrane system can be environmentally preferable compared to a GAC system 
and how an eco-friendly configuration of a modified membrane process would 
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look like? We chose the Life Cycle Assessment (LCA) approach due to its systemic 
nature of analysis. Covering the entire value chain and all relevant impact 
categories, LCA does not allow shifting the burden from one process step to the 
other and neither from one impact category to the other. For detailed 
understanding we refer readers to ISO-14040 (2006) and 14044 (2006) and the 
European Commission’s International Reference Life Cycle Data System (ILCD 
2010).  

Hallstedt et al. (2010) have presented an approach for sustainability 
integration in decision systems for product development. This is a top-down 
approach focusing on business goals, plans, incentives, decision tools etc. In 
addition, there is a need for guiding various business functions at the operational 
level, ensuring successful integration of sustainability in core business. We 
address this role of LCA in the discussion section. 

2.3 Methods and materials 

2.3.1 Goal and scope of LCA 
The purpose of this prospective LCA is to determine the environmental 

impacts of a nanofiltration membrane system coated with enzyme for removal of 
micropollutants from surface water for drinking water. We compare with the 
conventional Granulated Activated Carbon (GAC) water treatment to identify 
improvement opportunities with regard to environmental performance. This 
study is not a comparative assertion but a comparison which supports decisions in 
product development, helping to identify a new product configuration and 
associated processes with low environmental impacts (ILCD 2010, pg. 140). 
According to Kim et al. (2006) GAC is commonly applied to remove 
micropollutants present in surface water. In this study, the conventional GAC 
system uses activated carbon made from coal and wood.  
 
Functional Unit and technology status 

The functional unit (FU) of this study is the supply of one cubic meter of 
drinking water with minimized content of micropollutants. The important quality 
parameters of conventional drinking water filtration systems are pH, alkalinity, 
hardness, total organic carbon (TOC) and dissolved organic carbon (DOC). In order 
to ensure comparable water quality regardless of the treatment, we choose 
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carbon usage rate2  of GAC adsorption that compares with the quality of water 
treated with a nanofiltration membrane system (Bonton et al. 2011). 
Micropollutant removal by membrane was proven at laboratory scale (proof of 
principle), which shows almost complete removal of Bisphenol A. Performance 
tests at pilot plant level (i.e. proof of concept) are under preparation. This 
indicates that the micropollutant removal performance of nanofiltration 
membrane system could be higher than GAC adsorption reported by Kim at al. 
(2007).     
 
Impact categories and methods 

Main environmental indicators studied are Non-Renewable Energy Use 
(NREU); based on the Cumulative Energy Demand (CED) method and climate 
change according to the IPCC 2007 GWP 100a method (Hischier et al. 2010). 
Other impact categories are covered using the ReCiPe (v1.05, July 2010), midpoint 
impact assessment method with Hierarchist perspective and European 
normalization factors (Goedkoop et al. 2009). For modelling the life cycles, we 
used SimaPro v7.3.0, with ecoinvent v2.2 database for background data. 

2.3.2 Product system and its components 
Figure 2.1 outlines the system boundaries of the membrane and the 

conventional GAC filtration system. The membrane systems offer several 
advantages compared to GAC systems with respect to operational electricity, 
space required, filtration time and sensitivity to seasonal fluctuations of water 
quality. Membrane system manufacturing starts from the production of the 
membrane material. In this study we compare the environmental performance of 
cellulose acetate and Polyethersulfone (PES) for two reasons. First, these two 
materials are both used for making membrane modules with inside pressure 
driven feed format, which is used by the producer involved in this study. Second, 
PES is the most commonly used polymer for membrane application and it is 
therefore chosen as reference for comparison.  

Different types of membranes systems are commercially available, e.g., 
polyamide based spiral wound nanofiltration membranes (Koch membrane 
systems, 2013) and CA-based hollow fibre ultrafiltration membranes (Aquasource, 
2013); both are used for surface water treatment. Loeb and Sourirajan (1963) 
prepared CA-based RO membranes for the first time in 1962. Toray (2013) made 

                                                           
2 The carbon usage rate (CUR) determines the rate at which carbon will be exhausted and 
how often carbon must be replaced/regenerated. 
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CA-based spiral wound RO and nanofiltration membranes. Pentair X-Flow (2013) 
already produces hollow fiber nanofiltration membranes for surface water 
treatment. Hofman et al. (1997) tested CA-based spiral wound RO membranes 
and found that they are not suitable for removal of micropollutants. Despite of 
the efforts in spiral wound RO and nanofiltration membranes and the use of CA 
for these membranes, there are so far no large-scale systems in operation for the 
removal of micropollutants from surface water at a municipality or community 
scale based on cellulose acetate hollow fibre nanofiltration. 

Hollow fibre/capillary membranes can be produced by phase inversion (wet 
spinning) or stretching (dry spinning). In wet spinning, the membrane polymer is 
dissolved in a solvent to form a polymer solution which is then precipitated. 
Depending on the spinning conditions, the pore size and other membrane 
properties can be varied (Pearce, 2007a). In order to impart the micropollutant 
removal property to the membranes, their surface is coated with a specific type 
of enzymes developed by the research partners. These enzymes degrade the 
micropollutants by means of an oxidation process. Fine-tuning of the technology 
parameters such as concentration and frequency of enzyme coating are 
underway. Different techniques of enzyme coating on membrane surface are 
explained in the following section. Each membrane system consists of several 
modules (depending on the capacity of the system required), and each module 
contains hundreds of hollow fibre membranes. The various parts of a module are 
made from different polymers (Table 2.3). Next to the membranes, the filtration 
system consists of structural elements to support modules, inlet and outlet pipes, 
a pump etc. Unless the water is turbid, there is no need for pre-treatment. For 
inside feed format systems, surface water is fed through the inside of the hollow 
fibre membranes. The membranes are periodically backwashed and cleaned with 
chemicals such as chlorine. The lifetime of the membrane is usually 7-10 years 
depending on the feed water quality. After the effective lifetime of the 
membrane, the structural parts and supporting elements can be reused and the 
membranes can be disposed by incineration with energy recovery. One of the 
main advantages of the new membrane system is that it degrades the 
micropollutant and poses no further contamination of backwash water, which is 
then disposed to natural environment. Isolated solutions of EDCs were used for 
testing of micropollutant degradation at the laboratory scale. The relation 
between the efficiency of EDC degradation and the quality of feed water and 
fouling characteristics of membrane will be further tested during pilot tests. A 
detailed description of conventional membrane filtration can be found in Mulder 
(1990). 
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The water treatment process making use of GAC consists of three important 
stages. These are coagulation and flocculation, granular filtration and GAC 
adsorption. First, a coagulant such as ferric chloride or aluminium sulphate is 
mixed with raw water to remove the suspended and organic matter (Vince at al. 
2008). Residual organic matter and suspended solids can be removed by granular 
filtration such as slow sand or rapid sand filters before entering into activated 
carbon beds. GAC removes dissolved organic carbon by adsorption and residual 
disinfectants through catalytic reduction (DeSilva, 2000). The number of GAC beds 
replaced per year depends on the amount of dissolved organic carbon (DOC) 
content allowed in the filtered water. In order to obtain 0.9 mg/L DOC, which is 
representative also for nanofiltration membranes, Bonton et al. (2011) calculated 
an activated carbon usage rate (CUR) of 0.076 kg/m3. Periodically GAC beds are 
backwashed to remove fines and suspended matter but this does not regenerate 
the carbon or de-absorb contaminants. For this study we assumed that GAC is 
produced from either bituminous coal or wood and that there is no recycling of 
GAC after operation due to possible contamination of recycled GAC with 
adsorbed micropollutants. Thus, GAC is assumed to be disposed of by incineration 
with energy recovery. For coal-based GAC, we used inventory data from Bonton 
et al. (2011) and Ortiz (2006). For wood-based GAC, we calculated inventory data 
from Azargohar (2009). The inputs are shown in appendix 2.8.1. In this study we 
have not considered plant construction and infrastructure required for both 
membrane and GAC filtration systems since they have little environmental impact 
over their lifetime (Bonton et al. 2011). 
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Figure 2.1:Micropollutant removal membrane system (left) and conventional granulated activated 
carbon system (right) 

2.3.2.1 Calculation procedure and assumptions 

This study is conducted for the system cradle-to-grave which consists of 
extraction of resources required for producing CA through operation and disposal 
of the membrane. The output of the membrane (i.e., the flux rate in l/m2h) 
depends on the trans-membrane pressure. The trans-membrane pressure 
influences the operational energy consumption of the membrane. For example, in 
case of more turbidity or fouling a higher trans-membrane pressure would be 
needed for maintaining the flux-rate constant. Cleaning of membrane is done 
periodically to avoid fouling. The membrane lifetime is related to the total 
amount of water purified by the membrane system. The amount of membrane 
material required per m3 of water filtered (functional unit) is calculated by 
considering the total membrane area, the amount of membrane material 
required to produce the total membrane area, membrane lifetime and flux rate. 
Similarly, enzyme coating process inputs are calculated considering the lifetime of 
the coating and water filtered during that duration to derive inputs per functional 
unit. In the reference case, enzyme coating is assumed to last for the lifetime of 
the membrane, hence inputs for one single enzyme coating process are taken into 
account. In order to gain understanding about the impact of enzyme coating 
frequency on the membrane’s environmental performance we modelled different 
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frequencies in the sensitivity analysis. Table 2.1 summarizes the main technical 
parameters assumed for the micropollutant removal membranes. Owing to the 
early stage of development, we consulted membrane experts to estimate the 
operational performance of the new membrane. 

2.3.2.2 Cellulose acetate and membrane production data 

Membranes used for water and wastewater applications are widely produced 
from polysulfone (PS), polyethersulfone (PES), polyacrylonitrile (PAN), 
polyethylene (PE), polypropylene (PP), polyvinylidene fluoride (PVDF) (Pearce, 
2007b). The type of the membrane material chosen is based on several 
considerations such as end application, strength, permeability, manufacturability, 
resistance to chemicals, fouling tolerance, price and other considerations. PES is 
used by the membrane manufacturer for the production of conventional 
membranes due to low cost and moderate to high membrane properties. The 
membrane material used for the novel micropollutant removal membrane is 
Cellulose Acetate which is produced from a renewable material, i.e. Cellulose as 
opposed to fossil resource based PES. CA has good permeability, rejection 
characteristics, chlorine tolerance and fouling resistance but has limited pH 
tolerance and is susceptible to hydrolysis (Pearce, 2007d). Researchers are 
investigating strategies to improve these properties and also add functionalities 
such as micropollutant removal capability by modifying the surface of CA 
membranes. 

Table 2.1: Characteristics of micropollutant removal membranes (reference case) 

Characteristic  Unit Comments 
Number of modules 200 modules  
Membranes per module 100 membranes  
Total surface area of 
membrane filtration 
system 

13 m2  

Average flux rate 35 l/m2h Expert estimate  
Membrane lifetime 7 years Expert estimate  

Power 0.45 
kWh/m3 of 
filtered 
water 

Expert estimate  

Enzyme coating lifetime 7 years Assumption 
Backwashing with chemicals is conducted twice every day for a period of 20 
minutes. 
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The most important steps of CA production are pre-treatment of kraft pulp, 
acetylation or esterification of cellulose with acetic anhydride, subsequent 
hydrolysis which gives cellulose triacetate and diacetate and finally precipitation 
to obtain the final polymer in flake or powder form. Due to the unavailability of 
CA data in publicly available LCA databases we compiled and calculated process 
data from chemical encyclopedias such as Kirk-Othmer (2001), Ullmann’s (2007) 
and CRC handbook (2007), Grafflin et al. (1963) and a technology patent (2004). 
Table 2.2 shows process data for CA production from cellulose. A detailed 
description of the process used for making CA and its process data is provided in 
appendix 2.8.2. 

The hollow fibre membranes are contained in a module housing. All modules 
are fit into a structure called skid. Table 2.3 shows the most important process 
inputs required for the membrane system. The inputs shown in Table 2.3 are 
calculated for the membrane characteristics shown in Table 2.1. 

Table 2.2: Process data for the conversion of Cellulose to Cellulose Acetate 

Process inputs 
Quantity  
(per kg CA) 

Comments 
 

Cellulose, kg 0.6 Pulp from Ecoinvent v2.2 
Acetic acid, kg 4.5  
Acetic anhydride, kg 2  
Sulfuric acid, kg 0.1  
Sodium acetate, kg 0.02  
Water, kg 25  

Electricity, kWh 0.65 
For stirring, drying, and recovery of 
acetic acid 

Steam, kg 7.5 Heat for process and recovery 
Acetic acid recovered, kg 3.5 Recovered at the end of process 

Table 2.3: Process inventory for the production, operation and end-of-life treatment of cellulose 
acetate membrane system per functional unit 

Process input Quantity Unit Data source 
Skid and module 
production 

   

Glass-reinforced plastic 5.7E-05 kg/m3 
Data from 
producer 

Stainless steel 5.6E-05 kg/m3 
High-density 
polyethylene 

3.8E-04 
 
kg/m3 
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Cast iron 3.9E-05 kg/m3 
Polyurethane 3.6E-05 kg/m3 
Polyvinyl chloride 3.0E-05 kg/m3 
Rubber 5.0E-06 kg/m3 
Polypropylene 3.0E-06 kg/m3 
Polyethylene 3.0E-06 kg/m3 
Membrane production 
Cellulose acetate 9.3E-05 kg/m3 

Data from 
producer 

Electricity 3.9E-03 kWh/m3 
Heat from nat. gas 7.5E-03 MJ/m3 
N-methyl-2-Pyrrolidone 
(NMP) solvent 

1.9E-04 kg/m3 (Koenhen 1995) 

Glycerol 4.6E-05 kg/m3 (Koenhen 1995) 
Enzyme coating by adsorption 
KOH 7.0E-07 kg/m3 

Lab scale data 
from research 
partners. For 
covalent binding, 
a very small 
amount of 
anchoring 
chemical is 
added. 

Functional polymer 
(CMC) (intermediate 
layer between CA and 
enzyme) 

2.3E-07 kg/m3 

KCl 1.4E-06 kg/m3 
Na2HPO4  9.3E-07 kg/m3 

Enzyme solution 9.3E-05 kg/m3 

Water for enzyme 
coating 

2.8E-04 kg/m3 

Membrane operation and periodic cleaning 

Electricity 0.45 kWh/m3 

Expert estimate 

Hydrogen peroxide 0.01 kg/m3 
Cleaning Chemicals 

  
NaOH 1.1E-03 kg/m3 
HCl 1.0E-03 kg/m3 
NaOCl 5.0E-04 kg/m3 
Water for backwashing 2.5 kg/m3 
End of life treatment 

   
Skid and module 

  
Reuse and 
recycling 

Membrane 
  

Incineration 
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2.3.2.3 Enzyme production data3  

According to Jegannathan et al. (2013) enzymes can be used for several 
different applications such as detergents, textiles, food, pharmaceuticals. In this 
study, the enzyme horseradish peroxidase (HRP) is used for the purpose of 
micropollutant removal from surface water. Researchers at University of Graz 
have prepared the enzyme by fermentation of vegetable horseradish (Krainer et 
al., 2012). From the experiments conducted it was proven that this enzyme is 
degrading micropollutants from surface water during filtration (Khan and Nicell, 
2007). Aggregated data on the process inputs of enzyme production are 
presented in Table 2.4. In order to obtain pure enzyme, time-intensive and energy 
consuming purification steps are employed. We have presented data for both 
diluted and concentrated enzyme solution. 

Table 2.4: Aggregated process data of enzyme production 

Process inputs 
Quantity (per kg 
diluted enzyme 
solution) 

Quantity (per kg 
concentrated 
enzyme solution) 

 

Heat, MJ 1.4848 58 Process heating 

Electricity, kWh 0.064 4.1 

Stirring, centrifugation 
and filtration (also for 
purification in case of 
concentrated 
solution) 

Glycerine, kg 0.015 5.0  
Methanol, kg 0.128 2.8  

Yeast, kg 0.072 1.25 
Contains genome of 
horse radish 

Ammonium 
sulphate, kg 

0.032 
4.0 
 

 

NaCl, kg  1.8  
CaCl2, kg  0.05  

 
 
 

                                                           
3 For confidentiality reasons a detailed description of enzyme synthesis process is not 
provided here. 
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2.3.2.4 Coating of membrane surface with enzymes 

Enzymes on membrane surface are coated either by adsorption or covalent 
binding. 

The main steps of the adsorption process are membrane surface modification 
(activation and pre-coating) and enzyme adsorption. The enzymes cannot be 
directly adsorbed on the membrane surface, hence an intermediate functional 
polysaccharide layer, a few nm thick, is deposited on the membrane surface. To 
increase the structural affinity of membrane surface to this layer, an activation 
step is conducted prior to deposition of the polysaccharide layer. During the 
activation step, the ester bonds of the cellulose acetate are cleaved, to improve 
the structural affinity of the membrane surface to the polysaccharide layer (Kargl 
et al. 2012). Once the membrane surface is coated with the functional 
polysaccharide layer, the enzyme is irreversibly adsorbed on it. In essence, the 
enzymes are immobilized on a thin polymer film which is applied to CA. At lab 
scale, the enzyme layer is formed by dip coating. For this technique, the enzyme is 
required in concentrated aqueous dispersion. The membrane is thoroughly 
washed several times to remove loosely bound polysaccharide and enzyme. 
Membrane coating data by adsorption process is shown in Table 2.3. 

The first step of the covalent binding coating process is similar to adsorptive 
coating, with a polysaccharide layer being coated on membrane surface. In the 
second step, a coupling agent is coated on the polysaccharide layer, which acts as 
an anchor by forming stable amide bonds between polysaccharide layer and 
enzyme. In the third step the enzyme is coated. As an alternative to this three-
step process, covalent binding can also be carried out either by two steps or one 
step. In the two-step process, the polysaccharide and coupling agent are mixed 
and jointly coated on the membrane surface followed by enzyme coating step. In 
the one-step process, the polysaccharide, coupling agent, and enzyme are mixed 
and coated together on the membrane surface in a single step (Mohan et al. 
2012). From experiments, it was found that the amount of active enzyme on 
membrane surface is higher for the three-step process compared to the other 
coating processes. For covalent binding coating, enzyme in diluted aqueous 
solution can be used. This makes prior concentration unnecessary and hence 
reduces energy and chemicals demand as indicated in Table 2.4 (see section 
2.4.2). Membrane coating data for this approach is same as for the adsorption 
process except for a small amount of anchoring chemical that is used for covalent 
binding. 
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The enzyme immobilization efficiency is higher for covalent coating than 
adsorption. Enzyme activity on membrane surface is also higher for the covalent 
coating than the adsorption process. Performance of micropollutant degradation 
and enzyme durability will be evaluated in the pilot tests. In the reference case, 
we have assumed that the enzyme coating on the membrane surface can last for 
the membrane lifetime i.e., enzymes are coated only once on the membrane. 
Enzyme coating might be affected by fouling, cleaning chemicals etc. Therefore, it 
may be necessary that enzymes are periodically regenerated. In order to help the 
producer to understand the effect of periodic enzyme coating on the 
environmental performance of membranes, we have included different durability 
periods for enzyme coating in the sensitivity analysis. In the case of periodic 
enzyme coating of membranes, the enzyme coating will be regenerated at the 
surface water treatment plant. Currently, we do not have access to detailed 
information about how this is going to be implemented. For sensitivity analysis of 
periodic enzyme coating, we have included the parameters shown in Table 2.3.    

2.3.3 Membrane operation  
Membranes can be operated continuously to produce the required quantities 

of drinking water. Surface water from a canal is fed to the membrane system after 
it has passed through a mechanical strainer to remove large debris. Surface water 
flows through the inner surface of the hollow fiber membrane and filtered water 
comes through the outer surface. The driving force, i.e., the trans-membrane 
pressure, is maintained by a pump. This is the only requirement of electricity 
which we have taken into account for operation of the membrane system 
(including backwashing steps). Due to negligible contribution on impacts (Bonton 
et al. 2011) auxiliary electricity required in the plant such as lighting is excluded. 
During the operation, membranes are backwashed periodically, twice every day, 
for a period of 20 minutes with the help of cleaning chemicals. Use of cleaning 
chemicals required in backwashing is presented in Table 2.3.  

2.3.4 Data collection 
Data sources of the processes modelled in this study are described in this 

section. The membrane production and enzyme synthesis data are directly 
collected from the producer and research partners, respectively. Cradle-to-factory 
gate data for the materials, chemicals, fuels and electricity are taken from the 
publicly available database Ecoinvent v2.2 (2007a). Some input data used for the 
manufacture of the micropollutant removing membrane and membrane filtration 
process was calculated and estimated with the help of experts. Table 2.5 provides 



Ch
ap

te
r 2

 

 
71 

an overview of the sources of data used by process step for the conventional GAC 
system and micropollutant removing membrane system. 

Table 2.5: Summary of data sources used in this study 

Process Data source Notes and reference 

Cellulose acetate 
production 

Literature 

CRC handbook (2007), High polymers 
hand book (Grafflin et al. 1963), 
Ullmann’s (2007) and Kirk-Othmer 
encyclopedias (2007), Patents 

Polyethersulfone 
production 

Literature Industry sources 

Transport Ecoinvent Truck and Rail (SimaPro, 2007) 

Chemicals production Ecoinvent 

For chemicals; acetic acid, acetic 
anhydride, polymers for membrane 
modules, membrane cleaning 
chemicals (SimaPro 2007) 

Electricity production Ecoinvent UCTE grid mix (SimaPro 2007) 

Membrane production 
Producer and 
literature 

Site specific 

Membrane system 
Producer, 
Literature  

Site specific 

Enzyme production University of Graz Lab-scale 

Enzyme coating 
University of Graz 
and producer 

Lab-scale and expert estimate 

Membrane characteristics 
and performance 

Producer Expert estimate 

GAC, from coal, production Literature Bonton et al. (2011), Ortiz (2006) 
GAC, from wood, 
production 

Literature and 
calculations 

Azargohar (2009), Johnson (2009) 

GAC plant operation  Literature Bonton et al. (2011) 
GAC disposal Literature Bayer et al. (2005) 
Membrane disposal 
(incineration with energy 
recovery) 

Literature Reimann (2006) and Shen et al. (2012) 
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2.4 Results 

2.4.1 Environmental impacts of Cellulose acetate and 
polyethersulfone 

Figure 2.2 compares the environmental impacts of CA and PES materials for 
the system cradle to gate plus end of life, for producing and disposing one kg of 
both polymers, according to the impact assessment ReCiPe midpoint method. For 
making a membrane the same quantity is required for both polymers, thus we 
present results per kg of polymer. In this graph we have not included membrane 
production and membrane operation since both materials have similar density, 
glass transition temperature, lifetime and operational characteristics. We have 
considered incineration with energy recovery for disposal of polymers. The results 
for CA polymer show a pronounced impact related to agriculture land occupation 
(due to wood use for cellulose production) and slightly higher fossil depletion 
than PES. PES not only requires less fossil fuels during production (in spite of 
being produced from fossil feedstocks) but also has a higher calorific value and 
hence generates, during incineration with energy recovery4, more electricity and 
heat than CA. As a consequence, the avoided power generation from 
conventional fossil sources is larger for PES than for CA (for details, see appendix 
Table B 2.2). CA causes lower climate change impacts due to bio-based carbon 
emissions, which do not contribute to climate change impacts, and it also entails 
lower toxicity impacts compared to PES. PES causes lower fossil depletion and 
freshwater eutrophication impacts. Overall, CA has a slightly better 
environmental profile than PES for most impact categories. The membrane 
producer would like to avoid dependence on volatile prices of petrochemical PES 
and develop an alternative membrane based on biomass which will expand their 
product portfolio. There is a potential to further reduce the environmental 
impacts such as climate change of CA membrane, which is currently at pilot scale. 

                                                           
4 According to Shen et al. (2012) “1 GJ of waste yields 0.106 GJe (electricity) and 0.223 GJth 
(thermal). These amounts of electricity and heat would be otherwise produced 
conventionally with a cradle-to-factory gate electricity efficiency of 30% and a heat 
efficiency of 85% (approximately). Thus, 0.106 GJe replaces 0.106/30% = 0.35 GJp primary 
fossil fuels and 0.223 GJth replaces 0.223/85% = 0.26 GJp fossil fuels. The total primary 
fossil fuel that can be avoided is 0.35 GJp + 0.26 GJp = 0.61 GJp     this is approximately 60% 
of the energy content of the waste”. 



Ch
ap

te
r 2

 

 
73 

Figure 2.2: Impact assessment of Cellulose Acetate and Polyethersulfone polymer, for the system 
“Cradle-to-gate plus end of life”, per kg of material, ReCiPe midpoint method, Hierarchist 
perspective, normalized to Europe (excluding membrane production, assembly and use phase) 

According to the contribution analysis (Figure 2.3) acetic acid and acetic 
anhydride contribute most to the NREU of CA production followed by steam. The 
net contribution of acetic acid is smaller due to its recovery (large negative bar, 
Figure 2.3) after precipitation of CA. These results represent estimates based on 
literature data. Commercial scale CA production might have lower impacts due to 
higher efficiency during production and recovery of solvents. 
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Figure 2.3: Process contribution of Cellulose Acetate polymer, for the system “Cradle-to-gate plus 
end of life”, per kg of material (excluding membrane production, assembly and use phase) 

2.4.2 Impacts of horseradish peroxidase enzyme synthesis 
By avoiding concentration steps such as purification and by using diluted 

enzyme after pre-purification, the NREU is substantially reduced, as shown in 
Figure C 2.1 in appendix 2.8.3. In order to get one litre concentrated enzyme 
solution, 40 litres of diluted enzyme solution need to go through purification; not 
only this step requires large amounts of process energy and materials but also the 
previous steps for producing 40 litres of diluted enzyme. The steps contributing 
most significantly to the overall NREU of concentrated enzyme synthesis are 
fermentation pre-culture, fermentation and first purification step (Figure C 2.1, 
appendix 2.8.3). The fermentation pre-culture step needs autoclaving of the total 
solution to 120°C and therefore its heating process contributes significantly to the 
energy footprint of the whole process. The high input of materials used in the 
fermentation step such as glycerol and methanol contributes most to the total 
NREU. Similarly, the buffer solution A used in purification (via hydrophobic 
interaction chromatography, HIC) consists of ammonium at a high concentration. 
Hence the high quantity of buffer solution A contributes significantly to the 
energy use of the whole process. In many steps, the dilution is very high 
demanding high heat input. Hence the dilution factor should be considered for 
optimizing the synthesis process. It should also be acknowledged that the whole 
process takes place at laboratory scale hence there is a significant opportunity to 
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optimize the synthesis process. In view of the very remarkable difference in 
environmental impacts between concentrated enzyme and diluted enzyme, we 
will present later on results for membranes using both cases.  

Fossil fuel depletion, climate change, human toxicity, acidification, 
eutrophication impacts (Figure C 2.2, appendix 2.8.3) are caused by the heating 
energy demand whereas agricultural land occupation is mainly related to the use 
of high concentration of glycerine from rapeseed oil. A process using diluted 
enzyme to coat membranes would greatly reduce many environmental impacts 
(Figure C 2.2). 

2.4.3 Impact assessment of CA membrane production 
Membrane production is the most crucial step of the manufacturing of the 

membrane filtration system. During this phase most important properties such as 
porosity and pore size are tuned depending on the application of the membrane 
(surface water, wastewater, salinated water etc.). As shown in Figure 2.4, 
electricity consumption contributes most significantly, around 50% of the NREU 
and GHG emissions of membrane production, followed by CA polymer production 
and solvent N-methyl-2-pyrrolidone (NMP), and heat. The error bars in Figure 2.5 
represent different NMP quantities used and recovered during membrane 
production. 

 

Figure 2.4: NREU and GHG emissions of membrane production, for the system cradle to gate per 
m2 membrane 
 

0

2

4

6

8

10

12

14

0

50

100

150

200

250

NREU GHG

G
H

G
 e

m
is

si
on

s 
kg

 C
O

2
eq

./m
2

m
em

br
an

e

N
R

EU
 M

J/
m

2
m

em
br

an
e

Glycerine

N-methyl-2-pyrrolidone

Tap water

Heat, natural gas

Electricity

CA production with
recovery



Membrane LCA……… integration of sustainability in business decisions  

 
76 

Figure 2.5 shows the environmental impacts of CA membrane production. The 
use of electricity, CA production, and the use of the solvent NMP contribute 
significantly to most impact categories. Glycerine, from rapeseed oil, is 
responsible for ecotoxicological impacts. CA production cause impact related to 
agricultural land occupation (including forestry) due to the bio-based feedstock. 

Figure 2.5: Impact assessment and contribution analysis of membrane production, for the system 
cradle to gate per m2 membrane, ReCiPe midpoint method, Hierarchist perspective, normalized 
to Europe (impact categories with negligible score are not displayed) 

2.4.4 Impact assessment of membrane filtration system  
As explained in section 2.3.2.3, covalent binding can work with diluted 

enzyme solution whereas adsorption coating needs concentrated enzyme 
solution to coat enzyme on the membrane surface. For this analysis, we assumed 
membrane characteristics, as reference case, presented in section 2.3.3. NREU 
and GHG emissions, shown in Figure 2.6, are identical for both membrane 
systems and by a factor of 2.5   4 lower compared to GAC from coal. For 
membranes, operational electricity dominates NREU and GHG emissions. The 
impact of both enzyme coating technologies is negligible per m3 water filtered 
due to the assumption that the enzyme coating is effective for the lifetime of the 
membrane. The membrane system degrades the micropollutants. Hence no 
further disposal, such as incineration, of backwash water is required. Compared 
to conventional uncoated hollow fibre nanofiltration membrane, the new 
membranes cause around 30% higher GHG emissions. This is mainly due to the 
lower trans-membrane pressure of conventional nanofiltration membrane 
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compared to the new membrane systems. GAC from wood has lower NREU than 
membrane systems due to the use of a renewable material and high energy 
recovery at end of life stage but causes somewhat higher GHG emissions due to 
the production process of GAC and the chemicals used. For GAC systems, GAC 
production, and production of chemicals used for slow and fast filters such as 
coagulants, flocculants contribute most. The operational electricity needed for 
GAC adsorption is very low unlike membranes. However, GAC disposal by 
incineration with energy recovery, avoids significant amounts of electricity and 
heat generation from conventional fossil fuels. The respective benefit related to 
membrane disposal is negligible because the amount of membrane material 
required per functional unit is much lower compared to GAC. 

Figure 2.6: NREU and GHG emissions of filtration processes by membrane and granulated 
activated carbon, for the system cradle to grave per functional unit 

Human toxicity, freshwater eutrophication, freshwater ecotoxicity, marine 
ecotoxicity are the most significant impacts, shown in Figure 2.7, followed by 
fossil depletion, climate change, photochemical oxidant formation, particulate 
matter formation and terrestrial acidification. For membrane systems, 
operational electricity use is the most significant contributor to all the impacts 
mentioned. For GAC adsorption, consumption of GAC and chemicals is the most 
significant contributor to all the impacts. In addition, agricultural and natural land 
occupation is very significant for GAC from wood. Note that we have made a 
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conservative estimate for calculating the inventory of GAC from wood (see 
Appendix 2.8.1). 

Figure 2.7: Impact assessment of filtration by membrane and granulated activated carbon system, 
for the system cradle to grave per functional unit, ReCiPe midpoint method, Hierarchist 
perspective, normalized to Europe 

2.5 Interpretation and discussion of results 
In this section we discuss the assumptions underlying the calculations for the 

membrane technology in order to better understand the results and their 
implications for the product development process. We identify the most 
important parameters and conduct sensitivity analyses. We also present a 
scenario analysis with best possible conditions for the GAC adsorption system and 
compare that with the membrane system to derive operational limits to some 
important parameters.  

2.5.1 Sensitivity analysis of membrane systems 
As noted in Figure 2.6, the electricity for operation is the most impact-causing 

step of the membrane filtration processes. During discussions with experts we 
understood that this parameter might increase or decrease depending on the 
influence of the extra layer, formed by the enzyme coating process, on the 
parameters such as porosity, hydrophilicity, and fouling behavior of the 
membrane. Due to lack of experience with industrial scale operations over a 
longer period of time we have conducted a sensitivity analysis, assuming that the 
average electricity consumption of the membrane filtration might range between 
0.1 kWh/m3 and 0.9 kWh/m3, with 0.45 kWh/m3 being the reference value. 
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Moreover, while in the reference case the enzyme coating is assumed to last for 
the entire lifetime of the membrane (7 years), this may or may not be the case 
depending on the influence of parameters mentioned above on the enzyme layer. 
Hence, we have also included the lifetime of the enzyme coating in the sensitivity 
analysis ranging from lifetime of membrane, yearly coating to daily coating. We 
have accounted for the inputs required for enzyme coating process. Although the 
membrane lifetime depends on quality of water (fouling behavior), in most cases 
the membrane lifetime is between 7-10 years; as extremes we assumed lifetimes 
of 1 and 15 years. The other important parameter, i.e., flux through the 
membrane, does not need to be included in the sensitivity analysis because 
operational energy consumption is directly related to it. Table 2.6 shows all the 
values used for sensitivity analysis. We always only varied one parameter at a 
time. For example, when we chose case B for operational electricity, the other 
variables, i.e., membrane coating frequency and life time of membrane are taken 
from reference case C. Similarly, we have conducted sensitivity of the variables 
membrane coating frequency and lifetime of membrane. In Figures 2.8 and 2.9 
we have plotted the difference between the GHG emissions of these 
combinations with reference case C. Thus, we have cases A   H for each variable 
with case C representing the reference case. 

Table 2.6: Membrane parameters for sensitivity analysis 

        Cases 
 
 
Parameters 

A B 
C 
(reference 
case) 

D E F G H 

Operational 
electricity, 
kWh/m3 

0.1 0.3 0.45 0.7 0.9 
   

Membrane 
coating 
frequency 

  
lifetime Yearly Quarterly Monthly Weekly Daily 

Lifetime of 
membrane, 
years 

15 10 7 5 3 2 1 
 

 
In the worst case, Figure 2.8 shows a twofold increase in operational 

electricity compared to the reference case, which almost doubles the GHG 
emissions of the membrane system with covalent binding. When the enzyme 
coating frequency is monthly and weekly then the increase in GHG emissions is 
3% and 12%, respectively. If the coating frequency is higher than a month i.e., 



Membrane LCA……… integration of sustainability in business decisions  

 
80 

couple of weeks, then GHG emissions can substantially increase compared to the 
reference case. The lifetime of the membrane does not significantly influence the 
results unless it is equal to or lower than one year. In order to avoid that the GHG 
emissions exceed the reference case level, the coating should not be regenerated 
more than once per month and the membrane lifetime should surpass 3 years. 
Due to the current stage of product development, i.e., laboratory scale, we could 
not include energy required for enzyme coating process. Since enzyme coating 
occurs at ambient temperature and pressure, this omission can be expected to be 
insignificant and it is very unlikely that the use of real values would lead to 
changes in our recommendations for the coating frequency of membrane. 
However, further research should be conducted by considering the energy 
demand of enzyme coating. 

 

 
Figure 2.8: Sensitivity analysis for membrane with covalent binding (see Table 2.6 for explanation 
of cases A     H) 

Similarly, we conducted a sensitivity analysis for membrane adsorption 
coating. As  shown in Figure 2.9, GHG emissions are much more sensitive to the 
membrane coating frequency because the adsorption process requires a 
concentrated enzyme solution. For example, in the case of monthly coating, GHG 
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emissions increase by 22% compared to reference case, as opposed to 3% in the 
case of covalent binding. 

We also studied the sensitivity of the membrane systems to the source of 
electricity because contribution of operational electricity use is very large to the 
impacts of both membrane systems. As shown in Figure 2.10, GHG emissions are 
one-eighth of the reference case (UCTE 5 ) if the electricity predominantly 
originates from hydroelectric sources as found in Norway and it is around twice 
the value of the reference case for largely coal-based power as used in China. The 
GAC systems are not sensitive to the source of electricity because the main 
contribution is caused by the production of GAC and other chemicals (and not by 
operational electricity use). 

 
Figure 2.9: Sensitivity analysis for membrane with adsorption coating (see Table     for 
explanation of cases A     H) 

 
The producer has chosen the membrane with covalent binding for pilot tests 

and further optimization owing to its lower sensitivity to coating frequency and 
due to its use of diluted enzyme, which is less energy intensive and has lower 
cost. 

 

                                                           
5 UCTE stands for Union for the Co-ordination of Transmission of Electricity. UCTE is a grid 
of continental Europe. 
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Figure 2.10: Sensitivity of membrane system to source of electricity (NORDEL is an electricity grid 
of Nordic countries) 

2.5.2 Scenario analysis  
Using the insights from the sensitivity analysis we derived three scenarios for 

each system shown in Table 2.7. We chose very optimistic conditions for GAC 
system such as wood-based GAC, and a quantity of 50 g of GAC per m3 of filtered 
water (reference case 76 g/m3). As countries of operation we chose Norway 
(almost fully hydroelectrically powered), UCTE (as European average) and with 
100% coal power. We assumed that the membrane with covalent binding needs 
monthly enzyme coating and that the operational electricity use is same as in the 
reference case. 

As shown in Figure 2.11, the scenario analysis revealed that in order to be 
better than the best possible GAC system anywhere in the world irrespective of 
its source of electricity, the operational electricity for the membrane with 
covalent binding should be less than 0.2 kWh/m3 and the coating frequency 
should be monthly or lower (e.g., quarterly or yearly). The membrane producer is 
currently optimizing the configuration of membrane systems to achieve these 
parameters. 
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Table 2.7: Membrane characteristics for scenario analysis 

Filtration system Scenarios  
Membrane, Covalent  
1 0.45 kWh, Coal, monthly enzyme coating 
2 0.45 kWh, UCTE, monthly enzyme coating 
3 0.45 kWh, Norway, monthly enzyme coating 
Membrane, adsorption 
4 0.45 kWh, Coal, monthly enzyme coating 
5 0.45 kwh, UCTE, monthly enzyme coating 
6 0.45 kwh, Norway, monthly enzyme coating 
GAC adsorption system 

 
7 GAC from wood, Coal, 50 g  
8 GAC from wood, UCTE, 50 g 
9 GAC from wood, Norway, 50 g 

 

Figure 2.11: Scenarios analysis of different filtration systems (see Table 2.7 for explanation of 
scenarios) 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Covalent binding Adsorption coating GAC

G
H

G
 e

m
is

si
on

s 
kg

 C
O

2 
eq

./m
3

0.2 kWh/m3 , 
coal power

3

2

1
4

5

6

9
8

7



Membrane LCA……… integration of sustainability in business decisions  

 
84 

2.5.3 Pilot tests of membrane and inclusion of toxicity impacts of 
endocrine disruptors in LCA 

The new membrane has been going through pilot tests for optimization and 
also to find the effectiveness of micropollutant/EDC degradation by this 
technology. It is proven that the membrane triggers an oxidation mechanism 
which completely degrades Bisphenol-A (Surfuncell, 2012). Further tests will be 
conducted in order to find out whether it is also possible to degrade several other 
micropollutants. We have assumed that the membrane and the GAC produce 
water of the same quality. But since in practice GAC removes only around 70% of 
all EDCs (Filby et al. 2010) membranes are likely to offer more benefits. Due to 
knowledge and data gaps, lack of consensus and scientific uncertainty, there are 
no mature assessment methods available for including the impacts of 
micropollutants in LCA. In the absence of quantitative indicators for these 
impacts, we attempt to briefly describe them in qualitative terms. 

EDCs might cause several different impacts to human and wildlife 
populations. Table 2.8 presents a summary of possible impacts of micropollutants 
or EDCs. Many of these impacts are not proven to be directly linked to EDCs alone 
but part of the scientific community believes that EDCs play an important role 
(Kidd et al. 2007, Wenzel et al. 2003). NEPTUNE, an EU FP6 funded project, 
attempted to include EDCs in LCA (Larsen, 2009). This project succeeded in 
including one endpoint for aquatic organisms, i.e., fish population relevant 
endpoint, sex ratio, based on PNEC (predicted no effect concentration). It was 
also noted that the developed method, characterization factors and 
recommendations are preliminary and that their scientific rigor needs to be 
improved. 

Presently, the scientific community is neither able to specify the exact 
mechanisms of action nor to quantify the resulting environmental and human 
health impacts or endpoints. For example, endpoints like male reproductive 
health and endometriosis might lead to infertility. This can reduce human health 
and well-being for child seeking couples due to psychological distress. Many other 
impacts mentioned in the Table 2.8 can have similar effects on human health and 
well-being.  

As long as the new membrane technology is better than conventional 
technologies like GAC with respect to the impacts presented in earlier sections, it 
is the preferred technology for potentially improving human health by eliminating 
micropollutants/EDCs from drinking water. One more advantage of the new 
membrane technology is that, unlike GAC and Ozonation, it does not pass the 
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impacts to the next stage while disposal of EDC contaminated GAC or toxic by-
products formation by Ozonation require further attention (Stalter et al. 2010). 

Table 2.8: Summary of human and wild life endpoints of EDCs, prepared from EEA (2012) 

End points Characteristics 

Male end points  
Testicular dysgenesis syndrome (TDS); poor semen 
quality, hypospadias, cryptorchidism and testicular 
cancer, prostate cancer 

Female end points 
Breast cancer, ovarian cancer, polycystic ovarian 
syndrome (PCOS), endometriosis 

Other human end points 

Premature puberty/precocity, thyroid dysfunction 
(especially in foetal and newborn periods), thyroid 
cancer, obesity, type- I and II diabetes, metabolic 
syndrome 

Wild life end points 

Masculinization of female fish, decline in amphibian 
population (gonadal intersex in frogs) and in bird 
reproduction (skewed sex ratios, lowered  
fecundity and eggshell thinning, leading to  
widespread nesting failure etc.) 

2.5.4 Integrating LCA in business decisions 
Conventionally, R&D, innovation, sourcing, operations and marketing 

professionals base their business decisions on functionality, quality, cost, supply 
and market aspects (personal communication). In order to embed environmental 
sustainability in these business functions, it is a prerequisite that sustainability 
assessments directly contribute to the business decision making process. In the 
course of the Surfuncell project, we have helped a producer, with the use of 
insights provided by this LCA, for making business decisions as described below.  
 
Linking environmental sustainability with business decisions 

1. Selection of materials and suppliers: During the development process, we 
have helped the R&D department to choose the membrane material by 
benchmarking the impacts of alternative materials. Section 2.4.1 describes this 
process. The producer became aware of environmental impacts of both CA and 
PES materials and now have the background knowledge of how to use the 
environmental profiles while selecting the suppliers besides quality, cost, supplier 
location and capacity.     
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2. Selection of specific process route: In order to help the R&D and 
innovation professionals to choose the environmentally superior process route, 
we conducted LCA calculations for different technological options such as use of 
various metal or cellulose nanoparticles or the use of enzymes to satisfy the 
intended functionality while considering all life cycle phases of membrane, 
especially at the end of life. For example, we helped the producer to avoid 
technologies that simply filter but not degrade the micropollutants which 
necessitates disposal (incineration as biowaste) of backwash water containing 
micropollutants. Owing to better environmental performance the producer chose 
an enzyme-based approach.  Section 2.4.4 and 2.5.1 explain why covalent binding 
was chosen as preferred approach.  

3. Optimization of membrane characteristics: In our analysis, we have shown 
the conditions under which membrane system can out-perform conventional 
technologies (section 2.5.2). The scenario analysis can guide the product 
development team in optimizing the most important parameter for the 
membrane’s environmental performance. This optimization not only reduces total 
environmental impact of product but also decrease the customers’ cost of 
operation, offering a competitive advantage against other producers.  

4. Communicating sustainability performance to customers and other 
stakeholders: The environmental sustainability analysis presented in this paper 
can be used by marketing team to communicate the benefits of membrane 
systems to potential customers. It can also inform other interested stakeholders 
in understanding how the environmental sustainability is integrated in R&D, 
innovation and sourcing functions of the producer. This can improve producer 
reputation besides attracting new customers, i.e., expanding market share.  

2.6 Conclusions and recommendations 
Endocrine disrupting chemicals or micropollutants present potential impacts 

to human health. In order to avoid these impacts, micropollutants should be 
filtered from surface water used for drinking. As demonstrated in the Surfuncell 
project, by altering the surface properties with enzyme coating, the nanofiltration 
membranes can be made capable of degrading micropollutants in surface water. 
This study provided an understanding of membrane modification for 
micropollutant removal and its impacts on environment. 

We used LCA to analyze and compare the new membrane system with a GAC 
adsorption system. We also compared the conventional polyethersulfone (PES) 
polymer, widely used for membrane production, with cellulose acetate (CA) 
polymer. For the system cradle to gate plus end of life, CA has a slightly better 
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environmental profile than PES for many categories. For pilot scale production, 
the membrane manufacturer chose CA as raw material, in order to reduce 
dependency on volatile prices (commodity price risks) of petrochemical PES, to 
develop an alternative membrane based on bio-based materials, i.e., to expand 
the product portfolio, and driven by the potential of further reducing 
environmental impacts such as climate change.  

It was found that that the membrane with covalent binding, for the operating 
conditions reported in Table 2.1, can cause lower environmental impacts than 
GAC from coal. In the membrane life cycle, operational electricity use, enzyme 
coating frequency and the source of electricity are the three most important 
parameters that can significantly influence the environmental performance of the 
membrane system. For GAC systems, the most significant impacts arise from GAC 
production, feedstock supply, and use of chemicals such as flocculants, 
coagulants. The sensitivity and scenario analysis led to the conclusion that a 
membrane system with operational electricity use of less than 0.2 kWh/m3 and 
monthly or less frequent enzyme coating can cause lower environmental impacts 
than GAC systems irrespective of the source of electricity. Wood-based GAC 
systems imply higher land use impacts than membrane system.  

This study helped a membrane producer to consider and to integrate 
environmental sustainability metrics in their product design and development 
process. The results of the study influenced the selection of the polymer material, 
can help to select polymer suppliers with reduced environmental impacts, and to 
optimize the service life parameters of the membrane during design and pilot 
tests; moreover, they may help marketing of the product in the future. This study 
can offers spillover effects such as optimization of other conventional membrane 
products with similar operational profile due to better awareness about 
environmental impacts of the membrane throughout its life cycle.  

In this study it was not possible to include environmental impacts from EDCs 
or benefits of avoiding them due to scientific uncertainty, data gaps and lack of 
impact assessment methods. We qualitatively described possible human and 
wildlife endpoints such as prostate and breast cancer and altered sex ratio of fish. 
In order to account for the benefits of different EDC removal efficiencies of 
competing technologies, it will be necessary to have scientific consensus on most 
concerning human health and wildlife endpoints that specifically need to be 
further focussed and studied. These initial steps would encourage further 
development of specific cause-impact relationships and mechanisms of action, 
data, and impact assessment models to integrate the agreed endpoints. Given the 
potentially serious impacts on wildlife, we suggest that further research should be 
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carried out on membrane technology for municipal and industrial wastewater 
treatment plants. To remove micropollutants from wastewater, the replacement 
of conventional ultrafiltration membranes by micropollutant removal membranes 
for pre-treatment in membrane bioreactors (MBR) or reverse osmosis technology 
should be explored.  
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2.8 Appendix 

2.8.1 GAC from wood production data  

Table A 2.1: Important inputs of GAC Production from wood 

 Quantity Units Comments 
Yield of charcoal 
from wood 

30%  Ecoinvent data 

Yield of activated 
carbon from 
charcoal 

40%  
Conservative estimate based on yield 
from fig 4.2, AzarGohar 2009 

Total wood 
required per kg 
activated carbon 

8.3 kg Assumed same as coal based activation 

Electricity 1.6 kWh 

Assumed from mass ratio of steam to 
carbon as 2 from fig 4.2, Azargohar 
2009; To have high BET, i.e. specific 
surface, inorder to match with NF 
membrane we chose mass ratio 2 
which also reduces yield. 

Steam 5 kg  
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2.8.2 Cellulose acetate production data 
In this section the production of CA and the related production process data is 

explained. Figure B 2.1 shows the process steps followed to make cellulose 
acetate.  

Cellulose acetate (CA) is produced from a renewable material, i.e. cellulose, 
with the help of various other chemicals such as acetic acid6, acetic anhydride 
etc. The main steps are pre-treatment, acetylation or esterification, hydrolysis 
and precipitation. Due to the unavailability of the inventory of CA production in 
publicly available databases and literature, we compiled and calculated the 
inventory from a variety of sources such as chemical handbooks, patents and 
publications.  

Table B 2.1 shows the process details for each process step of cellulose 
acetate production. We included recovery of solvents in our calculations based on 
the approach suggested by Kirk Othmar (2001) and the CRC Handbook (2007). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

                                                           
6 Acetic acid can be produced from both petrochemical origin and from bio-based 
resources such as pulping process. We assumed acetic acid from petrochemical origin in 
this project due to its predominant use in the industry. 

  Pre-treatment 

Acetylation 

Quenching 

Hydrolysis 

Precipitation 

Washing 

Centrifugation 

Vacuum Drying 

Cellulose Sulfuric acid 

Heat 

Sulfuric acid 

Cooling & circulation of 
Acetylate (electricity) 

Diluted Acetic 
acid 

Salts of Mg/Ca/Na acetate 

Heating (40-80C) 

Diluted Acetic 
acid Agitation (electricity) 

Agitation (electricity) 

Heating 

Water 

Electricity 

Electricity 

Glacial Acetic 
acid 

Cellulose acetate 
powder 

Figure B 2.1: Cellulose acetate production process 
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2.8.3 Enzyme synthesis results 

 
Figure C 2.1: Process contribution and cradle-to-gate NREU of HRP enzyme synthesis process 

 

 
Figure C 2.2: Cradle to gate environmental impacts of concentrated and diluted HRP enzyme 
synthesis, 1 kg enzyme, ReCiPe midpoint, Hierarchist perspective, normalized to Europe 
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3 Prospective life cycle assessment of an antibacterial T-shirt 
and supporting business decisions to create value8 

3.1 Abstract 
Global production and consumption of textiles is increasing and as a result 

putting pressure on the environment. In the EU-25 countries for example, 2    10% 
of environmental impacts are associated with clothing consumption, with washing 
during the use phase as one of the most significant contributors. Antibacterial 
textiles, which prevent undesirable odours, may reduce the number of washing 
cycles, thus offering an opportunity to reduce environmental impacts. This article 
assess to what extent different antibacterial T-shirts offer opportunities. Life cycle 
assessment (LCA) is used to assist the producer in making business decisions to 
create value during product development process. To this end, we conducted an 
LCA for an antibacterial T-shirt made in Europe from bio-based man-made 
cellulose fibres (modal). The antibacterial property is obtained by silver 
nanoparticles that are produced with colloidal techniques such as the sol-gel 
process and in-situ formation. It was found that the T-shirt made of 50% 
antibacterial fibres with the in-situ process (50AB in-situ) caused 15   20% lower 
cradle-to-gate CO2 emissions than commercial antibacterial T-shirts. The cradle-
to-grave comparison with non-antibacterial modal T-shirts showed that the 50AB 
in-situ T-shirt exhibited better environmental performance, resulting in 20   30% 
lower impacts in key categories such as climate change, freshwater toxicity and 
eutrophication. LCA demonstrated value creation opportunities such as lower 
environmental impacts, lower costs and risks. Moreover, the product’s 
environmental performance can be transparently communicated to customers, 
which helps differentiating with competing products in the market, thus offering 
the producer a competitive advantage. 
  

                                                           
8 This chapter is a slightly adapted version of the article: Manda, B. M. K., Worrell, E., 
Patel, M. K. Prospective life cycle assessment of an antibacterial T-shirt and supporting 
business decisions to create value. Submitted for publication in a scientific journal. 
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3.2 Introduction 
The global population is steadily growing and may reach around 9.3 billion by 

2050 (UN 2011). Due to economic prosperity and higher per capita income, per 
capita consumption is also increasing in emerging economies such as Brazil, 
Russia, India, China, Mexico and South Africa. This growth will spur the 
consumption of food, clothing, energy and housing. According to the EU EIPRO 
project (Tukker et al. 2006), clothing accounts for 2-10% of the environmental 
impacts of consumption in the EU-25 countries. A study by Nijdam et al. (2005) 
found similar results for The Netherlands. Widespread disparities exist between 
clothing consumption in developing and developed countries. The per capita 
consumption of textile fibres in India and China is 4kg and 6kg respectively, in 
contrast to Europe and the US, which have a per capita consumption of around 
19kg and 34kg respectively (FAO 2010, Terinte et al. 2014). This suggests that the 
per capita consumption in developing countries may substantially increase as 
income rises.  

To satisfy the basic needs of the billions of people in the developing countries 
while simultaneously reducing the current and impending impacts on our society, 
the material and energy efficiency of all sectors including the textile sector need 
to be further improved, hence calling for continuous innovations. Previous 
research has demonstrated that there are several stages in the product chain 
during which these improvements and innovations should take place. First, the 
environmental impacts of fibre production should be reduced (IMPRO 2014). For 
example, compared to other fibres, cotton cultivation causes higher toxicity and 
eutrophication impacts, and involves greater water consumption (Shen et al. 
2010). Second, in the fibre to garment stages, the environmental footprint of the 
manufacturing stages should be further reduced by means of more efficient 
processes (IMPRO 2014). Energy consumption of spinning and weaving is 
inversely proportional to yarn thickness (Van der Velden et al. 2014), thus 
requiring better process development for products made from thinner yarns such 
as shirts. Dyeing nowadays still significantly contributes to water pollution and to 
other, energy-related impacts of textile manufacturing (Ren 2000). Third, the 
impacts of consumer use and disposal stages should be substantially reduced. The 
use phase is the largest contributor to the impacts of the whole textile life cycle 
(Walser et al. 2011, Steinberger et al. 2009, IMPRO 2014). Moreover, it is possible 
to conserve virgin materials and reduce the associated impacts of their 
production through end-of-life recycling of fibres (Woolridge et al. 2006, IMPRO 
2014). Fourth, with regard to the chemicals used for manufacturing and consumer 
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use, it is necessary to develop new textile chemicals like dyes, finishing and 
laundry chemicals that have lower environmental impacts during their production 
and use, but also help improve the manufacturing and use phases of textiles by 
needing fewer resources and further improving process efficiency (Allwood et al. 
2008). These improvements not only benefit environment and society but also 
reduce resource scarcity which poses risks to business operations. In order to 
ensure that innovation and sustainability go hand in hand, sustainability should be 
integrated in business decisions during the product innovation and development 
phases.  

It is expected that there will be a sharp increase in environmental impacts 
during product manufacturing and use (e.g. from washing), due to the potentially 
huge future consumption of textiles in the emerging economies as well as the 
extant current consumption patterns of developed countries. Furthermore, the 
trend of global temperature raise due to climate change might also requires us to 
change consumption behaviour such as increasing number of washing cycles due 
to sweat/odour. A growing number of companies may offer products such as  
antibacterial textiles (also referred to as antimicrobial) as mainstream products, 
provided consumers are keen to reduce washing cycles as well as lower the 
associated costs and impacts (Windler et al. 2013). It is prudent to assess the 
impacts of antibacterial textiles and the associated technology before these 
become mainstream.     

Antibacterial fabrics are presently used for T-shirts, sportswear, socks, 
underwear, bedding, mattresses and mattress covers in order to prevent 
undesirable odours, and for hospital gowns and wound dressing to prevent 
bacterial activity on the skin (Windler et al. 2013). The antibacterial chemicals 
used that are most prevalent are silver (including metallic Ag and AgCl 
nanoforms), triclosan, silane quaternary ammonium compounds (Si-QAC) and zinc 
pyrithione (ZnPT) (Windler et al. 2013). These can be applied to a limited number 
of fibre material types. The possibility of blending different fibre materials is 
therefore limited. Nanotechnology has been used to impart the antibacterial 
property by various synthesis techniques such as solid phase, liquid phase and gas 
phase syntheses (Sengul et al. 2008). Making use of these innovative finishing 
materials and techniques, antibacterial T-shirts are emerging products in the 
textile sector. 

Walser et al. (2011) investigated the production of silver nanoparticles (NP), 
from gas phase techniques such as Flame Spray Pyrolysis (FSP) and plasma 
polymerization with silver co-sputtering, their application on polyester garments 
such as T-shirts, and the environmental impacts of silver nanoparticles 
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throughout the complete lifecycle, including the use phase. The behaviour of 
different types of antibacterial textiles during washing has also been studied, 
including NP loss and their characterization (Geranio et al. 2009, Lorenz et al. 
2012, Windler et al. 2013). However, liquid phase NP synthesis techniques such as 
colloidal techniques using water as a solvent, the application of NP on modal 
fibre, and the resulting environmental impacts of antibacterial clothing have not 
been reported so far. The SurFunCell project (2009), an EU FP7-funded project, 
has developed liquid phase synthesis techniques and application technologies for 
NP on products as a result of collaboration between academia and industry. A 
yarn producer was a research partner in the SurFunCell project who intends to 
expand their product portfolio with antibacterial textile yarns. 

In the present article, the silver NP produced by precipitation and sol-gel 
techniques will be coated onto bio-based fibres such as modal fibres, as opposed 
to the application on the final fabric or garment by other technologies that has 
been used so far. The coating of NP at the fibre stage makes it possible to blend 
the modal fibres with other fibres such as cotton and polyester, depending on the 
type of end product. There are several advantages in improving the finishing 
process, i.e. coating at the fibre level. First, there is an increase in the flexibility of 
application or end product configuration to achieve the desired functionality. 
Second, coating the whole fabric with anti-bacterial compounds can be avoided, 
which reduces the wasteful use of resources and decreases cost. Another 
advantage is that antibacterial compounds are coated on fibres, i.e. contained in 
the yarn matrix, which may lead to lower loss during use and possibly to an 
increased lifetime of the textile’s antibacterial activity. This may also reduce the 
concentration and quantity of the antibacterial compounds needed per garment, 
compounds which are usually both resource and energy-intensive. A disadvantage 
might be the loss of silver during fibre finishing, fabric dyeing or the washing 
stages of T-shirt production; however, this can be addressed by developing 
efficient silver-coating processes at the fibre-finishing stage. Therefore, the 
antibacterial T-shirt is an innovation which may well have the potential to 
improve the environmental performance of such textiles during their entire 
product lifecycle.     

Life cycle assessment (LCA) is a comprehensive and systemic tool that helps to 
identify environmental hot-spots and can show improvements throughout 
product life cycles during product innovation and development. It can therefore 
help guide decisions in business. A few studies have published inventories and 
impacts of textile value chains and innovative dyeing, finishing approaches and 
their influence on the use phase (Steinberger et al. 2009, Walser et al. 2011, 
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Terinte et al. 2014). Most of the studies describe the application of LCA to assess 
alternative products and processes at a given point in time, as an impact 
calculating tool, rather than its iterative use in the course of an R&D and product 
development trajectory to support decision-making (Sandin et al. 2014). To the 
best of our knowledge, no article has described the contribution of LCA to product 
innovation of antibacterial T-shirts made by liquid phase synthesis techniques. 
Thus, the main objective of this article is to understand the environmental 
impacts of various types of antibacterial T-shirts and to show how LCA can guide 
business decisions during innovation and new business development to improve 
the product’s environmental performance and, thereby, creating value for 
business.  

3.3 Methods and materials  

3.3.1 Goal and scope of LCA 
The purpose of this LCA is to analyse the impacts of different configurations of 

antibacterial T-shirts to select an environmentally friendly configuration and make 
improvements in the product design, especially at the yarn level. In addition, a 
comparison is made between conventional finishing agents and nanoparticle 
synthesis techniques. We present an analysis for the whole life cycle of the T-
shirt, from cradle to grave. It should be noted that the use phase can significantly 
vary between different users and different geographical regions due to consumer 
habits, environmental conditions, types of washing and different parameters of 
washing. These parameters can significantly influence the cradle-to-grave 
impacts.    
 
Functional Unit and impact categories 

We choose as functional unit (FU) one T-shirt being worn for 100 days. For a 
normal T-shirt this would be assumed as 50 washing cycles, i.e. assuming two uses 
(days) per wash (Steinberger et al. 2009, IMPRO 2014). For an antibacterial T-
shirt, the number of washing cycles in its lifetime would depend on the 
effectiveness of the antibacterial coating and on consumer habits (section 4.3). 
We assume a medium size T-shirt which weights 245g (regardless of the type of 
antibacterial coating). The geographical scope of the study is Europe. 

The main environmental indicator studied in this paper is carbon footprint, 
following the IPCC 2007 GWP 100a method (Hischier et al. 2010). To cover other 
impact categories, we used the ReCiPe (v1.05, July 2010) midpoint impact 
assessment method with Hierarchist perspective and European normalization 
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factors (Goedkoop et al. 2009). To assess the freshwater toxicity impacts of silver 
NP, we used the characterization factors of dissolved silver fraction calculated by 
Walser et al. (2011) based on the USES-LCA toxicity model (Huijbregts et al. 2000). 
Appendix 3.8.1 presents a description of the freshwater toxicity calculation. We 
used SimaPro v7.3.0 (2007) to model the life cycles.  
 
Business value creation with LCA 

In a company, different activities are managed by business functions such as 
marketing and innovation (Porter 1985 and Porter and Kramer 2006). To consider 
sustainability in business decisions, various business functions should be provided 
with decision support. This study explicitly describes how LCA can be used to 
support decisions during product development and innovation as well as how the 
LCA results can be used in other business functions to create value, such as cost 
reduction, innovation, product differentiation, and reputation. We used the 
sustainable value framework developed by Hart and Milstein (2003) for the 
theory of sustainable value creation. 

3.3.2 Description of product system and its components 
Figure 3.1 shows the whole life cycle of the T-shirt from cradle to grave with a 

distinction between background and foreground processes. To impart the 
antibacterial property to the T-shirt, the staple modal fibres are coated with silver 
nanoparticles during the fibre finishing stage. The coated fibres go to the spinning 
mill, where antibacterial yarns can be produced with different blends of 
antibacterially coated fibres and virgin modal fibres or other fibres depending on 
the application. Subsequently, the antibacterial yarn is converted into a fabric by 
knitting. Next, the fabric goes through a dyeing mill and subsequent heat 
treatment to improve the dimensional stability of the fabric. The liquor ratio of 
dyeing is 12:1. The dyed fabric goes to the confection or T-shirt manufacturing 
facility where it is cut and sewed to make the intended garment. The T-shirt is 
used by consumers and disposed at the end of its useful life. The T-shirt sales and 
distribution stage is not considered in this study since it will be identical for 
conventional T-shirts and will have a negligible contribution to the overall impacts 
(Steinberger et al. 2009). Terinte et al. (2014) give a detailed description of the 
different textile processes. 
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Figure 3.1: Life cycle of T-shirt showing foreground and background processes; AB means 
antibacterial, WWTP means wastewater treatment plant 

 
Finishing at fibre level 

In the SurFunCell project (2012), two approaches were developed and 
demonstrated for coating silver nanoparticles at the fibre level. They are sol-gel 
coating and in-situ formation of NP directly on the fibre surface. Sol-gel coating 
makes use of preformed silver nanoparticles (trade name: iSYS Ag) and a silane 
matrix (trade name: iSYS MTX). The silane matrix has an organic and an inorganic 
part. The organic part binds to the cellulose of the fibre, while the inorganic part 
binds to the silver nanoparticles. The coating process needs a subsequent  
thermal treatment. For reasons of confidentiality, the production of iSYS Ag and 
iSYS MTX is not explained here but all the steps involved are included in the 
impact calculation.  

Instead of using preformed NP, in-situ coating can be applied by reacting the 
nanoparticle precursors such as silver nitrate (AgNO3) with sodium hydroxide on 
the washed and neutralized fibres in the finishing stage. This process is currently 
going through patenting procedure and the availability of details are limited. A 
reduction reaction in the presence of NaOH and AgNO3 results in the formation of 
silver NP directly on the fibre surface (Pivec et al. 2013). Then the fibres are rinsed 
with hot water to remove NaOH. In the case of in-situ coating, heat treatment of 
fabric (thermosetting and shrinkage) is not required before and/or after the 
dyeing step. This provides a clear advantage over sol-gel coating, which needs 
heat treatment before and after dyeing to give dimensional stability to the silane-
based matrix serving as NP-containing coating on the fibres. 
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3.3.3 Data collection 
The research partner, a yarn producer, pilot tested the t-shirts made from sol-

gel and in-situ techniques with the involvement of value chain companies for 
different processes, namely fibre finishing, spinning, knitting, dyeing, 
confection/garment manufacturing. Knitting and dyeing processes together took 
place in a supplier company and spinning process took place in the facility of the 
SurFunCell research partner. As a result of this collaboration, we collected site-
specific supplier information for all the processes involved in the process chain of 
the T-shirt in the year 2012. All processes took place in Europe, see Table 3.1. The 
processes represent commonly applied textile processes, except for the finishing 
step where innovative NP coating is applied at fibre level, with site-specific data 
from companies in the value chain. Use phase and end-of-life phases were 
modelled with the help of literature as well as current practices (IMPRO 2014). NP 
production process data of the sol-gel technique and in-situ coating were 
collected from the research partners of the SurFunCell project. For background 
process data on energy, materials, chemicals and waste management, we used 
the Ecoinvent v2.2 (2007) database. 
Table 3.1: Data sources for the LCA 

Process 
Data 
Source 

Comments 

Modal fibre 
production 

Literature Shen et al. (2010) 

Fibre finishing Supplier  
Site-specific, on-site data collection from a 
supplier in Italy 

Sol-gel NP 
production 

Supplier 
Site-specific, a company which is part of 
SurFunCell project consortium, Germany 

In-situ formation of 
NP 

University 
of Maribor 
and a 
supplier 

Site-specific, a supplier in Italy 

Spinning Producer 
Site-specific, on-site data collection from a 
yarn producer, a company which is part of 
SurFunCell project consortium, in Slovenia 

Knitting Supplier 
Site-specific, on-site data collection from a 
supplier in Slovenia 

Dyeing Supplier Site-specific, on-site data collection from a 
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supplier in Slovenia 

Confection Supplier 
Site-specific, on-site data collection from a 
supplier in Slovenia 

Energy and 
chemicals 

Ecoinvent SimaPro (2007) 

Waste management Ecoinvent SimaPro (2007), IMPRO (2014) 

Use phase Literature Walser et al. (2011), IMPRO (2014) 

Detergent 
formulation 

Literature Subramanian et al. (2011) 

 
During the piloting process, we observed a considerable difference in the 

material efficiency of processes, mainly due to the small batch size throughout 
the value chain. In order to understand the actual impacts of the production on a 
commercial scale, we consulted textile experts and found the maximum possible 
efficiencies of each process. Appendix 3.8.2 shows the efficiencies that were 
obtained for each configuration at the pilot scale and the maximum possible 
efficiency of the corresponding process on a commercial scale. For silver coating 
and losses in sol-gel and in-situ techniques, we assumed the same efficiencies on 
both the pilot and the commercial scale because they depend on the underlying 
chemistry of the process irrespective of batch size. 

3.4 Results 
This section shows the cradle-to-gate and cradle-to-grave results of T-shirts 

made from different finishing techniques. A comparison is made with 
conventional antibacterial coatings at the cradle-to-gate level. 

3.4.1 Cradle-to-gate carbon footprint and environmental impacts 
Figure 3.2 shows that modal production (without considering the embedded 

bio-based carbon in the material), finishing and dyeing are the steps in the T-
shirt’s cradle-to-gate processes that contribute most significantly to CO2 
emissions. In fibre finishing and dyeing, energy for washing and rinsing steps 
contributes most significantly. The commercial scale in-situ and sol-gel based T-
shirts cause lower CO2 emissions than the pilot scale. This is mainly due to the 
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smaller amount of waste in each process step in terms of fabric material, energy 
and chemicals used for the required output. The 50AB commercial scale T-shirt 
(50% antibacterial fibres in T-shirt matrix) causes lower CO2 emissions than the 
100AB commercial scale T-shirt (100% antibacterial fibres in T-shirt matrix) 
because the 50AB T-shirt uses only 50% NP-coated modal fibres and 50% normal 
modal fibres as opposed to 100% NP-coated modal fibres used in the 100AB T-
shirt. The commercial in-situ T-shirt causes lower CO2 emissions than the 
commercial sol-gel T-shirt due to the smaller number of heat treatment steps 
required in the dyeing mill. According to Terinte et al. (2014) the dyeing impacts 
can be further reduced by lowering the liquor ratio and the number of washing 
cycles. 

 
Figure 3.2: Cradle-to-gate CO2 emissions of in-situ and sol-gel T-shirts of different configurations 
and developmental stages compared to commercially available alternatives from Walser et al. 
(2011). 50AB means T-shirt matrix with 50% antibacterial (AB) fibres; 100AB means T-shirt matrix 
with 100% antibacterial fibres. 
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Figure 3.3: Cradle-to-gate impact assessment of in-situ and sol-gel T-shirts of different 
configurations and developmental stages; per T-shirt, using the ReCiPe midpoint method, 
Hierarchist perspective, normalized for Europe (impact categories with negligible results are not 
displayed) 

The 50AB, in-situ, commercial scale T-shirt results in 15   20% lower CO2 
emissions than other configurations including the Triclosan-treated polyester T-
shirt and the Nano-Ag coated polyester T-shirt prepared by the FSP process 
respectively. The latter two are antibacterial T-shirts produced with commercially 
available alternative technologies (Walser et al. 2011). 

Freshwater eutrophication, natural land transformation, fossil depletion and 
acidification are the most significant impacts of the T-shirt production as shown in 
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T-shirt cause the lowest environmental impacts compared to all other 
configurations. Toxicity impacts are shown in discussion, section 3.5. Owing to a 
lack of consensus on freshwater toxicity impacts of nano silver emissions, we have 
shown toxicity impacts of dissolved silver fraction in section 3.5.2. The 
characterization factor of dissolved silver was calculated by walser et al. (2011) 
which is in the same range as nano silver reported by Gottschalk et al. (2010). 

3.4.2 Cradle-to-grave carbon footprint and environmental impacts 
Experiments have been conducted to find the durability of the antibacterial 

property of in-situ and sol-gel knitted and dyed fabrics during the use phase. In-
situ fabrics showed satisfactory results for the antibacterial property for the first 
20 washing cycles; no tests have been conducted beyond this. It has also been 
observed that the silver loss substantially declined and levelled off after 10 
washing cycles. These findings suggest that the durability might last for more than 
20 cycles, but in the absence of experimental data we have conservatively 
assumed that the antibacterial property will only last for 20 cycles. The 100AB sol-
gel fabric displayed antibacterial properties for only the first four washing cycles 
and the 50AB sol-gel fabric did not display antibacterial properties anymore 
already after the first washing cycle; therefore this option was not included in the 
analysis any further. All experiments were conducted for dyed fabric. In order to 
draw conclusions for T-shirts, we made the reasonable assumption that the 
durability of antibacterial property at garment level (i.e. the T-shirt) would be 
similar to the dyed fabric level for all configurations. After the loss of its 
antibacterial property, the T-shirt can still be used as a normal T-shirt. We also 
assume that a consumer can wear an antibacterial T-shirt twice as long as a 
normal T-shirt before each washing (Steinberger et al. 2009).  Therefore, if a T-
shirt has antibacterial properties for 20 washing cycles and a consumer wears it 
four times before every wash, then the T-shirt would be washed 30 times in its 
lifetime of 100 uses (20*4+10*2=100 days of use). A normal T-shirt would have to 
be washed 50 times in its lifetime of 100 uses. We also assumed that the number 
of tumble drying cycles is 50% of the washing cycles; this is in the estimated range 
of 25-70% calculated by IMPRO (2014), considering ownership of tumble dryers in 
the EU-27 countries. The average load of washing machines and tumble dryers is 
assumed to be 3 kg (compared to the maximum load of 6 kg), which is also close 
to the 3.4 kg suggested by IMPRO (2014). However, we conducted a sensitivity 
analysis for all these assumptions, which is included in the Discussion section. 
Table 3.2 shows the use phase/washing conditions of different configurations of 
T-shirts. According to IMPRO (2014), landfilling and incineration are the 
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predominant end-of-life disposal options of textiles in the EU-27 countries. Given 
the NP content in the T-shirt and potential legislation to ban landfilling of textiles 
in many EU member states (WRAP 2012), we assumed incineration as the disposal 
option for the antibacterial T-shirt at the end of its life. 

 
Table 3.2: Use phase conditions applied in the cradle-to-grave calculations 

 

Antibacterial 
T-shirt, 100AB 
in-situ 
commercial 

Antibacterial T-
shirt, 50AB in-
situ commercial 
(reference case) 

Antibacterial 
T-shirt, 
100AB sol-gel 
commercial 

Conventional 
modal T-shirt 

Total use in 
lifetime (days) 

100 100 100 100 

Total washes in 
lifetime 

30 30 46 50 

Tumble dryings 
in lifetime (half 
of total washes) 

15 15 23 25 

Washing load 
(no. of T-shirts 
washed per 
cycle) 

12 12 12 12 

Washing 
temperature (oC) 

40 40 40 40 

 
Figure 3.4 shows that the 50AB in-situ commercial T-shirt causes around 5% 

lower CO2 emissions than the 100AB in-situ commercial T-shirt and 22% lower CO2 
emissions than the conventional modal T-shirt which has no antibacterial 
properties. The consumer use phase contributes to 50% and 70% of life cycle 
impacts of the 50AB in-situ commercial T-shirt and the conventional modal T-shirt 
respectively. The 100AB sol-gel commercial T-shirt generates more CO2 emissions 
than the other configurations and even around 10% more emissions than the 
conventional modal T-shirt. This is due to the higher CO2 emissions of the sol-gel 
antibacterial finishing process, including heat treatment processes in combination 
with the low savings from the avoidance of washing cycles during the use phase. 
There is little knowledge about the consumer behaviour in use phase, thus we 
conducted a sensitivity analysis in section 3.5.3. 

Figure 3.5 shows that the 50AB in-situ commercial T-shirt causes lower 
environmental impacts than all other configurations. The 100AB sol-gel 
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commercial T-shirt performs worse in all environmental impacts compared to 
other configurations, including the conventional modal T-shirt. Eutrophication 
and fossil fuel depletion are the most significant impact categories in the life cycle 
of the T-shirt. Natural land transformation is another significant impact which 
arises from the use of vegetable oil, palm kernel oil produced in Malaysia, for the 
production of detergents. Contribution of Modal fibre production, from wood, to 
natural land transformation impact is low, around 15%. With fewer washing 
cycles, the in-situ commercial T-shirts cause lower impacts in this category than 
other T-shirts. These insights would be valuable for supporting business decisions 
of innovation team and concentrating efforts to optimize the product to improve 
environmental performance (section 3.5.6). 

 

Figure 3.4: Cradle-to-grave CO2 emissions of in-situ and sol-gel T-shirts of different configurations 
and conventional modal T-shirt 

 

0

1

2

3

4

5

6

7

8

kg
 C

O
2

eq
./T

-s
hi

rt

Modal fiber

Transport

Fibre finishing

Pre-spinning

Spinning

Knitting

Dyeing

Confection

Washing

Tumble drying

Disposal,
Incineration



Ch
ap

te
r 3

 

 
115 

 
Figure 3.5: Cradle-to-grave impact assessment of in-situ and sol-gel T-shirts of different 
configurations; per T-shirt, using the ReCiPe midpoint method, Hierarchist perspective, 
normalized for Europe (impact categories with negligible results are not displayed) 

3.5 Discussion 

3.5.1 Resource efficiency of antibacterial T-shirts 
We have calculated the loss of silver in the gate to gate processing steps, from 

fibre finishing  until fabric dyeing, of the antibacterial T-shirt configurations. Table 
3.3 shows that the efficiency of coating for the 50AB in-situ T-shirt is 42%, which is 
better than for other configurations. It also shows that there is a significant silver 
loss in the finishing and dyeing stages. The in-situ finishing process should 
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dyeing stage, also in comparison to the in-situ process. There is no recovery of 
lost silver in this study. 

 
Table 3.3: Silver loss in gate to gate processing steps, from fibre finishing  until fabric dyeing, of 
antibacterial T-shirts 
  100AB, in-situ 50AB, in-situ 100AB, sol-gel 
Input silver, g 100 50 35.4 
Input fibre, kg 100 50 100 
Silver loss  
Fibre finishing, g 42.3 21.1 23.1 
Dyeing, g 19.7 7.7 1.4 
        
Total loss, g 62 29 24.5 
Efficiency of coating, % 38 42 31 
Loss per T-shirt,  g 0.15 0.07 0.06 

 
Figure 3.6 shows the silver content of each T-shirt after finishing, dyeing and 

washing. It has been found that the 100AB sol-gel T-shirt has a lower silver 
content than all other configurations and that the antibacterial property does not 
last for more than 4 washing cycles. The 50AB in-situ T-shirt has a lower silver 
content at the final product level than the 100AB in-situ T-shirt and the 
alternative technology FSP based NanoAg polyester T-shirt. However, the 
advantage of the in-situ T-shirts is the lower loss of silver during the use phase 
washing cycles. Silver emissions from consumer use are more difficult to recover 
than from the T-shirt production because emissions during consumer use are 
dispersed and difficult to recover as opposed to in the manufacturing stage, 
during which better wastewater treatment technologies can be employed (Kiser 
et al. 2009 and Westerhoff et al. 2011). 
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Figure 3.6: Comparison of nano silver content in different T-shirt configurations and for different 
positions in the life cycle stages 

3.5.2 Freshwater toxicity impact of T-shirts 
We assess only the dissolved fraction of silver releases from WWTP, which 

was considered as bioavailable, using the characterization factors provided by 
Walser et al. (2011) with the USES-LCA model. Although this model does not 
directly address nanosilver, it was found (Walser et al. 2011) that the 
characterization factors calculated by this model for dissolved silver are in the 
same range as nanosilver reported by Gottschalk et al. (2010). The calculation of 
the freshwater toxicity impact is described in Appendix 3.8.1. As shown in Figure 
3.7, the most significant impact of freshwater toxicity from silver emissions during 
the life cycle of a T-shirt occurs during the fibre finishing stage. Figure 3.8 shows 
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that the freshwater toxicity impact of T-shirt production, washing and tumbling, 
resulting primarily from their energy use related fossil energy production 
activities such as lignite mining waste, is most significant in the whole life cycle of 
a T-shirt; In contrast, the impacts of silver emissions, shown as life cycle silver 
emissions, are insignificant. The silver emissions impact is lower because the 
chances for bioavailable silver formation are rather low in natural waters due to 
the formation of sulphide complexes (Nowack 2010). The pattern of these results 
also agree with Walser et al. (2011). For the 50AB in-situ commercial T-shirt, the 
T-shirt production impact is similar to the impacts of washing and of tumble 
drying. The freshwater toxicity impacts of modal fibre production are negligible 
due to lower fossil energy use during this bio-based fibre production. 

 

 
Figure 3.7: Freshwater toxicity impact of silver emissions from T-shirt configurations  
(characterization factor calculated with the USES-LCA method (Walser et al. 2011)) 
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Figure 3.8: Cradle-to-grave freshwater toxicity impact of T-shirts calculated with the USES-LCA 
toxicity impact assessment method as applied in ReCiPe (v1.05, July 2010) 

 
It was found that the formation of dissolved silver is influenced by water 

chemistry (Jin et al. 2010). According to Lorenz et al. (2012), the release of silver 
from the textiles does not only depend on the form and amount of silver in the 
fabric but also on the washing medium used. For example, in some washing 
powders bleaching agents can rapidly oxidize the nano silver and cause rapid 
release of dissolved Ag+ (Geranio et al. 2009). Further research needs to be 
conducted to understand different aspects of freshwater toxicity, including the 
behaviour of the in-situ T-shirt under different washing conditions, the type of 
silver released to wastewater in processes such as fibre finishing, dyeing and 
washing, and the occurrence of agglomeration and their environmental fate 
further downstream (Nowack 2010). 

3.5.3 Sensitivity of results to use phase assumptions 
The impacts during the use phase depend on many factors. One of the 

important parameters is the number of uses between washing cycles, which 
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shirt’s antibacterial qualities, the type of weather, the user’s occupational activity 
(if used at work). As reference we assume the antibacterial activity of the in-situ 
T-shirt to last for 20 washing cycles case (see section 3.4.2). Table 3.4 shows the 
use phase parameters that are most important for conducting a sensitivity 
analysis. Life-time or total number of washing cycles is a function of the number 
of uses between washes and the durability of the antibacterial property. Hence, if 
one of these parameters is varied, then the other is taken from the reference case 
to calculate the total number of washing cycles, shown in brackets for each 
parameter. For example, if the T-shirt is used for three times before it is washed, 
then the durability is taken from reference as 20 washing cycles, thus making the 
total number of washing cycles 40 per FU (20*3+20*2=100 days of T-shirt use; 3 
uses between washes for the first 20 washing cycles with antibacterial properties 
and 2 uses between washes after that when the antibacterial properties are lost, 
and the T-shirt is therefore the same as a conventional T-shirt). 

 
Table 3.4: Parameters of sensitivity analysis for the functional unit, 100 days of T-shirt use  

 
A B 

C 
(reference) 

D E 

Uses between washes 
(corresponding life-time or total 
washing cycles) 

2 
(50) 

3  
(40) 

4  
(30) 

5 
(20)  

Durability of anti-bacterial 
property of T-shirt, in washing 
cycles (corresponding lifetime or 
total washing cycles) 

10 
(40) 

15 
(35) 

20  
(30) 

25 
(25)  

Washing load, T-shirts/washing 
cycle 

6 9 12 15 18 

Tumble drying frequency in T-shirt 
lifetime 

25 20 15 10 5 

Washing temperature, oC 60  40 30 20 
 

      
 
Figure 3.9 shows washing load as the most significant parameter influencing 

climate change impacts, followed by the number of uses between washes, tumble 
drying frequency, washing temperature and durability of the antibacterial 
property of the T-shirt. It is important to communicate to consumers that they 
can significantly reduce the cost and environmental impacts of washing by using 
their washing machine at the proper washing load and by wearing the 
antibacterial T-shirt more often between washes, which need not affect hygiene 
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or other consumer criteria. These recommendations are also in line with the 
improvements suggested by IMPRO (2014). If the number of uses between 
washes is high, this can reduce the number of lifetime or total washing cycles and 
may also lead to reduced tumble drying cycles. Reducing the number of tumbling 
cycles or by totally avoiding them, CO2 emissions can be further reduced. 

 

 
Figure 3.9: Sensitivity of important parameters on the 50AB in-situ commercial T-shirt cradle-to-
grave CO2 emissions in kg CO-2 eq./T-shirt compared to the reference case 

3.5.4 Other possible scenarios to fulfil the functional unit 
In the current model, we assumed that the antibacterial property of the in-

situ T-shirt lasts for 20 washing cycles, after which its use will be continued as a 
conventional modal T-shirt. Therefore, this T-shirt needs 30 washing cycles to 
satisfy the functional unit (20*4+10*2= 100 days of use). In order to fulfil the FU, 
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quarter of impacts of the production of the new T-shirt; in other words we need 
1.25 T-shirts to meet the FU. Hence, the total number of washing cycles required 
for 100 days of T-shirt use is 25. We calculated the carbon footprint of this 
configuration with the original modelling approach and found that there is no 
change in overall emissions. This is due to the fact that the benefits of avoiding 5 
washing cycles (and associated tumble drying cycles) is almost equal to 25% of the 
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-20%
-15%
-10%

-5%
0%
5%

10%
15%
20%
25%
30%
35%

Re
la

tiv
e 

ch
an

ge
 to

 re
fe

re
nc

e 
ca

se

Uses between
washes

Durability of
antibacterial
property
Washing load

Tumble drying
frequency

Washing temp



T-shirt LCA……….integration of sustainability in business decisions 

 
122 

However, it is possible that the antibacterial properties of the T-shirt last for 
25 washing cycles as opposed to 20 washing cycles, since the silver loss decreases 
somewhat less quickly and then levels off after 10 washing cycles. This depends 
on the severity of use and the washing conditions applied by the consumer. If the 
antibacterial properties last for 25 washing cycles, the cradle-to-grave CO2 
emissions of the 50AB in-situ T-shirt will be around 28% lower and the other 
impacts will also be substantially lower than for the conventional modal T-shirt.     

We also modelled the possibility of using spun-dyed fibre for antibacterial in-
situ finishing, so that conventional fabric dyeing could be avoided (Terinte et al. 
2014). This simple process modification can lead to a reduction of around 30% in 
cradle-to-grave CO2 emissions (with the actual durability of the antibacterial 
property assumption of 20 washing cycles) compared to conventional modal T-
shirts. However, it should be noted that the technical feasibility of applying in-situ 
finishing on spun-dyed fibres has not yet been demonstrated.   

Note that a commercial scale was assumed with maximum possible 
efficiencies i.e. as best practice commercial scale. In reality, many textile 
companies does not operate with best practice levels due to inefficiencies. 

3.5.5 Management of textile waste with silver NP 
Textile waste containing silver NP is generated from the fibre-finishing until 

the garment-manufacturing stages. Presently there is no standard procedure to 
deal with this type of waste in all the steps involved. Hence these silver-NP-coated 
pre-consumer or industrial waste fractions are mixed with other conventional 
textile waste in different process steps. Post-consumer textile waste, i.e. at the T-
shirt’s end of life, will be mixed with different other textile waste fractions from 
households. With increasing quantities of antibacterial clothing, it may be 
necessary to set up a separate collection system at textile production hubs and 
find secondary uses and recycling options for this type of pre-consumer textile 
waste.  

Figure 3.8 shows that the silver NP emissions have only a negligible 
contribution to aquatic toxicity. The municipal solid waste incinerators are the 
eventual end-point for the pre-consumer waste containing silver NP, the post-
consumer waste with the remainder of silver NP in the T-shirt, and the sludge 
from wastewater treatment plants (WWTP) containing silver NPs from upstream 
processes and washing. The melting temperature of silver is 7000C, which is lower 
than the temperature of the incinerator (950-12000C in various zones of the 
incinerator). Therefore, it is likely that the silver will oxidize into AgO, and it is 
possible that secondary silver nano-objects will be formed due to interaction with 
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various other chemicals present in the incinerator (Walser et al. 2012, Roes at al. 
2012). However, it was found that incinerators can avoid air emissions of NPs in 
waste products, if they are equipped with state-of-the-art flue gas cleaning 
equipment (wet scrubbers and electrostatic precipitators)(Walser et al. 2012). In 
order to avoid potential impacts from products containing NP, companies need to 
adopt the following design strategies (Manda and Patel 2012): 

1. Reduce the waste of NP during its formation and application on the 
product in order to improve resource efficiency. 

2. Limit the concentration of NP in the product such that it is just sufficient 
to satisfy the function i.e. required number of washing cycles. 

3. Avoid textile waste at all manufacturing steps as much as possible.  
4. Design products with the end of life in mind, such as products that release 

large particles or agglomerates that are easy to recover and reuse.  
5. Devise strategies to safely recover and recycle NPs or nano-objects in 

similar or different products. 

3.5.6 Supporting business decisions with LCA 
The LCA presented here was conducted for a yarn producer who considered 

to venture into the specialty yarns market with antibacterial yarns. In order to 
successfully launch the product in the market, the producer needs to carry out 
several improvements in the design of the product to establish a good balance 
between functionality, cost, risks and environmental impacts. From the 
environmental impact perspective, this LCA has been used to guide business 
decisions in the innovation, business development, procurement and marketing 
departments of the yarn producer to create value for business. 

The innovation and business development department has used the results 
shown in Figures 3.2, 3.3, 3.4 and 3.5 to understand how the different 
configurations influence functionality, impacts of the product use phase and the 
overall impacts of the product. The department selected the in-situ finishing 
process because it has a better functionality, durability, environmental 
performance and avoids extra heat treatment steps in the dyeing mill, thus saving 
costs. Another advantage of the in-situ process is that the yarn producer is not 
dependent on only a few suppliers, which is the case with the sol-gel-based 
patented materials. Because the 50AB in-situ T-shirt performs better than other 
product configurations, the innovation and business development department 
intends to further optimize the percentage of fibres with silver in the T-shirt 
matrix. In the future, it may be  possible to avoid conventional dyeing by directly 
using spun-dyed fibres of the intended colour in the fibre finishing stage to impart 
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antibacterial properties. This would substantially reduce the costs, risks and 
impacts of the antibacterial T-shirt (section 3.5.4). Terinte et al. (2014) provide a 
more elaborate discussion of the environmental performance of spun-dyed fibres. 

The supply chain/procurement department obtained insights into the hot 
spots in the product manufacturing stage to improve the environmental 
performance of the product that can save costs, reduce risks, and conserve 
resources. These insights will be very useful for selecting suppliers in the future 
when the product is part of regular portfolio. It becomes clear from Figures 3.2 
and 3.3 that fibre finishing and dyeing are the steps in the product manufacturing 
phase which have the greatest impact. Figure 3.10 shows that the waste 
produced further downstream (e.g. after dyeing) causes substantially higher 
environmental impacts of the final product compared to the waste produced in 
the upstream, such as spinning and knitting. This higher environmental impact is 
due to the cumulative resource addition in each process step which requires 
energy and other resources. Additionally, labour and capital costs are also ill-
spent. Additionally, all these aspects can increase the cost to the company and 
consequently to the product costs. Thus, LCA shows the opportunities throughout 
the value chain to reduce environmental impacts as well as process steps that 
need to be given more focus than other steps. The procurement department can 
communicate these results to their supply chain partners to further fine-tune the 
processes. In some cases, it is possible that the speciality fibre producer can 
directly convey these insights to brands and retailers who can influence textile 
value chains. Brands and retailing companies have little data on textile supply 
chains and processes. Thus, the results and insights of this LCA are useful to the 
procurement/supply chain and sustainability teams of apparel brands and 
retailers for engaging their suppliers in improving performance and also selecting 
their supply chain partners.  

The marketing department can use the results, such as the environmental 
performance, functionality and durability of the in-situ antibacterial T-shirt with 
respect to other alternative technologies available in the market, from this study 
to communicate to their end-customers such as brands and retailers. This product 
differentiation can create a competitive advantage and help increase market 
share of the new product. Currently many retailers and brands have sustainability 
targets. This LCA study can help convince prospective customers by showing the 
ecological advantages of this technology as well as the contribution of this 
product in reducing the environmental footprint of the product portfolios of 
brands and retailers and thus in meeting their corporate sustainability targets.    
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By using life cycle assessment as a decision support tool, various business 
functions can create business value from insights provided by LCA. First, the LCA-
based insights make it easier to find hot spots in the product value chain to focus 
investment and other resources to further optimize the product. Second, they 
enable transparent communication of the environmental performance of the 
product in business to business transactions, thus building the reputation of the 
product and enabling a differentiation in the market which creates a competitive 
advantage. Consequently, third, they can lead to a reduction in costs and business 
risks. LCA can help brands and retailers to measure their end product 
performance and reach their sustainability targets. LCA studies can also be used 
to engage members in the value chain by raising awareness and improving the 
environmental performance of processes that reduce costs. 
 

 
Figure 3.10: Waste generation and inefficiency in different process steps and their impact on the 
final product’s CO2 footprint at pilot and commercial scale 
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3.6 Conclusions 
This article contributes to the scientific understanding of the life cycle 

environmental impacts of antibacterial clothing by the application of liquid phase 
nanoparticle synthesis techniques to bio-based modal fibres. 50 AB in-situ 
commercial scale T-shirt (50% antibacterial fibres in the T-shirt matrix) has lower 
impacts than all other configurations and, especially, lower impacts than 50 AB 
sol-gel commercial T-shirt due to lower number of heat treatment steps requited 
in dyeing. Fibre finishing, dyeing and consumer use are the most impact causing 
steps in the life cycle of the antibacterial T-shirt. Consumer use phase, washing 
and tumbling, has the highest impacts in the antibacterial T-shirt life cycle, 
however, antibacterial T-shirt has 20% lower climate change impacts than 
conventional non-antibacterial T-shirts. A sensitivity analysis of consumer use 
phase showed that washing load as the most significant parameter, followed by 
the number of uses between washes, tumble drying frequency, washing 
temperature and durability of the antibacterial property of the T-shirt. 

This LCA has shown the key areas for improvement such as dyeing, fibre 
finishing, share of antibacterial fibres in the T-shirt matrix, silver fastness which 
can further improve resource efficiency and reduce environmental impacts. To 
reduce consumer use phase impacts, proper information about antibacterial 
textiles and washing aspects should be communicated to the consumers.   

Furthermore, this article contributes to the application of LCA in corporate 
sustainability. Throughout this collaborative work with industry and research 
partners we displayed how business value can be created by using LCA-based 
insights during the product development process through the involvement of 
various business functions such as innovation, marketing and procurement. The 
value creation opportunities found are as follows. First, the LCA-based insights 
make it easier to find hot spots in the product value chain to focus investment 
and other resources to further optimize the product; Second, they enhance 
transparent communication of the environmental performance of the product, 
thus building the reputation of the product and enabling a differentiation in the 
market which creates a competitive advantage; Consequently, third, the product 
level improvements can lead to a reduction in costs and business risks through 
resource conservation and lower impacts. 

Further research needs to be conducted to understand the toxicity impacts of 
the T-shirt throughout its life cycle by considering the influence of water 
chemistry on different forms of silver emissions and their environmental fate 
further downstream. The technical feasibility of using spun-dyed fibres to produce 
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the 50AB in-situ T-shirt should be further explored to totally avoid conventional 
dyeing and the associated impacts. To improve the application of LCA in business, 
research should be conducted to understand the support it can provide to 
different business functions and different ways to connect LCA studies with value 
creation opportunities. 
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3.8 Appendix 

3.8.1 Freshwater toxicity calculations 
The characterization factors and several assumptions were based on the work 

of Walser et al. (2011); for a detailed description, please see that publication. 
Here we briefly describe how we have calculated the freshwater toxicity in our 
study using the aforementioned publication. 

1. We calculated the loss of silver in finishing and dyeing steps from the 
input and output data provided by the research partners. For finishing, the input 
is the amount of silver put into the finishing process and the output is the silver 
that adhered to the finished fibre (measured as ppm). For dyeing, the difference 
in silver content in fibre before and after dyeing is the lost silver.  

2. For the use phase, as suggested by Walser et al. (2011), we assumed 70% 
of silver on the T-shirt fabric will be lost in its whole lifetime. This a conservative 
assumption for SurFunCell T-shirts since it was found that only 30% of silver is lost 
after 20 washing cycles. 

3. It was found by Walser et al. (2011) that the WWTP elimination efficiency 
of silver is 90.7%. The rest of the silver is available as dissolved fraction with 2.3% 
and as associated fraction with 7%. The dissolved fraction is the bio-available 
silver fraction which has a toxicity impact on freshwater. The silver removed by 
WWTP, i.e. 90.7% of the silver fraction in the wastewater sludge, will be sent to 
the incinerator and residues of the incinerated sludge will be landfilled. We did 



T-shirt LCA……….integration of sustainability in business decisions 

 
128 

not calculate the landfill leachate impacts: they appear to be very low since we 
assumed they were long-term emissions in the range of 60,000 years, which is in 
line with Ecoinvent landfill models. The associated form 7% is less toxic 
(associated with particulates and colloids and/or silver in the form of sliver 
sulphide). One of the limitations presented by this model was that it did not 
account for the chemical transformation of the silver downstream of the WWTP. 
We did not calculate the impacts of incineration of wastewater sludge with silver. 
Moreover, it was found that incinerators can avoid air emissions of NPs in waste 
products, if they are equipped with state-of-the-art flue gas cleaning equipment 
(wet scrubbers and electrostatic precipitators)(Walser et al. 2012). 

4. The freshwater toxicity of the dissolved fraction of silver was calculated 
using the USES-LCA toxicity model (this model is also used in ReCiPe method). The 
derived characterization factor is 81.45 kg 1, 4-DCB-eq. per kg dissolved fraction 
of silver. Although this model does not directly address nano silver, Walser et al. 
(2011) found that the characterization factors calculated by this model for 
dissolved silver are in the same range as nano silver reported by Gottschalk et al. 
(2010).  

5. The human toxicity impacts of silver emissions from incineration of waste 
sludge were not included in this study due to the unavailability of established 
characterization factors. 

3.8.2 Efficiency of the textile processes and inventory data  
Table B 3.1: Material efficiency of the processes 

 
100AB,sol-
gel, pilot 

50AB,sol-
gel, pilot 

100 AB, 
in-situ, 
pilot 

50 AB, in-
situ, pilot 

Maximum 
possible 
commercial 
scale 
efficiency 

Finishing 0.82 0.82 0.91 0.91 0.98 
Pre-
spinning 

0.37 0.44 0.83 0.8 0.96 

Spinning 0.97 0.91 0.95 0.98 0.98 
Knitting 0.9 0.87 0.92 0.91 0.98 
Dyeing 0.9 0.87 0.65 0.79 0.98 
Confection 
(for a 
simple T-
shirt) 

0.78 0.81 0.75 0.81 0.95 
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Table B 3.2: Process inventory per kg T-shirt production 

Process Inputs Quantity 
Units, 
per kg 
T-shirt 

Remarks 

Finishing Na2CO3 0.01 kg  
 Surfactant 0.02 kg  
 Acetic acid 0.006 kg Neutralizing agent 

 
Silver 
nitrate 

0.001 kg Nano-Ag precursor 

 NaOH 0.05 kg  
 Water 80 kg  

 
Heat, 
natural gas 

16.48 MJ For heating water and drying 

 Electricity 4.05 MJ 
For operating machines in 
rinsing,  finishing, centrifuging 
and drying 

Spinning Electricity 1.26 MJ For opening 
 Electricity 0.43 MJ For carding 
 Electricity 0.07 MJ For 1st drawing 
 Electricity 0.09 MJ For 2nd drawing 
 Electricity 1.08 MJ For pre-spinning 
 Electricity 0.54 MJ For flying 

 Electricity 4.14 MJ 
Spinning yarn at 40Nm or 250 
dtex 

 Electricity 1.30 MJ For rewinding 
 Electricity 1.94 MJ For air conditioning 
Knitting Electricity 3.90 MJ  
Thermo-
fixing 

Heat, 
natural gas 

6.64 MJ 
Heat treatment only required 
for sol-gel  

 Electricity 1.6 MJ  

Dyeing Dye 0.028 kg 12:1 liquor ratio, Dyeing at 
400C followed by four 
washing steps: neutralization 
at 400C, rinsing at 
500C,washing at 600C, rinsing 
at 400C 

 Na2SO4 0.243 kg 
 NaOH 0.122 kg 
 Citric acid 0.012 kg 
 Soap 0.037 kg 
 Surfactant 0.006 kg 
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 Water 61 kg 

 
Heat, 
natural gas 

8.3 MJ 

 Electricity 1.74 MJ For dyeing machines 
 Electricity 0.12 MJ For centrifuging 

Drying 
Heat, 
natural gas 

5.22 MJ  

 Electricity 1.35 MJ  

Shrinkage 
Heat, 
natural gas 

6.56 MJ Heat treatment only required 
for sol-gel 

 Electricity 1.7 MJ 
Confection Electricity 0.56 MJ For cutting 
 Electricity 0.77 MJ For sewing 
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4 Environmental assessment of coloured fabrics and 
opportunities for value creation: Spin-dyeing versus 
conventional dyeing of modal fabrics9 

4.1 Abstract 
Textile wet processing such as dyeing adds value to the apparel but has the 

potential to cause significant environmental and human health impacts. The 
objective of this study is to compare the environmental impacts of fabrics made 
of spun-dyed modal with conventionally dyed modal fabrics (for production in 
Austria, system "cradle-to-factory gate"). The chosen functional unit is one 
kilogram of black modal knitted fabric. We assessed energy use, GHG emissions, 
water use and the impact categories covered by  CML-IA 2001 method. We found 
that the cradle to gate production of spun-dyed modal fabric has 50 % lower 
energy use, 60 % lower carbon footprint, and requires only 50 % of water and has 
significantly lower (40% to 60%) environmental impacts compared to 
conventionally dyed fabric. Sensitivity analysis with liquor ratios and number of 
washing cycles does not substantially change the above results. Conventional 
dyeing in China leads to four-fold higher GHG emissions per kg fabric compared to 
spin-dyeing in Austria. Finally, we described linkages of sustainable innovation 
with business value creation. We showed that spin-dyeing can significantly reduce 
costs for value chain actors, helps reducing the environmental footprint of end 
products, enhances reputation of brands and retailers, and can contribute to 
mitigating global problems while catering for the rising demand for clothing 
fuelled by ever growing world population.  
  

                                                           
9 This chapter is a slightly adapted version of the article: Terinte, N., Manda, B. M. K., 
Taylor, J., Schuster, K. C., Patel, M. K. 2014. Environmental assessment of coloured fabrics 
and opportunities for value creation: Spin-dyeing versus conventional dyeing of modal 
fabrics. Journal of Cleaner Production 72, 127-138. 
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4.2 Introduction 
Textile industry was one of the key sectors of early industrialisation in the 

19th century and was connected with increased wealth and technological 
progress but also with dismal working conditions and environmental pollution 
(e.g. referred to as "dark satanic mills" by Charles Dickens; Conlin, 2012; 
Muezzinoglu, 1998). One century later, major parts of the textile industry have 
disappeared from Europe and from most other high-income countries while the 
demand for textiles is continually increasing (see Figure 4.1). In the past decade, 
worldwide fibre production increased by an estimated 3% p.a., with growth rates 
of approximately 3.6% p.a. for synthetic fibres, 2.1% p.a. for natural fibres and 
3.2% p.a. for man-made cellulose fibres. With increasing world population and 
rising wealth especially in the developing countries, global per capita 
consumption of textiles is expected to continue to increase also in the future (see 
Figure 1 for disparity in per capita consumption across the world, for instance 34 
kg/capita in year 2000 in USA as opposed to <4 kg/capita in India). This raises 
questions about sustainability in raw material sourcing and fibre production. 
Many fibres are dyed and nearly all fibres require further finishing processes (e.g. 
softening), posing further sustainability challenges. Extensive studies on 
environmental aspects point out more and more the significant role in the textile 
industry, from the point of view of government regulations as well as of consumer 
expectations (Blackburn, 2009).  

Typically, production occurs in supply chains that are integrated across the 
globe, making it challenging to implement sustainable practices. At the same 
time, the textile industry can look back at a success story converting it from one 
of the most hazardous industrial activities in early industrialisation to a sector in 
which integrated pollution prevention and control has been widely implemented 
in countries with strict environmental legislation and protection of workforce 
(IPPC 2003). Since 2010, the textile sector is organised in the Sustainable Apparel 
Coalition, with the objective of reducing the environmental and social impacts 
caused by the manufacture of apparel and footwear products around the world.  

In order for more sustainable process options to be implemented they need 
to be economically viable. This is not always the case, mainly for the reasons of 
externalised costs of  eco-system services or pollution, which are not included in a 
conventional costing (Ridgeway 2012; TEEB 2010) However, sometimes process 
simplification and substitution of chemicals (Ozturk et al. 2009) offers both 
environmental and economic gains (win-win situation) (Ibrahim et al. 2008). One 
example for a process simplification is spin-dyeing: here, the dyeing agents are 
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added to the spin solution (i.e., solubilised cellulose) which is then converted into 
fibres. In contrast, the conventional technology is to dye the (woven or knitted) 
fabric made of raw fibres (see below, Figure 4.2). While spin-dyeing is performed 
at industrial scale, its share is very small compared to conventional dyeing 
(estimated at less than 5% of the total production). Technically, any colour can be 
obtained by spin-dyeing but this technology is only applied for colours with 
sufficiently large market volumes, i.e. for black, dark blue, brown, red and beige. 
Spin-dyeing has not yet been evaluated in environmental terms. Against this 
background it is the objective of this paper to conduct an environmental life cycle 
assessment (LCA) for spun-dyed modal fabrics as opposed to conventionally dyed 
modal fabrics. We also described the value creation of this innovation with 
respect to the challenges presented to the business in the introduction.  

4.2.1 Literature review 
Nieminen et al. (2007) have concluded that new emerging cleaner 

technologies play a key role in reducing emissions from textile processing steps. 
They recommended the use of LCA for finding out the most impact causing steps 
of textile value chains. They have identified waterless dyeing with supercritical 
CO2 as one of the potential cleaner technologies for reducing wet processing 
impacts, especially polypropylene and polyester fibres. Steinberger et al. (2009) 
have shown the importance of spatially explicit life cycle inventories for the 
production and consumption of T-shirt and Jacket and found that the use phase 
by final consumers causes the largest impacts within the life cycle of T-shirt 
whereas production steps contribute largest to the jacket’s life cycle impacts. This 
major reversal is due to the difference in use phase of both garments. Yuan et al. 
(2012) studied the impacts of continuous pad dyeing of cotton fabrics excluding 
material production and consumer use phase. They found that bleaching, dyeing, 
stentering, setting contribute mostly to climate change, acidification, 
eutrophication. They suggested recycling of water, controlling the consumption of 
dyes and additives and conservation of energy for reducing these impacts. A few 
studies have reported pilot plant performance of waterless dyeing with super 
critical CO2 and its advantages such as wet fastness (Long et al. 2013) and some 
(Shahid et al. 2013) have shown the application of natural dyes to textiles 
emphasizing their renewable origin. SOPHIED (2010) is an EU FP6 funded project 
that develops new dyes based on biotechnology with the objective of reducing 
environmental impacts. There are no studies on LCA of spin-dyeing and its 
comparison with conventional dyeing process. 



Sp
un

-d
ye

d 
m

od
al

 fa
br

ics
 LC

A…
…

.o
pp

or
tu

ni
tie

s f
or

 v
al

ue
 cr

ea
tio

n 

 
13

8 

 
Fi

gu
re

 4
.1

: W
or

ld
 fi

br
e 

pr
od

uc
tio

n 
si

nc
e 

19
20

, w
or

ld
 a

ve
ra

ge
 p

er
 c

ap
ita

 c
on

su
m

pt
io

n 
(1

96
0-

20
09

), 
an

d 
av

er
ag

e 
pe

r c
ap

ita
 fi

br
e 

co
ns

um
pt

io
n 

in
 2

00
0 

in
 

se
le

ct
ed

 c
ou

nt
rie

s (
Sh

en
 a

nd
 P

at
el

, 2
01

0b
; O

er
lik

on
, 2

01
0;

 F
AO

, 2
00

0)
 

0481216202428323640

0

10
00

0

20
00

0

30
00

0

40
00

0

50
00

0

60
00

0

70
00

0

80
00

0

Average fibre consumption per capita, kg/capita

World fibre production in 1,000 tonnes
M

an
-m

ad
e 

ce
llu

lo
se

 fi
br

es
 *,

 1
00

0 
to

nn
es

Sy
nt

he
tic

 (p
et

ro
-b

as
ed

), 
10

00
 to

nn
es

N
at

ur
al

 fi
br

es
 (c

ot
to

n,
 w

oo
l, 

si
lk

), 
10

00
 to

nn
es

W
or

ld
 a

ve
ra

ge
 c

on
su

m
pt

io
n 

pe
r c

ap
ita

, k
g/

ca
pi

ta
(ri

gh
t Y

-a
xi

s)

* 
in

cl
ud

in
g 

vi
sc

os
e 

st
ap

le
 (i

nc
l. 

M
od

al
, T

en
ce

l) 
an

d 
fil

am
en

t, 
ac

et
at

e 
&

 c
up

ro
 fi

la
m

en
t, 

an
d 

ac
et

at
e 

to
w

Fi
lle

d 
in

 s
ym

bo
ls

 (f
or

 y
ea

r 2
00

0)
 re

pr
es

en
t p

er
 c

ap
ita

 c
on

su
m

pt
io

n 
in

 d
iff

er
en

t p
ar

ts
 o

f w
or

ld

In
di

a

C
hi

na
B

ra
zi

l
R

us
si

a

N
et

he
rla

nd
s,

Ita
ly

Sw
itz

er
la

nd

U
SA



Ch
ap

te
r 4

 

 
139 

Section 4.3 describes methodological aspects of this study followed by section 
4.4 which explains textile processes and data sources. Section 4.5 shows results 
for energy use, water use, CO2 emissions and other environmental impacts. In 
section 4.6, we discuss sensitivity analysis, toxicity impacts and contribution of 
this research results. we describe the business case of sustainable innovation and 
how this innovation can help various actors in the value chain to address 
environmental problems. Finally, we provide concluding remarks in section 4.7. 

4.3 Methodology 
The two products studied in this LCA study, which is executed according to 

ISO 14040 and ISO 14044 (ISO 14040 & 14044, 2006) , are: 
 100% modal knitted fabrics processed by conventional jet dyeing 

system with reactive black dyes and 
 Spun-dyed modal fibres (100%) with carbon black. 

In the former case the knitted fabric is dyed, while in the latter case the 
modal fibre is dyed before yarn spinning and knitting (see Figure 4.2). In the spun-
dying process, the steps of (conventional) dyeing and subsequent washing are 
avoided. Foreground information, i.e. data that was newly compiled for the 
purpose of this study, was used for the processes which are marked grey in Figure 
4.2. The upstream process chain leading to (spun) modal fibre represents 
background data which originates from the study of Shen (2010a); for the analysis 
presented in this paper the dataset "Lenzing Modal Austria" was used which 
refers to the integrated pulp and fibre plant located in Lenzing, Upper Austria. We 
have used SimaPro 7.3 (2007) LCA software with ecoinvent  2.2 database to 
model these product systems. For describing value creation of sustainability 
innovations to business, we use the sustainable value framework developed by 
Hart and Milstein (2003). 

Some methodological aspects are provided here following the guidelines of 
Baumann and Tillman (2004) and ILCD guidelines (EC 2010). 

4.3.1 Goal definition 
Purpose of this LCA is to understand the environmental performance of spun-

dyed fabrics compared to conventional dyed fabrics. This LCA could be useful for 
industry experts with different roles(such as marketing, sourcing and corporate 
sustainability) but also for interested consumers. 
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4.3.2 Scope definition 

4.3.2.1 Functional unit and geographical scope 

The functional unit chosen for comparison of the systems is 1 kg of dyed and 
finished modal knitted fabric from cradle to factory gate, i.e. including all process 
steps shown in Figure 4.2. The geographical scope is Europe for forestry and 
Austria for all steps from pulping until drying of finished fabric. The individual 
process steps are explained in Section 4.4. Section 4.6 contains a sensitivity 
analysis for dyeing in few other countries. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.2: Schematic flowcharts of the systems studied (spin-dyeing - left and conventional 
dyeing - right), cradle-to-factory gate. 
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4.3.2.2 System boundary and allocation  

As presented in Figure 4.2, the comparison is limited to the system boundary 
cradle-to-factory gate and thus excludes the use phase, i.e. washing and drying of 
the products when used by end consumers. These activities are identical 
regardless of the type of dyeing; while their inclusion in the system boundaries 
would substantially change the results of the analysis, the ranking of the two 
dyeing technologies would remain unchanged. The implicit assumption is that the 
product lifetime is identical for the two cases (we revert to this aspect in Section 
4.7). 

Since the final modal knitted fabric is coloured in black, bleaching is not 
necessary prior to dyeing. Bleaching would only be required for white, very pale 
shades and only in the case of conventional dyeing of fibres. The various steps 
following staple fibre spinning, i.e. yarn spinning, knitting, pre-treatment of modal 
fabric (scouring), finishing, centrifugation and drying are identical for the 
conventional and spin-dyeing process. 

In the foreground system of this study there are no co-products. During 
Modal fibre production, allocation was conducted following ISO standards 
between fibre and co-products. For details the reader is referred to Shen and 
Patel (2010). 

4.3.2.3 Impact assessment methods 

For impact assessment, the CML-IA 2001 (baseline) method10 (Guinée 2001 
and Guinée et al. 2002) was used. This includes climate change (greenhouse 
gas/GHG emissions), abiotic depletion, ozone layer depletion, acidification, 
eutrophication and photochemical oxidant formation. We also assessed energy 
use and water consumption. Toxicity impacts (human toxicity, terrestrial eco-
toxicity, marine aquatic eco-toxicity and fresh water aquatic eco-toxicity) were 
excluded due to incomplete inventory data and lack of recommended 
characterization factors for specific compounds, in particular for detergents and 
dyestuff (Rosenbaum et al. 2008). 

As indicator for energy use, Cumulative Energy Demand (CED; expressed in 
terms of primary energy) is reported; CED is composed of non-renewable energy 

                                                           
10 The ReCiPe method represents an improvement of the CML-IA method and was jointly 
developed by Pré Consultants and Centre of Environmental Science of Leiden University, 
Netherland (Goedkoop, Heijungs et al., 2009). We did not choose the ReCiPe method as 
default method because one of our key data sources, Shen et al. 2010a, had used the 
CML-IA method and updating those results to ReCiPe was not easily possible. 
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use (NREU) and renewable energy use (REU). For assessing the contribution to 
climate change, we make use of the most recent IPCC characterisation factors 
referring to a time period of 100 years (IPCC, 2007). We consider bio-based 
carbon stored in the cellulose fibre as negative emission because carbon taken up 
from the atmosphere during photosynthesis is embodied in the final product (in 
line with the approach recommended by Pawelzik et al. 2013). From cradle-to-
factory gate, the production of cellulose fibre has a negative carbon footprint, 
which means that more carbon is stored in the product than the process emits. 
This refers to the default calculations for the site in Lenzing (Lenzing Modal fibre 
produced in Austria) for which the entire heat demand is covered by a municipal 
waste incineration plant (Shen et al. 2010a). 

In LCA, there are various approaches to account for water use (compare 
Pawelzik et al. 2013, Boulay et al. 2011). Typically, irrigation water, process water 
and cooling water are distinguished. Process water requires usually high quality 
water and may be used in the form of softened water, deionised water, 
decarbonised water or tap water. Cooling water is typically provided from rivers; 
since it is returned to the respective river catchment and hence not permanently 
removed, several LCA approaches do not account for it as water consumption 
(e.g., Pfister et al., 2009). We follow the same reasoning and hence do not 
consider cooling water when drawing conclusions. 

4.3.2.4 Assumption and limitations 

In the absence of data of black reactive dyes (C. I. Reactive Black 5), 
anthraquinone based reactive dye is assumed (Ecoinvent, 2007). Infrastructure, 
the production of all machinery and other capital goods used in the industrial 
processes, was excluded. For wastewater treatment, we used data of cotton 
dyeing from Yuan et al. (2012). 

4.4 Process description and data sources 
This section provides a short description of the textile processes and explains 

the data used, see Appendix 4.9.2 for background data sources. For 
conventionally dyed modal fabrics, this includes the following process steps (see 
Figure 4.2): 

 Spinning of modal staple fibres to yarn, also referred to as yarn 
spinning or secondary spinning 

 Knitting 
 Pre-treatment of modal fabric (scouring) 
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 Dyeing of fabric 
 Washing  
 Finishing treatments 
 Fabric centrifugation and drying. 

For spun-dyed modal fibres we discuss the following steps (see Figure 2): 
 Spin-dyeing modal fibres 
 Spinning to yarn 
 Knitting 
 Scouring 
 Final finishing 
 Centrifugation and drying. 

4.4.1 Secondary spinning 
During secondary spinning, modal fibres are subjected to various mechanical 

processes that combine, align and spin them to produce a yarn. During the past 
decade, spinning technology has been continuously improved increasing the 
quality and lowering the cost of producing yarn dramatically. Ring and open-end 
rotor spinning (also called rotor spinning) as well as air jet spinning are the most 
widespread and commonly used spinning technologies (Koç and Kaplan, 2007). 
The ring spinning system is the dominating spinning system because of the high 
quality yarns it produces (Murugan et al. 2011; Lawrence, 2010; Nikolic et al. 
2003); it was therefore assumed for this paper. 

Being a dry process the main environmental issues associated with secondary 
spinning arise from emissions due to energy used. The amount of electricity used 
in secondary spinning strongly depends on the thickness of the yarn (Koç and 
Kaplan, 2007; van der Velden et al., under review). Energy requirements for 
spinning for modal yarns with a thickness of 50 Nm are based on communication 
with experts from Rieter AG and were double checked with data presented in the 
ITMF report (ITMF, 2008). 

4.4.2 Knitting 
Knitting is a mechanical process and involves knotting yarn together with a 

series of needles. Knits are produced by two different methods: flat and circular 
knitting (also called "knitting in the round"). Circular knitting technology (machine 
Relanit 3.2 II from Mayer & Cie) was selected because it is commonly applied 
(personal communication). To reduce the friction, lubricant oils (mineral oils) are 
used for the needles and other parts of the knitting machinery. The amount of 
mineral oils used in knitting depends on the technology of the machine and on 
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the speed of the needles (pers. comm. Mayer & Cie, Germany, 2011). The 
lubricating oil that remains on the final fabric is washed out during the finishing 
treatments. 

The main environmental impacts associated with the knitting process are 
related to energy use. The energy data for knitting originate from communication 
with experts from the knitting machine manufacturer, Mayer & Cie. Energy for 
knitting depends mainly on the knitting structure and machine running speed 
while the thickness of the yarn is of subordinate importance (pers. comm., Mayer 
& Cie). 

4.4.3 Wet treatment 
Textile wet processing can be divided into pre-treatment (scouring), 

coloration (dyeing), washing and softening (finishing). Each of the procedures 
entails a number of steps leading to the finished product. 

4.4.3.1 Scouring 

Scouring is a washing step performed with soda ash (sodium carbonate) 
together with non-ionic detergents (ethoxylated alcohols). The aim of scouring is 
to prepare the modal fabric for dyeing and finishing. Also known as boiling-off, 
scouring removes impurities present on the raw modal fabric such as residual 
sulphur or auxiliaries used at a later stage, e.g. from knitting lubricant oils or 
waxes (IPPC, 2003). Possible sulphur residues can generate reducing conditions - 
destroying or changing the shade of dyestuffs. Scouring can be carried out as a 
separate step of the process or in combination with other treatments (usually 
bleaching or desizing) on all kinds of substrates: woven fabric, knitted fabric and 
yarn. In our case of knitted fabrics, it is a batch process carried out in a jet dyeing 
machine, that is also used for dyeing, washing-off and final finishing. For both 
spin-dyeing and conventional dyeing of modal fibres a lighter scouring process 
(alkali pre-wash) is required. 

4.4.3.2 Dyeing 

Dyeing can be performed at different stages in the textile chain: apart from 
spin-dyeing and dyeing of the fabric (see Figure 4.2), the staple fibre can be dyed 
(stock dyeing) before yarn spinning or the yarn can be dyed (yarn dyeing) before 
weaving or knitting. We choose the jet dyeing of knitted fabric because it is both 
common and representative of large volumes of fabric production. The process 
requirements in dyeing are countless. Practically every fibre needs its own dyeing 
system and a specific combination of chemicals, with process parameters such as 



Ch
ap

te
r 4

 

 
145 

pH, temperature profile, time etc., electricity for operation of machine, and steam 
for heating requirements are needed. Depending on the fibre grade, also 
completely different machinery is required. 

4.4.3.2.1 Spin-dyeing  
This dyeing process is also known as dope dyeing, mass dyeing or solution 

dyeing. The pigment colour is added to the spinning mass solution and is 
subsequently incorporated in the fibres. Being embodied in the fibre, basically no 
pigment is lost; even though the entire body of the fibre is coloured instead of 
only the surface (as in conventional dyeing), the total pigment requirements are 
only 20% of the dye required for conventional dyeing. Very small additional water 
and energy is required compared to the undyed fibres. Cellulosic and non-
cellulosic fibres are dyed successfully by this method. Spin-dyeing yields fibres of 
excellent fastness properties with low coloration costs, but the colour ranges are 
limited and there is poor flexibility in production. Carbon black or coloured 
pigments may be added to produce fibres ranging in colour intensity.  A wide 
range of spun-dyed colours are available for modal like black, dark blue, red, 
brown and beige. For this study, modal fibres were chosen to be dyed with 
carbon black11. Black is selected because it represents the largest production 
volume.  

Aqueous carbon black dispersions containing carbon black and surfactant 
agents in addition to water are prepared. To disperse a pigment, whether organic 
or inorganic, an effective surfactant that offers both dispersing properties and 
wetting properties is needed. The polymer dispersions are produced by dispersing 
the carbon black and surfactant agents in water, using bead mills, ultrasonic mills 
and/or ultra-turrax. The pigment is added gradually and dispersed in the normal 
manner. The aqueous carbon black dispersions are then added to the cellulose 
spinning solution about 5 minutes before spinning. Carbon black is almost 100% 
incorporated, i.e. there is practically no unfixed pigment, in the final product, 
modal fibres. Different colour shades can be achieved by varying the carbon black 
concentration of the disperse solution. The energy consumption for preparing the 
dispersion was estimated based on power requirements of 0.5 kW per m3 of 

                                                           
11 Carbon black is a very fine powder having a high surface area and being composed 
mainly out of carbon. According to Dannenberg and Paquin (2000) carbon black 
represents a generic term for an important family of products used mainly in the rubbery 
industry (90%) but also for non-rubber applications (10%) like the use of black pigments 
for printing colours. 
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dyeing solution12 and a process time of 40 minutes for producing 200 kg spun-
dyed fibre. 

4.4.3.2.2 Conventional jet dyeing  
Modal fabrics are dyed in rope form using reactive black dyes in a 

conventional jet dyeing machine. Cellulose fibres can be dyed with a wide range 
of dyes, namely reactive, direct, vat, sulphur and azoic (naphtol). One third of 
dyes used for cellulose fibres today are reactive dyes (IPPC, 2003). Reactive dyes 
offer a good balance between fastness and shade gamut. Other dyes can be of 
better fastness, such as vat, but tend to be limited in shade and can be complex in 
application. Reactive dyes can be applied by any conventional batchwise dyeing 
method for cellulosic materials, including circulating-liquor machines for loose 
stock, yarn or woven fabrics, as well as jets, winches or jigs for piece dyeing 
(Shore, 1995). The conventional dyeing process consists of three stages: 

 Exhaustion from an aqueous bath containing electrolyte, normally 
under neutral conditions. 

 Addition of alkali to promote further uptake and chemical reaction of 
absorbed dye with the fibre at optimal pH and temperature. 

 Washing-off the dyed material to remove electrolyte, alkali and 
unfixed dye.  

According to the IPPC report (IPPC, 2003) one of the best available 
technologies (BAT) for conventional batchwise dyeing of modal fabrics is 
suggested to be the "ultra-low liquor ratio" airflow jet machines which are 
associated with reduction in water consumption, minimised effluent loading 
during textile processing as well as reduced energy requirements (DyStar Ecology 
Solutions, 2010). The liquor to product ratio   is an important factor. Typical liquor 
ratios vary between 4:1 and 20:1 depending on the form of fibre, yarn, fabric, and 
machinery being used. Modal needs higher liquor ratios than cotton due to higher 
water retention and also due to the high swelling of modal. A liquor ratio of 10:1 
was chosen as typical for modal fabric dyeing but there are systems that use more 
water and some that use less. In recent years new jet dyeing machines have been 
developed that run at lower ratios (5:1) which will reduce both water and energy 
consumption. However, today, these machines are not yet in common use and 
ratios of 8:1 to 12:1 are far more common. 

Batchwise dyeing processes generally require higher water and energy 
consumption levels than continuous processes. This is due to a number of factors 

                                                           
12 0.2 - 0.7 kW/m3 according to BREW study (2006). 
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(IPPC, 2003), in particular the liquor ratio and the discontinuous nature of the 
batch dyeing operating mode, especially with regard to operations such as 
cooling, heating, washing and rinsing. Batchwise dyeing of modal fabrics using 
airflow jet machines involves repeated heating and cooling cycles. Continuous 
dyeing is used for large runs in the order of 5000 m for non-fashion goods such as 
workwear or bed linen. We have chosen batchwise dyeing for knitted modal 
fabrics which are a fashion item.  

The following chemicals and auxiliaries are typically applied in the dyeing 
process: 

 Sodium sulphate (Na2SO4); 
 Soda ash (Na2CO3); 
 Caustic soda 360 Bé (NaOH); 
 C. I. Reactive Black 5 (contain a vinylsulphone group as a reactive 

radical). 
The reactive dye is bound to the modal fibre with a covalent bond. Any 

reactive dye that is not attached to the fabric is hydrolysed in the dyeing process 
and removed via the dye bath effluent. It was found (Kalliala and Talvenmaa, 
2000) that 20% of the process liquor containing unfixed dye end up in sewage 
treatment plants in Finland.  

The dyeing temperature-time profile is a very important aspect in dyeing. The 
factors that make up a dyeing profile are: the temperature, the time for dyeing 
and the time period until chemicals are added or the temperature is altered; 
when soda ash is added in relation to the addition of the dye; and the pH attained 
after the addition of soda ash. Temperature-time profiles can be found in 
appendix 4.9.1. 

4.4.3.3 Washing 

It is well known that not all the dye is fixed to the fibre during the dyeing 
process. Dyeing and printing with reactive dyes entails a number of soaping and 
rinsing steps to remove unreacted dye from the substrate. The removal of all 
unfixed dyestuff from the fibre is essential for obtaining optimum wet fastness, 
while contributing significantly to energy, water and chemicals consumption of 
the overall dyeing process. Table 4.1 illustrates the percentage of unfixed dyes for 
various types of textile dyestuffs (Lacasse and Baumann, 2004). The amount of 
unfixed dye depends on the fibre type and color strength, the time of application 
of dyes and auxiliaries in the process. The percentage of unfixed dye vary 
considerably among various dyestuffs with large variations within a given class of 
colourants especially with reactive dyes for modal. Therefore, the unfixed dye 
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percentages expressed in Table 4.1 are  used only for approximation purposes. 
The worst unfixed dye percentages of around 50% are observed for the cotton 
and modal reactive dyeing system. To achieve highly colourfast modal fabrics, 
unfixed dye needs to be carefully removed which is usually a long, water and 
energy intensive process (Lacasse and Baumann, 2004; Shore, 1995). According to 
personal communication with the textile dyehouse DyStar, six washing-off steps 
are proposed to remove the unfixed reactive dyes. The washing-off profile 
includes: 

1. 50 0C with water; 
2. 50 0C with water and acetic acid (CH3COOH) for neutralisation; 
3. 80 0C with water; 
4. 100 0C (boiling-off) with detergent;  
5. 80 0C with water; 
6. cold washing. 

Table 4.1: Percentage of unfixed dye that may be discharged in the effluent for different dye types 
and applications (adapted from Lacasse and Baumann, 2004). Bold and gray shade indicates 
percentage of unfixed dye for man-made cellulose fibres. 

Fibre Dyestuff EPAa OECDb ATVc Bayer(1) IPPC(2) 

Wool Acid 10 7-20 7-20 - 5-15 
 Reactive(2) - - - - 3-10 

Cotton and 
man-made 
cellulose 
fibres  
(modal) 

Azoic dyes 25 5-10 5-10 - 10-25 
Reactive(2) 50-60 20-50 5-50 5-50 20-45 
Direct dyes 30 5-20 5-30 10 5-35 
Pigment - 1 1 - - 
Vat dyes 25 5-20 5-20 - 5-30 
Sulphur dyes 25 30-40 30-40 - 10-40 

Polyester Disperse 15 8-20 8-20 5 1-15 
Polyamide Acid 20 - - - - 
Acetate Disperse 25 - - - - 

Acrylic Modified 
basic 1 2-3 2-3 2 - 

Notes: (1) Now DyStar which includes the textile dye operations of the major former 
dyestuff producers Bayer, Hoechst, BASF, ICI/Zeneca, Mitsubishi and Mitsui (2) New 
reactive dyestuffs with higher fixation rates are now available for different fibre types. 
Source: US EPA (1995); IPPC (2003) 
aEPA – US Environmental Protection Agency. 
bOECD – Organisation for Economic Co-operation and Development. 
cATV – Abwasser Technische Vereinigung (Waste Water Technical Association). 
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4.4.3.4 Finishing treatment 

"Finishing" is aimed to modify the end-use properties of textiles by improving 
the presentation, feel and performance of the fabric. Finishing processes involve 
mechanical/physical and chemical treatments. Among chemical treatments one 
can further distinguish between i) treatment that involves a chemical reaction of 
the finishing agent with the fibre and ii) chemical treatment where this is not 
necessary (e.g. softening treatments). Fabric softeners have lubricant properties 
and are electrically conductive, thus making the fibres feel smoother and 
preventing electrostatic phenomena. Modal finishing treatments include the 
treatment with fatty acid softeners. Apart from softening, they improve 
sewability and can be used to impart hydrophobicity, anti-bacterial or stain 
release. 

4.4.4 Centrifugation and drying 
After preparation, dyeing and finishing, textiles require drying. This is usually 

carried out in two stages. The first stage is mechanical dewatering using 
centrifuges.  The energy consumption used for centrifugation was estimated 
based on data from a dyeing company in Slovakia. The power rating of motor is 40 
kW and a process time of one minute is needed for a batch of 20 kg fabric.  

The second stage involves heating the textile and removing the remaining 
water by evaporation. Drying is necessary to eliminate or reduce the water 
content of modal fabrics following wet processes. Drying is usually an energy 
intensive process step (although overall consumption may be reduced if heat 
recovery options are adopted) (IPPC, 2003). Modal knitted fabrics are dried using 
stenters at 1200C with hot air. The stenter is a gas fired oven, with the fabric 
passing through on a chain drive, held in place by either clips or pins. Air is 
circulated above and below the fabric, before being exhausted to atmosphere. 
Next to the drying processes, the stenter is also used for pulling fabric to width, 
chemical finishing and heat setting and curing. The energy for drying is based on 
communication with experts from Monforts Textilmaschinen GmbH & Co. KG, 
located in Germany. 

4.5 Results 
The results presented in the first part of this subchapter show the cradle-to-

factory gate energy and water use next to GHG emissions for 1 kg black knitted 
modal fabric produced in Austria. Results for the other impact categories (global 
warming potential, abiotic depletion, ozone layer depletion, acidification, 
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eutrophication and photochemical oxidant formation) using the CML 2001 
method are presented subsequently. 

4.5.1 Energy use 
Cradle-to-factory gate results for energy use for the studied systems are 

presented in Table 4.2 showing that the NREU for conventional modal fabric 
dyeing is much higher. Conventional dyeing and subsequent washing jointly add 
60 MJ/kg of NREU compared to spin-dyeing, explaining a difference in cradle-to-
factory gate NREU of more than 50%. REU is substantial in both cases because it is 
dominated by modal production. As a consequence, cradle-to-factory gate CED is 
35% lower for spin-dyeing compared to conventional dyeing. Compared to 
undyed fibres, spin-dyeing hardly adds any energy use. In the case of conventional 
dyeing the most energy intensive steps are reactive dyeing followed by washing-
off the dyestuff, electrolyte and alkali. 

 
Table 4.2: Cradle-to-factory gate energy use of 1 kg black knitted modal fabric produced by 
conventional dyeing and by spin-dyeing; all processes are assumed to occur within Austria, 
forestry in Europe. 

 NREU, MJ/kg REU, MJ/kg CED, MJ/kg 

 
Conventional 

dyeing 

Spin-

dyeing 

Conventional 

dyeing 

Spin-

dyeing 

Conventional 

dyeing 

Spin-

dyeing 

Modal fibre 

production* 
25.0 25.0 53.0 53.0 78.0 78.0 

Mass dyeing  1.2  0.0  1.2 

Spinning 12.2 12.2 7.1 7.1 19.4 19.4 

Knitting 1.7 1.7 0.8 0.8 2.5 2.5 

Scouring 11.7 11.7 1.4 1.4 13.2 13.2 

Conventional 

fabric dyeing 
36.2  2.2  38.5  

Washing after 

conv. dyeing 
23.6  1.5  25.1  

Softening 2.1 2.1 0.8 0.8 2.9 2.9 

Centrifugation 0.1 0.1 0.1 0.1 0.2 0.2 
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Drying 3.3 3.3 0.3 0.2 3.5 3.5 

Wastewater 

treatment-

conv. dye 

1.2  0.6  1.8  

Wastewater 

treatment-spun 

dye 

 0.4  0.2  0.6 

       

Total without 

dyeing** 
56.2  64.0  120.0  

Total 

conventional 

dyeing 

117.2  68.0  185.0  

Total spin-

dyeing 
 58.0  64.0  121.5 

(*) Energy use for modal fibre production including the waste water treatment 
originates from Shen et al. 2010a, Appendix III. 

(**) Including modal fibre production, secondary spinning, knitting, scouring, 
softening, centrifugation and drying. 

NREU…Non-renewable energy use 
REU…Renewable energy use 
CED…Cumulative energy demand (NREU+REU) 
 
Pre-treatment (scouring) of spun-dyed modal fabric significantly contributes 

to the NREU mainly through the use of steam. The other largest contributor to 
NREU is modal fibre production (from cradle-to-factory gate), with caustic soda, 
other chemicals, pulp production and transportation (not depicted here; Shen et 
al. 2010a). Knitting, drying and softening account for small contribution to the 
total NREU and centrifugation for both conventionally dyed and spun-dyed modal 
fabrics. 
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4.5.2 Water use 
Apart from the substantial quantities of complex chemicals, textile dyeing and 

finishing sector also uses large volumes of water for various process operations. 
Almost all dyes, chemicals, auxiliaries and finishing chemicals are applied to 
textile substrates by means of water baths. In textile wet processing, water is 
used mainly for two purposes. Firstly, as a solvent for processing chemicals and 
secondly, as a washing and rinsing medium. In addition, some water is also 
consumed in boilers for producing steam, as cooling water and for cleaning. 

As explained in Section 4.3 we focus on process water and irrigation water, 
while cooling water is generally considered somewhat less critical. The cradle-to-
factory gate water use required to produce 1 kilogram modal knitted fabrics is 
illustrated in Table 4.3 (see column on the far right). 

 
Table 4.3: Overview of cradle-to-factory gate water use (in Litre) to produce 1 kg fibre and for 1 kg  
knitted modal fabric (the determined values of water use are shown in italics for spin-dyeing and 
conventionally dyeing systems). 

   

Process 

water 

Cooling 

water 

Irrigation 

water 

Gross 

water 

use 

Total water 

consumption 

(without 

cooling 

water) 

[L/kg] [L/kg] [L/kg]  [L/kg] [L/kg] 

Partially bio-

based   

fibres 

PTT (*)  >88   6 

Synthetic 

fibres         

PP (W. 

Europe) (*) 
<2 74 0  <2 

                                  
PET (W. 

Europe) (*) 
<5 125 0  <5 

 

Man-made                

LAG Viscose 

Asia (*) (**) 
11 308 0 (**) 319 11 
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cellulose 

fibres         

LAG Viscose 

Austria (*) 
42 403 0 445 42 

 
LAG Modal 

Austria 
43 429 0 472 43 

                                  

LAG Modal 

Austria -

conventionall

y dyed fabric+  

162 429 0 591 162 

                                  

LAG Modal 

Austria - 

spun-dyed  

fabric+ 

86 429 0 515 86 

                                 LAG Modal (*) 43 429  0 472 43 

                                
TENCEL® 

Austria (*) 
20 243  0 263 20 

                                

TENCEL® 

Austria 2012 

(*) 

20 243  0 263 20 

Cotton                     Cotton  0 0 2100++ 2100 2100 

 
Cotton dyed 

fabric+ 
112+++ 0 2100 2212 2212 

(+) For fabric but rest of the table is for fibre.  
(*) For the purpose of a first comparison, data on water use reported in literature was 

used (compiled by Shen 2011, PhD thesis, Chapter 4). 
(**) No irrigation for growing wood.  
(++) Cotton Inc., 2012. 
(+++) Yuan et al. 2012. 
 
According to Table 4.3, water use related to the production of cotton fibre is 

by a factor of more than 50 to 200 higher than for man-made cellulose fibres and 
higher than for partially bio-based PTT and synthetic fibres. Compared with fibre 
production, wet treatment processing requires more water. Spun-dyed modal 
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fabric require only 86 L/kg of process water compared to conventionally dyed 
modal fabric which needs two times as much (162 L/kg). Water used for 
conventionally dyed cotton fabric is by a factor of 25 higher than for spun-dyed 
modal fabric. 

4.5.3 Climate change 
The GHG emissions for the spun-dyed modal fabric and conventionally dyed 

modal fabric show a similar pattern as the NREU values (Figure. 4.3).The GHG 
emissions for the spun-dyed modal fabric and conventionally dyed modal fabric 
show a similar pattern as the NREU values. The GHG emissions of undyed and 
spun-dyed modal fibres hardly differ, while GHG emissions by conventional 
dyeing of modal fabric is by around a factor of around 3 larger than spun-dyed 
fabric. For conventionally dyed fabric, dyeing and washing contribute most to the 
total GHG emissions. For spun-dyed fabric, spinning and scouring are the most 
contributing steps. The GHG emissions related to modal fibre production is very 
low because the amount of bio-based carbon stored in the fibre (i.e., CO2 
extracted from the atmosphere in the course of photosynthesis) is in the same 
range as the GHG emissions caused by energy use for the processes involved and 
the production of the chemicals required (Shen et al. 2010a). The GHG emissions 
from knitting, softening and drying are small compared to the others. See 
Appendix 4.9.3 for GHG emission values for all processes. 

Figure 4.4 shows the contribution of different inputs and outputs such as 
heat, electricity, chemicals to the cradle-to-gate impacts of conventionally dyed 
and spun-dyed modal fabrics. For conventionally dyed fabric, the heat required 
for washing and scouring contributes more significantly to GHG emissions than 
heat for dyeing and softening. This is mainly due to the high amount of hot water 
needed for the six washing steps. The emissions can be reduced by diminishing 
the number of washing steps. Among the chemicals, almost all GHG emissions 
come from production of energy intensive reactive dye  (note, however, that 
chemicals for modal production are included in the bar of modal fibre 
production). Electricity use during spinning contributes 50% of all electricity-
induced emissions from cradle to factory gate. This analysis indicates that the 
source of electricity and steam can have a significant influence on final results 
(see sensitivity analysis in Section 4.6).  For spun-dyed fabric, heat required for 
scouring and electricity required for spinning, are the only two significant inputs. 
The emissions from chemicals are negligible due to the relatively low amounts of 
carbon black and other chemicals required for spin-dyeing. 
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Figure 4.3: Contribution analysis of cradle-to-factory gate GHG emissions of 1 kg black knitted 
modal fabric - conventionally dyed, spun-dyed and undyed fabric; all processes are assumed to 
occur within Austria; forestry in Europe. 

4.5.4 Environmental impact categories 
The life cycle impact assessment was carried out also for other impact 

categories than GHG emissions, namely abiotic depletion, ozone layer depletion, 
eutrophication, photochemical oxidation formation and acidification. As shown in 
Figure 4.5, shifting to spin-dyeing allows to reduce abiotic depletion by around a 
factor of two and the remaining impact categories can be reduced by up to a 
factor of three. In order to understand the relative significance of impact 
categories, we have normalised all the impact categories with their corresponding 
impact load per year in the world (Sleeswijk et al. 2008). According to the results 
after normalisation (see Figure 4.6), the most significant impacts caused by both 
the fabrics are abiotic depletion, followed by acidification and global warming. 
Abiotic depletion is caused by fossil fuels and chemicals used for the processes; 
the main contributors, in descending order, are conventional dyeing, production 
of modal fibres, washing, spinning and scouring. Acidification is mainly caused by 
reactive dye and high amount of salts used during conventional dyeing. 
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Figure 4.4: Breakdown of cradle-to-factory gate GHG emissions based on process inputs and 
outputs. 

4.6 Discussion 
In this section we discuss various factors that influence the results. We 

conduct a sensitivity analysis for the liquor ratio, number of washing steps and 
geographical location of dyeing mill.  

4.6.1 Influence of liquor ratio, washing steps, energy sources on 
results 

In the dyeing process the inputs such as chemicals, energy and water strongly 
depend on the liquor ratio. Hot water required for washing also depends on 
number of rinsing and washing steps. In Table 4.4 we show several possible liquor 
ratios and washing steps ranging from most optimistic to conventional or worse 
performance. For the detailed process data used for this analysis please see 
Appendix 4.9.3. 
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Figure 4.5: Cradle-to-gate impacts of conventionally dyed fabric and spun-dyed fabric, CML-IA 
method, characterisation results, indexed to conventionally dyed fabric. 

 
Figure 4.7 shows that a liquor ratio of 5:1 can lower the GHG emissions by 

nearly 20% while the other liquor ratios change GHG emissions by around 10% 
compared to reference case. By reducing number of washing cycles to three, the 
total emissions can be reduced by somewhat more than 10%. 

 
Table 4.4: Liquor ratios and number of washing cycles used for sensitivity analysis 

 A B C 
D 

(reference) 
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Liquor ratio  5:1 8:1 10:1 12:1 
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Figure 4.6: Cradle-to-gate impacts of conventionally dyed fabric and spun-dyed fabric, CML-IA 
method, normalised to world 2000 (Sleeswijk et al. 2008). 

 

 
Figure 4.7: Sensitivity of cradle-to-gate GHG emissions of conventionally dyed fabric to liquor ratio 
and number of washing cycles. 
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The dyeing mill consists of pre-treatment such as scouring, dyeing, washing, 
finishing operations like softening, centrifugation and drying. While the results 
presented so far assume production in Austria, we now assume that, after 
knitting, both fabrics go through dyeing and finishing operations in different parts 
of the world. For electricity, we assumed average grid electricity of corresponding 
country (Italy, US and China) and for steam we assumed natural gas for Italy and 
coal for the US and China. Figure 4.8 shows that conventional dyeing in China 
leads to four-fold higher GHG emissions per kg fabric compared to spin-dyeing in 
Austria. 

 
Figure 4.8: Cradle-to-gate GHG emissions of spun-dyed fabric and conventionally dyed fabric 
produced in Austria, Italy, the US and China. 

4.6.2 Bleaching and product lifetime 
Bleaching is not required for spun-dyed fabrics, while it is a necessity for pale 

shades prepared from conventional dyeing. In that case, findings would be more 
favourable to spun-dyed modal fabrics of pale shades.  

An important assumption mentioned in Section 4.3 is the identical product 
lifetime for the two cases. Since the colour fastness of spun-dyed fibres is superior 
to conventional dyeing, the technical lifetime of the spun-dyed material is actually 
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fashion is the main reason for stopping to use these garments. Wherever this is 
not the case (e.g. in medium and low-income countries) or if this were to change, 
the benefits would be more pronounced for spin-dyeing. 

4.6.3 Toxicity and salinity impacts 
As mentioned in section 4.3, toxicity impacts are not included quantitatively 

due to lack of data and characterisation factors for dyes and detergents. Here, we 
discuss toxicity impacts qualitatively. The pigments used for spun-dyed modal 
fabric are mostly carbon black or organic pigments. Most organic pigments are 
prepared from azo, anthraquinone and triarylmethane and phthalocyanines (IARC 
volume 65, 1996). Reactive dyes also consist of the same ingredients but the 
formulation for pigments and reactive dyes is different (personal communication). 
Most of the conventional dyeing takes place in developing countries where 
environmental legislation is often lax and/or not implemented properly and 
where simple technology is often applied. There is a variety of occupational risks 
in the dyeing mill. The workers are frequently exposed to dye dust, a variety of 
acids, synthetic detergents, dye carriers, fixatives and solvents during activities 
such as weighing of dyes, preparing dye baths in open dyeing machines and 
handling of the dyed fabric. According to IARC volume 48 (1990), the risk of 
getting cancer, such as bladder cancer, oesophageal cancer, stomach cancer and 
dermatological problems, is high among textile dyeing and printing workers. It is 
plausible to assume that spun-dyed13 fabric causes substantially lower human and 
eco-toxicity impacts, apart from the already presented environmental benefits, 
for three important reasons. First, compared to conventional dyeing, only around 
20% of the pigments is required for spin-dyeing, this would reduce toxicity risks 
during their production such as occupational health of workers, wastewater 
emissions during their preparation (especially in developing countries). Second, 
for spun-dyed fabric, the pigment is entrapped in the fibre structure and 
therefore practically not released during later part of textile life as opposed to 
conventionally dyed fabric which releases unfixed dye during dyeing, subsequent 
washing steps and, in some cases, when washed by the consumer. Third, unlike 
conventional dyeing, spin-dyeing avoids occupational exposure to dyes and 
auxiliary chemicals.  

                                                           
13Lenzing Modal COLOR (trade name of spun-dyed modal) is certified with Oeko-Tex® 
Standard 100, product class-1. According to this standard, this fibre meets the human-
ecological requirements presently established for baby articles.   
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Conventional reactive dyeing uses large amounts of salts, which is disposed in 
huge quantities through wastewater in local water bodies despite of some efforts 
on recovery (Steinberger et al. 2009). This causes salinization of local drinking 
water and agricultural water (Kurian 2005). Current LCA methodologies do not yet 
cover this impact category. Spun-dyed fabrics do not contribute to salinization 
due to the absence of salts in spin-dyeing. 

4.6.4 Contribution of this study to sustainability debate 
Different LCA studies conducted so far (Steinberger et al. 2009, Nieminen et 

al. 2006) have presented the environmental impacts of textiles in different life 
cycle phases and especially wet processing (Yuan et al. 2013). Some studies have 
been conducted on waterless dyeing with CO2 technology and its cleaner 
production attributes (Long et al. 2014). None of the above mentioned studies 
have quantified the environmental impacts of alternative dyeing technologies 
using LCA. Our study contributes to the knowledge and understanding of how 
spin-dyeing of manmade cellulose fibres can compare with conventional dyeing 
and presents a possible way to reduce environmental impacts of textile wet 
processing industry. Hence, this study is very relevant in the context of growing 
world population and market share of man-made fibres by 2    3% every year in 
the last decade and in the future. 

4.6.5 A business case for sustainable innovation 
Hart and Milstein (2003) found that the main obstacle for integrating 

sustainability in core business is the inability of the current corporate cultures to 
link sustainability with business goals. In this section we attempt to link the 
innovation of spin-dyeing with business value creation. 
 
Pollution prevention and cost reduction 

By adopting the new spin-dyeing process, Table 4.5, less inputs such as 
chemicals and energy are needed and less wasteful output such as wastewater is 
generated. This enables direct savings on production costs, i.e. costs for raw 
materials, utilities but also savings in terms of capital costs and labour costs. 
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Table 4.5: Aggregated inputs and outputs of conventionally dyed and of spun-dyed fabric, from 
modal production gate to finished fabric gate. 

Inputs and outputs Unit 
Conventional dyeing, 

per kg fabric 

Spin-dyeing, per kg 

fabric 

Water   L 119 43 

Chemicals kg 1 0.1 

Electricity MJ 15 3 

Heat (steam and natural 

gas) 
MJ 24 9 

Wastewater  L 119 43 

 
Innovation and environmental footprint 

Using spun-dyed fibres for making garments ensures substantial reduction of 
the environmental footprint of final products. This offers the opportunity to 
reduce the overall footprint of product portfolios of retailers and brands and of 
other value chain actors, and can help them to achieve their sustainability goals.  
 
Enhanced brand reputation and legitimacy 

Most of the dyeing operations take place in developing countries where 
implementation of regulations is weak. Moreover, it is very difficult to monitor 
the practices of global supply chains. Many brands and retailers have been 
accused by global NGOs (Non-governmental Organisations) for the pollution 
problems in textile industry (Greenpeace 2012a, 2012b, 2012c). By avoiding 
dyeing and related impacts such as water scarcity and polluted wastewater, the 
reputation of retailers and brands could be enhanced leading to improved 
customer confidence. With reduced environmental problems in the production 
locations, the textile sector earns its right to existence.  

 
Addressing mega problems 

Resource scarcity is a serious problem in view of the raising global population 
and the growing middle class with high consumption levels (compare Figure 4.1). 
As shown, spin-dyeing can effectively reduce problems related to resource 
scarcity, climate change and environmental and human health impacts while 
catering to the demands of ever growing world population. This innovation can 
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also reduce negative externalities which impose additional costs to society such 
health care costs.  

There are further advantages such as opportunity to sell innovative and 
environmentally responsible products with a premium leading to higher margins, 
attracting new talent and retaining employees. 

4.7 Conclusions 
In this article we compared the environmental impacts of spin-dyeing and 

conventional dyeing. This study adds new perspective on the role of textile 
process innovation for reducing the impacts of textile sector. It was found that, 
across all impact categories studied, spun-dyed fabrics cause only half to one third 
of the environmental impacts compared to conventionally dyed fabrics. Sensitivity 
analyses showed that the relative benefits of spin-dyeing, that takes places in 
Austria, are higher if the conventional dyeing takes place in countries like China or 
US where electricity grids and heat sources are predominantly coal-based. The 
liquor ratio and the number of washing cycles have an influence on results but do 
not alter the conclusions. The analysis was conducted for black coloured modal 
knitted fabrics and it is very likely that with a comparative analysis for other 
colours would show a similar pattern due to the high energy requirements of 
dyeing and washing processes and the use of high quantity of energy intensive 
reactive dyes. We have briefly described possible toxicity impacts of both dyeing 
steps. Due to the very low amount of pigments required and entrapment of the 
pigment in the fibre structure, the spun-dyed fabric can be expected to cause 
substantially lower human and eco-toxicity impacts compared to conventionally 
dyed fabric. A thorough assessment of toxicity impacts of different dyes and 
pigments would add further value to this research. 

It is very important to link sustainability innovations like spin-dyeing with 
business goals in order to make them visible and create organisational traction 
towards integration of sustainability in business decisions. We have described the 
value creation of this innovation with regard to pollution prevention and cost 
reduction in the value chain, aiding brands and retailers in achieving their 
sustainability targets and goals, enhancing the reputation of brands and retailers 
due to integration of stakeholder concerns and mitigating common world 
problems while catering to the demand of raising global population. 
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4.9 Appendix 

4.9.1 Appendix A: Temperature-time profiles for the conventional and 
spun- dyeing processes 

 
Figure A 4.1: Temperature-time profile of Conventional dyeing process: Scouring – dyeing – 
washing-off – softening 

 
Figure A 4.2: Temperature-time profile of Spin-dyeing process: Scouring – softening 
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4.9.2 Appendix B: Backgorund data sources 
Table B 4.1: Specification of background data sources used in the study. 

Material/utility Specification 

Heat, natural gas 
Ecoinvent (2007): Heat, natural gas at boiler condensing 

modulating >100 kW/RER S 

Steam Ecoinvent (2007): Steam, for chemical processes, at plant/RER S 

Electricity  Ecoinvent (2007): Electricity, MEDIUM voltage, at grid/Austria S 

Acetic acid Ecoinvent (2007): Acetic acid, 98% in H2O, at plant/RER S 

Sodium sulphate Ecoinvent (2007): H2SO4 from Mannheim process, at plant/RER S 

Lubricating oil Ecoinvent (2007): Lubricating oil, at plant/RER S 

Fatty acid softeners Ecoinvent (2007): Fatty acids, from vegetarian oil, at plant/RER S 

Non-ionic detergents 
Ecoinvent (2007): Ethoxilated alcohols, unspecified, at 

plant/RER U 

Soaping agent Ecoinvent (2007): Soap, at plant/RER U 

Sodium hydroxide 
Ecoinvent (2007): Sodium hydroxide, 50% in H2O, production 

mix, at plant/RER S 

Sodium carbonate  
Ecoinvent (2007): Sodium carbonate from ammonium chloride, 

at plant/GLO S 

Carbon black Ecoinvent (2007): Carbon black, at plant/GLO S 

CI Reactive Black 5 (*) Ecoinvent (2007): Anthraquinone, at plant/RER S 

Water  Ecoinvent (2007): Water, deionised, at plant/CH S 

(*) No inventory data available for the black reactive dyestuff therefore anthraquinone 
inventory data chosen as estimation. 
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4.9.3 Appendix C: Miscellaneous results and inventory 
Table C 4.1. Cradle-to-factory gate GHG emissions of 1 kg black knitted modal fabric – 
conventionally dyed, spun-dyed and undyed fabric. 

 

Conventionally 

dyed fabric,  

kg CO2 eq./kg 

fabric 

Spun-dyed 

fabric,  

kg CO2 eq./kg 

fabric 

Undyed fabric, 

kg CO2 eq./kg 

fabric 

Modal fibre production 0.034 0.034 0.034 

Mass dyeing   0.03  

Spinning 0.84 0.84 0.84 

Knitting 0.10 0.10 0.10 

Scouring 0.68 0.68 0.68 

Conventional fabric dyeing 2.11   

Washing after dyeing 1.4   

Softening 0.14 0.14 0.14 

Centrifugation 0.01 0.01 0.01 

Drying 0.19 0.19 0.19 

Wastewater treatment 0.07 0.03 0.03 

    

Total 5.6 2.07 2.04 
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Table C 4.2: Parameters of sensitivity analysis liquor ratio (for NaOH density of 2.13 g/mL was 
used to make unit conversions) 

Dyeing inputs 
Concentration 

of chemicals 

Liquor ratio 10:1, 

(reference case) 

Liquor 

ratio 5:1 

Liquor 

ratio 8:1 

Liquor 

ratio 

12:1 

Deionised 

water 
  10.0 L/kg fabric 

5.0 L/kg 

fabric 

8.0 L/kg 

fabric 

12.0 L/kg 

fabric 

Sodium 

sulphate 

(Na2SO4) 

100.0 g/L 1.000 kg/kg fabric 

0.5 

kg/kg 

fabric 

0.8 kg/kg 

fabric 

1.2 kg/kg 

fabric 

Soda ash 

(Na2CO3) 
5.0 g/L 0.050 kg/kg fabric 

0.025 

kg/kg 

fabric 

0.04 

kg/kg 

fabric 

0.06 

kg/kg 

fabric 

Caustic soda 

(NaOH) 
3.0 mL/L 0.064 kg/kg fabric 

0.032 

kg/kg 

fabric 

0.051 

kg/kg 

fabric 

0.077 

kg/kg 

fabric 

Anthraquinone 

reactive dye 
7g/L 0.070 kg/kg fabric 

0.035 

kg/kg 

fabric 

0.056 

kg/kg 

fabric 

0.084 

kg/kg 

fabric 

Electrical 

energy 
  

1.500 MJ/ kg 

fabric 

0.964 

MJ/ kg 

fabric 

1.2 MJ/ 

kg fabric 

1.8 MJ/ 

kg fabric 

Steam   0.743 kg/kg fabric 

0.371 

kg/kg 

fabric 

0.594 

kg/kg 

fabric 

0.891 

kg/kg 

fabric 
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Table C 4.3: Parameters of sensitivity analysis washing steps (soaping agent and  acetic acid are 
needed in rinsing and neutralisation steps respectively). 

Washing 
inputs 

Concentration 
of chemicals 

6 washing 
steps 
(reference 
case) 

3 washing 
steps 

4 washing 
steps 

5 washing 
steps 

Deionised 
water 

  
60.0 L/kg 
fabric 

30.0 L/kg 
fabric 

40.0 L/kg 
fabric 

50.0 L/kg 
fabric 

Soaping 
agent 

1.0 g/L 
0.010 kg/kg 
fabric 

0.010 kg/kg 
fabric 

0.010 
kg/kg 
fabric 

0.010 
kg/kg 
fabric 

Acetic acid  1.0 g/L 
0.010 kg/kg 
fabric 

0.010 kg/kg 
fabric 

0.010 
kg/kg 
fabric 

0.010 
kg/kg 
fabric 

Electrical 
energy AT 

  
1.296 MJ/ kg 
fabric 

0.648 MJ/ kg 
fabric 

0.864 MJ/ 
kg fabric 

1.080 MJ/ 
kg fabric 

Steam   
5.386 kg/kg 
fabric 

2.693 kg/kg 
fabric 

3.591 
kg/kg 
fabric 

4.488 
kg/kg 
fabric 
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5 Innovations in papermaking: A LCA of printing and writing 
paper from conventional and high yield pulp14 

5.1 Abstract 
Pulp and paper industry is facing challenges such as resource scarcity and 

greenhouse gas (GHG) emissions. The objective of this research is to investigate  
whether the use of new coatings (micro or nano TiO2) and different pulp types 
could bring savings in wood, energy, GHG emissions and other environmental 
impacts in comparison with conventional printing and writing paper. We studied 
three types of pulp, namely i) unbleached virgin kraft pulp ii) recovered fiber iii) 
high yield virgin chemithermo-mechanical pulp (CTMP). A Life Cycle Assessment 
(LCA) was conducted from cradle to grave.  

Applying attributional modelling, we found that wood savings amount to 60% 
for nanoparticle coated recovered fiber paper and 35% for micro TiO2 coated 
CTMP paper. According to the ReCiPe single score impact assessment method, 
the new product configurations allow to reduce the environmental impacts by 10-
35% compared to conventional kraft paper. 

Applying consequential modelling, we found larger energy and GHG emission 
savings compared to attributional modelling because the saved wood is used for 
producing energy, thereby replacing fossil fuels. Nanoparticle coated recovered 
fiber paper offered savings of non-renewable energy use (NREU) by 100% (13 
GJ/tonne paper) and GHG emission reduction by 75% (0.6 tonne CO2 eq./tonne 
paper). Micro TiO2 coated CTMP paper offered NREU savings by 25% (3 GJ/tonne 
paper) and savings of GHG emissions by 10% (0.1 tonne CO2 eq./tonne paper). 
Taking into account all environmental impacts with ReCiPe single score method 
lead to comparable results as attributional modelling.  

We conclude that nanoparticle coated recovered fiber paper offered highest 
savings and lowest environmental impacts. However, human toxicity and 
ecotoxicity impacts of nanoparticles were not included in this analysis and need 
further research. If this leads to the conclusion that the toxicity impacts of 

                                                           
14 This chapter is a slightly adapted version of the article: Manda, B. M. K., Blok, K., Patel, 
M. K. 2012. Innovations in papermaking: A LCA of printing and writing paper from 
conventional and high yield pulp. Science of the Total Environment 439, 307–320.  
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nanoparticles are serious, then CTMP paper with micro TiO2 coating is the 
preferred option. 

5.2 Introduction 
Paper is an ubiquitous product used for many applications in our daily lives. 

Pulp and paper industry is one of the end users of wood from forestry which also 
supports traditional construction and the rapidly developing bioenergy & 
biomaterials sector. In the period 2007-09, the CEPI  countries in the EU were 
importing 20% of their total average wood consumption for the pulp and paper 
industry predominantly from other EU countries , Russia, North America and 
Belarus (CEPI 2010). CEPI countries are also net importers of pulp, representing 
12% of their average pulp consumption during 2007-09. Pulp imports originate 
predominantly from Latin America, North America, with a minor share coming 
from other European countries, Asia and the rest of the world. Contrarily, CEPI 
countries are net exporters of paper. The exports are 13% of the total average 
paper production of CEPI during 2007- 09. The exports are sent to different parts 
of the world, namely other European countries, Asia, North Amercia, Latin 
America and the rest of the world (CEPI 2010). Net imports of pulp wood and pulp 
are, however, needed to meet the domestic demand of paper in CEPI coutries, 
with gap (expressed in terms of pulp) representing 20% of the average pulp 
consumption during 2007-09 (see last row of table S1).This suggests a serious 
shortage of wood in some EU countries presently. 

Mantau et al. (2010) estimated that the gap between wood demand and 
supply in the EU will increase in the coming decades from 200 million m3 in 2020 
to 425 million m3 in 2030. This wood gap is likely to impair the competetiveness 
of the EU paper and board industry because wood traditionally used for material 
purposes is increasingly shifted to energy production (Carus et al. 2011). This also 
affects the price of wood. Buongiorno et al. (2011) estimated that the world price 
of wood pulp is to increase by 12% in 2030 due to an increase in demand of 
fuelwood between 2006 and 2030. If the demand for biomass co-firing and 
biofuel increases due to various policy incentives one may expect a much steeper 
price rise for wood in the long term, thereby further threatening the 
competitiveness of European paper production. 

While the existing policy framework and developments support bio-energy 
with policy instruments (quotas, tax incentives, green electricity regulations etc) 
with the consequence of higher biomass prices, there is no comparable support 
scheme for bio-based materials. Hence there is a risk of driving the wood pulp 
industry and the paper & board industry out of Europe (Carus et al. 2011). In 
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order to maintain the competitiveness, and in view of the possibly insecure wood 
supply in the future, paper producers should look for new innovative ways to use 
less pulp per unit of paper produced and to use more recovered fiber. This is also 
in line with the EU roadmap towards a low carbon economy which suggests 
reusing and recycling paper and wood products in order to reduce pressure on 
land use (EC 2011). Moreover, many developing countries have less biomass 
available per capita than the EU and the per capita demand for paper and board is 
increasing (IEA 2009), raising the question of the future of paper production also 
for them. 

Another challenge being faced some paper grades is bleaching. For certain 
applications such as printing and writing paper for office use, the ISO brightness  
is important. To impart brightness, the pulp is processed through bleaching steps 
that remove lignin but also cause a loss of pulp fiber. Even though there has been 
progress by shifting to Elemental Chlorine Free (ECF) bleaching and Total Chlorine 
Free (TCF) bleaching, the resource consumption (energy, water, chemicals and 
fiber loss) and pollution caused by these improved processes are still very 
substantial (EC 2001, see also section 5.4). Another disadvantage of bleaching is 
that it reduces the strength of pulp fibers due to chemical action and removal of 
residual lignin (Biermann 1993). Due to higher strength and/or stiffness of 
unbleached pulp, it may be possible to further reduce the amount of pulp needed 
for making office paper and it might be possible to recycle it to newspaper grades 
which need high stiffness (Hermann et al. 2011).  

There is hence a need to assess the various technological options to reduce 
resource consumption such as wood, energy and chemicals required for 
production, and GHG emission intensity for making office paper with various pulp 
types, not limited to kraft pulp, and various configurations of coatings. Many 
authors have conducted LCA studies with different goals and objectives. An 
attributional LCA of paper was conducted by Dias et al. (2007) and Environmental 
defense fund (2002); further methodological issues were studied by Ekvall (1999), 
Villanueva and Wenzel (2007). Several LCA studies were focused on waste 
management of newsprint and packaging waste (e.g. Tiedemann 2001; Grant 
2001; Ecobalance 1998; and Grimes et al. 2008), and on the comparison of digital 
and printed paper (Deetman and Odegard 2009). A few authors (Laurijssen et al. 
2010) briefly touched upon different options in paper configuration such as 
changing filler content etc. But none of the studies mentioned discuss innovative 
types of office grade paper using either micro or nano TiO2 particle (NP) next to 
ground calcium carbonate as coating in combination with different pulp types in 
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order to evaluate potential resource savings and unintended consequences, if 
any.  

The research question addressed by this paper is whether the use of new 
coatings in combination with the use of i) unbleached virgin kraft pulp ii) 
recovered fiber or iii) high yield virgin chemithermo-mechanical pulp (CTMP) 
would result in environmental benefits compared to conventional paper. Further 
questions are what an eco-friendly configuration of office paper would look like 
and what the associated benefits of this configuration are. We use life cycle 
assessment (LCA) to answer these questions with the objective of assisting 
product design and development by a producer whose name is not revealed due 
to confidentially reasons and hereafter is referred to as producer. 

In section 5.3, the goal and scope of the analysis and the product 
configurations studied are briefly explained. Section 5.4 describes pulping, 
bleaching and paper making processes, nano-particle production and the data 
sources used in the study. Later, section 5.5 shows the analysis of bleaching, 
comparison between proposed configuration and conventional paper, and their 
contribution analysis. It further analyzes different paper configurations with 
various types of pulp and coating mixtures with respect to energy, GHG emissions 
and other environmental impacts. The results are presented first applying an 
attributional approach and subsequently a consequential approach. Section 5.6 
discusses various critical aspects that have influence on the results and their 
sensitivity. Finally, conclusions are drawn about the preferred paper configuration 
from an environmental point of view and concerning future research needs. 

5.3 Methodology 

5.3.1 Goal and scope of LCA 
The purpose of this LCA is to compare the environmental impacts of 

conventional office paper with innovative paper configurations. The goal of this 
analysis is to help the product development process for choosing a new product 
configuration and associated processes by assessing their performance from 
environmental point of view.  

In this study, the conventional paper is produced by using elemental chlorine 
free (ECF) bleaching of kraft pulp. Hence the main focus is to analyze the 
environmental impacts of the ECF bleaching sequence and the possible benefits 
of avoiding it. As one alternative product configuration, we have also considered 
bleached Chemi-Thermo-Mechanical pulp, due to its superior yield. 
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The innovative paper uses, either unbleached kraft pulp or high yield pulp 
CTMP pulp, and replaces certain fraction of pulp furnish with inorganic materials 
while making the paper. This avoids renewable resource consumption such as 
wood but it increases the consumption of other materials which will replace 
wood. To impart required ISO brightness to the unbleached pulp, the new 
product uses a surface coat which is a mixture of nano TiO2 particles in 
combination with Ground Calcium Carbonate (GCC). The high refractive index of 
TiO2 enables light scattering to improve the brightness of unbleached pulp and it 
avoids ageing of paper by blocking UV light. In this context, LCA is used to 
determine the environmental tradeoffs related to the development of the new 
product and different coating mixtures. 

 
Functional Unit and System boundaries 

The functional unit of this study is one tonne of printing and writing paper, 
also called office paper, produced and used in EU. The conventional paper and the 
new type of paper have the same thickness (i.e., 80 grammes per square meter, 
gsm) to ensure the required strength and comparable ISO brightness that allows 
them to be used for office purposes such as copiers, business forms, computer 
and stationary. Discussions with industrial experts indicate that it might be 
possible to reduce the paper weight, by use of unbleached kraft pulp or CTMP 
pulp that has high strength and by coating with nano or micro TiO2 particles, to 
ensure comparable brightness. But we assume 80 gsm paper for this study 
keeping in mind that the strength aspects of high yield pulp needs to be proven 
with testing and experiments which are underway. 

The new product configurations studied besides conventional paper are (see 
figure 5.1): 

a. Unbleached kraft pulp and a coating mixture of either micro or nano 
TiO2 particles and ground calcium carbonate with different 
compositions 

b. Unbleached kraft pulp (50%) with recovered fiber (50%) and a coating 
mixture of nano TiO2 particles and ground calcium carbonate with 
different compositions  

c. Bleached Chemithermo-mechanical pulp and a coating mixture of 
micro TiO2 and ground calcium carbonate (with much less coating 
weight than case a and b). Here coating weights were not mentioned 
due to confidentiality reasons. 

This study is conducted for the system cradle to grave which consists of 
harvesting wood, pulp making, paper making, on-site energy and chemical 
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production. And post-consumer waste management by incineration with energy 
recovery is presented in the discussion section. Distribution and use phase of 
different paper configurations are assumed to be identical hence these steps are 
not covered in the analysis. 

 

 

Figure 5.1: Schematic representation of conventional and new papers of 80 gsm 

Impact categories and methods 
Main impact indicators chosen for comparing different product configurations 

are first Cumulative Energy Demand (CED) with a breakdown into Non-renewable 
energy use (NREU) and Renewable energy use (REU) and second GHG emissions 
with IPCC 2007 GWP 100a method (Hischier et al. 2010). ReCiPe impact 
assessment methodology was also applied to assess other environmental impacts. 
ReCiPe is the most recent life cycle impact assessment methodology which 
combines both midpoint and endpoint impact assessment methods consistently. 
For detailed information please refer to Goedkoop et al. (2008). Due to lack of 
information about fate and dose-response relationships of NP, no ecotoxicity and 
human toxicity impacts including occupational health were considered in this 
study. 

5.3.2 Assumptions 
1. In line with IPCC guidelines biogenic CO2 emissions are not accounted for 

in the analysis15. 
2. Natural gas based boilers provide additional steam needed to cover the 

remaining gap between demand by the integrated pulp and paper mill and supply 
from combustion of black liquor and biomass. 

                                                           
15 Contrary to some other studies (compare Pawelzik et al. 2013) the bio-based carbon 
stored in materials is not deducted from the direct GHG emissions. 

80gsm

Unbleached Kraft pulp or/and recovered fiber or bleached CTMP pulp and fillers

Conventional paper New paper configuration

Bleached Kraft pulp and fillers

GCC and nano or micro TiO2 coating
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3. In the paper machine of integrated pulp and paper mill, the electricity and 
steam requirement is assumed to be identical for all paper configurations and for 
conventional paper.  

4. Additional, if any, waste water effluent from new processes is neglected16. 
5. Efficiency of biomass (saved wood) to electricity conversion is assumed to 

be 34% (Laurijssen et al. 2010) in the system expansion calculations. 
6. By application of the cut-off approach, we assume that the energy use 

and the GHG emissions of recovered fiber’s first life cycle is zero. But collection 
and repulping impacts of recovered/recycled fiber are taken into account.  

7. All weights are expressed in metric tonnes (t) and energy is expressed in 
higher heating value (HHV). 

5.4 Process description and life cycle inventory 

5.4.1 System description 
Conventional printing and writing paper is made from bleached kraft pulp, 

fillers and other additives such as optical brighteners (OBs), pigments, binders and 
so on. A detailed process description of pulp and paper making is shown in figure 
5.2. The whole process can be broadly divided into three parts: Pulp mill, paper 
mill and energy and utilities. Pulp mill consists of processes from wood handling 
until the stage of bleached pulp production including bleach chemical production, 
bark boiler and recovery circuit. The paper mill consists of processes from forming 
to final paper production. After the bleaching process the pulp goes to the paper 
mill where it is first mixed with additives and fillers (stock preparation) and then 
formed as a sheet. By passing through series of presses, drying and calendaring, 
paper is produced. Most of these stages need electricity and steam for the 
process. 

CTMP pulp is produced by softening of wood chips through chemical 
impregnation followed by mechanical grinding in the refiners to produce high 
yield pulp. The whole process has very low lignin and fiber loss compared to kraft 
pulp (see below section 5.5.1 for difference in yields). The high lignin content of 
CTMP pulp renders low resistance to ageing which is addressed by the use of 
micro TiO2 and GCC coating. A detailed description of CTMP pulping can be found 
in literature (EC 2001). 

                                                           
16 Underestimation of water treatment of new system. In essence, the new system might 
need more water treatment to avoid contamination of waters from NP and GCC mixture. 
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Figure 5.2: A detailed process description of conventional pulp and paper making at producer’s 
plant (the dashed line represents both company and foreground data boundary) 
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5.4.2 Technology description 

5.4.2.1 Bleaching process of kraft pulp and inventory 

Elemental Chlorine Free (ECF) bleaching uses ClO2 instead of elemental 
chlorine which is still being used by some plants in the world. To some extent, this 
avoids pollution caused by chlorine. As shown in figure 5.2, the sequence of 
bleaching steps employed in this study is Z-EO-D-PO; ozone bleaching (Z), alkali 
treatment reinforced with oxygen (EO), chlorine dioxide bleaching (D) and 
peroxide bleaching with oxygen (PO). These bleaching steps need chemicals such 
as O3, O2, H2SO4, NaOH, MgSO4, ClO2, H2O2 (total bleaching chemicals amounting 
to 80 kg/adt ), process steam (890 MJ/adt), electricity (140 kWh/adt) and water 
(12 m3/adt). Bleaching process also leads to fiber loss of around 5%. The waste 
effluent generated from bleaching needs further treatment due to high COD, BOD 
and nutrients content of effluent. In the present study O3, O2 and ClO2 are 
produced on-site by the integrated pulp and paper mill. A detailed description of 
these bleaching steps can be found in literature (EC 2001). 

5.4.2.2 NP synthesis, inventory and new product life cycle 

In this study we consider two process routes to manufacture nano TiO2 
particles (NP). The precipitation method which is currently under development at 
lab scale by university of Hull (Cheng and Kelly 2010) and spray hydrolysis, as a 
proxy to commercially available NP which are currently used by the paper 
producer in their pilot plant. The precipitation method, shown in figure S 5.1 in 
appendix, uses the precursor TiOSO4, starch and water as solvent and produces 
NP by precipitation; spray hydrolysis, on the other hand, uses ilmenite ore, 
hydrochloric acid with a series of processing steps, shown in figure S 5.2 in 
appendix, to obtain the NP. By means of the precipitation method a colloidal 
aqueous solution can be produced which can be directly applied to the paper; the 
alternative is to produce a powder. In case of the precipitation method 
centrifugation is used to produce NP powder, for easy transport, from colloid 
solution. Spray hydrolysis also produces a solid nano-powder. A detailed 
description of spray hydrolysis can be found in Grubb and Bakshi (2011a and 
2011b). The material and energy requirements of both methods are shown in 
Table 5.1. Figure 5.3 shows the prospective life cycle of the innovative office 
paper containing NP. The unbleached pulp is sent to the paper machine where 
preformed NP can be applied to the paper surface in the size press along with 
surface starch (see also figure 5.2).  
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For making innovative paper we considered also possible alternative material 
to NP, namely conventional micro TiO2 or bulk TiO2. Micro TiO2 is produced by the 
sulphate process and the chloride process. In this study we have used process 
inventory of the sulfate process due to its widespread use in Europe. 

 
Table 5.1: Process data for the synthesis of nano TiO2 particles in powder form 

Precipitation (lab scale)+ Spray hydrolysis# (pilot scale) 

Materials and energy 
Per kg nano 

TiO2 powder 
Materials 

Per kg nano TiO2 

powder 

TiOSO4 (15% by wt in 

dilute sulphuric acid), kg 
13 Ilmenite, kg 2.165 

Water, kg 817 
Iron powder, 

kg 
0.103 

Starch, kg 4 HCl, kg 0.065 

  Methane, MJ 45 

Heat*, MJ 235 Steam, MJ 38 

Electricity*, MJ 8.8 Electricity, MJ 5.4  

*For heating, from natural gas, the solution and electricity for stirring. 
# Grubb and Bakshi (2011a) 
+Cheng and Kelly (2010) 
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Figure 5.3: NP (or micro TiO2) paper life cycle (I: system boundary of attributional LCA and I+II: 
system boundary of consequential LCA presented in this paper) 

5.4.3 Sourcing of some important raw materials 

5.4.3.1 Sourcing of wood by producer 

The studied integrated kraft pulp and paper mill (hitherto referred to as 
producer), which is situated in Slovakia, uses primarily around 80% domestic 
hardwood for the production of pulp. The rest of the wood is sourced from 
Ukraine, Czech Republic and Poland. The most widely used species is Beech, next 
to a small share of Oak and a few others. Around 20% of domestic wood is 
transported by trains and the rest by trucks. The average distance of supply is 150 
km in Slovakia. Wood from foreign countries is transported by trains over an 
average distance of 500 km. The wood is directly transported from forests or 
central storage facilities without any intermediate preparations such as drying. 
The average moisture content of wood is 40% with an average density, of all the 
species used for making pulp, is 563 kg/m3 and higher calorific value of 17.6 MJ/kg 
(oven dry). The domestic wood supplied from Slovakia is either FSC (10%) or 
PEFC17 (35%) certified or FSC controlled forests (55%). 

For this study, CTMP pulp from a Canadian producer is used. It is made from 
residual wood chips, mostly Aspen, a by-product from sawmill. The pulp mill uses 
grid based electricity which is predominantly hydro power. The pulp is 

                                                           
17 PEFC certification is accredited by PEFC, an umbrella organization. It works by endorsing 
national forest certification systems developed through multi-stakeholder processes and 
tailored to local priorities and conditions. http://www.pefc.org/index.php/news-a-
media/general-sfm-news/news-detail/item/136-slovakian-technical-revisions-2009 
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transported over 6000 km by oceanic freight and 800 km by train to reach 
producer’s non-integrated paper mill located in Austria. The average density of 
wood is 450 kg/m3 and its higher calorific value is 8.6 GJ/m3 (air dry). 

5.4.3.2 GCC and PCC production 

Ground Calcium Carbonate (GCC) and Precipitated Calcium Carbonate (PCC) 
are used as a filler and/or surface coat in paper industry. Calcium carbonate is 
produced from limestone. Producer procures GCC from an external supplier 
located in Slovakia.  

Producer procures Precipitated Calcium Carbonate (PCC) from an external 
manufacturer which is situated next to producer’s plant. This external 
manufacturer procures CaO, a raw material for PCC production, from another 
supplier and produces PCC by carbonation. In the carbonation process the 
required CO2 is supplied from the lime kiln of the producer, instead of emitting it 
at recovery line. This closes the loop and hence the environmental impact is 
reduced. 

5.4.4 Data collection 
Data sources are explained in this section. Site specific data was collected 

from integrated pulp and paper mill, CTMP pulp production, CTMP paper 
production in non-integrated mill and so on. Table S 5.2, in appendix, explains the 
source of data for different processes of conventional and innovative paper 
configurations. The process data related to raw materials, process energy, 
emissions and solid waste were prepared based on corporate environmental and 
energy reports of the producer in Slovakia. Technical experts of the producer have 
reviewed the data and helped with plausibility check of assumptions and 
calculations made. Data about materials, chemicals, fuels and electricity which are 
bought from external producers were taken from the publicly available database 
Ecoinvent (SimaPro, 2007). We used average European data for the materials and 
chemicals used because these are sourced from companies located in EU. The 
ecoinvent database was prepared and is regularly updated by experts from 
different universities and research institutes in Switzerland, in close collaboration 
with industry associations and individual companies. An international editorial 
board with subject matter experts in several fields review, validate and edit all 
datasets to ensure quality. An international advisory council also help with further 
developments and improvements of the database. Every data set is accompanied 
by detailed documentation providing the data source and explaining the choices 
and assumptions made. In addition, information such as sample size and 
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temporal, technological and geographical scope are provided to assess data 
quality and uncertainty. For the innovative product, some process data has been 
calculated and estimated with the help of experts at the mill. For a material, 
TiOSO4, which is not available in Ecoinvent, we have used process information 
from chemical encyclopedia (Ullmann’s 2007) and estimated the inventory. 

5.5 Results and Analysis 

5.5.1 Savings of wood by new product systems 
The new product configurations reduce the consumption of wood for making 

paper of identical grammage and ISO brightness. This is mainly done by 3 
measures. First, a fraction of pulp is replaced by another less energy intensive 
materials such as ground calcium carbonate. Second, the yield of the pulping 
process is increased by avoidance of bleaching of kraft pulp or by employing 
CTMP pulping. Third, only related to recovered fiber paper, 50% of virgin fiber is 
replaced by recovered fiber. Table 5.2 provides an estimation of wood saved by 
all the four paper configurations. 

 
Table 5.2: Wood savings of different paper types 

 

Conventional 

paper  

NP virgin 

paper 

NP 50% 

recovered 

fiber paper 

CTMP 

paper 

Wood needed in m3 per 

tonne paper  
2.94 2.1 1.05 1.84 

Wood  saved in % 0% 28.5% 64% 37% 

Yield of pulping process#, 

% 
48% 51% 51%# 91% 

# Yield of virgin pulp only; without recovered pulp 
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5.5.2 Energy analysis (associated savings) of bleaching sequence of 
kraft pulp 

As discussed in section 5.4.2 bleaching is an energy intensive and polluting 
process. Figure 5.4 shows the process energy use (in primary energy terms) for 
each step including the energy required for producing the chemicals needed for 
the corresponding steps. The NREU of the bleaching steps is dominated by the 
NREU of chemicals used in each individual bleaching step such as NaOCl which is 
used to produce ClO2 onsite etc. REU represents process steam and electricity, 
from biomass waste and black liquor, of each process step and as well the bio-
energy used to produce bleaching chemicals which are produced on site. Though 
bleaching contributes to water emissions we could not show its impacts here due 
to lack of data per bleaching step and also for bleaching as a whole (however, 
water emissions are taken into account for the pulping process as a whole in the 
subsequent analysis). Despite of ozone being a very energy intensive chemical to 
produce, the overall energy use of ozone bleaching (Z) is the lowest of all 
bleaching steps due to lower electricity use during this bleaching step and no 
input of process steam. The other stages require more electricity due to pumping 
through various filters for washing of pulp and less consistency, i.e. less dry solid 
content, of pulp mixture. Chlorine dioxide bleaching has high energy use 
compared to other steps due to high process electricity and steam use and as well 
the NREU associated with the chemicals, such as NaOCl, needed for this step. By 
avoiding the whole bleaching sequence, approximately 3 GJ bio-energy (REU) and 
2.3 GJ NREU per tonne of pulp, as shown in figure 5.4, could be saved. This figure 
also shows O2 delignification which is a pre-bleaching step and which is the 
second largest energy user after chlorine dioxide bleaching. 
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Figure 5.4: REU and NREU of bleaching process steps and O2 delignification 

5.5.3 Energy use in important process steps 

5.5.3.1 Energy use in the integrated pulp and paper mill 

The energy sources used in the integrated pulp and paper mill are waste 
biomass (solid), black liquor, natural gas and power from the Slovakian grid. We 
have modeled the share of energy sources for the new paper configurations after 
process modification. For the pulping mill, bio-energy, i.e. black liquor (71%) and 
solid biomass (29%), fully covers all electricity and steam required for all paper 
configurations, except CTMP pulping, before and after process modifications.  

Figure S 5.3, in appendix, shows the electricity mix of the integrated paper 
mill for the current and the new paper configurations. After supplying the pulping 
process with electricity from black liquor and biomass, the remaining electricity is 
available for paper mill to consume. With the avoidance of bleaching, as 
explained in section 5.5.2, this availability further increases. In the case of NP 
paper with recovered fiber, less renewable energy is available for the paper mill 
compared to NP paper with virgin fiber because the recovered fiber paper system 
consumes less wood and hence the total availability of bio-energy also decreases 
in the integrated pulp and paper mill (but process energy for recycled fiber 
pulping is considered separately). Overall, this results in the reduction of the 
share of grid based electricity from 52% for conventional paper to 27% for virgin 
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NP paper and 40% for recovered fiber NP paper. Steam supply mix of integrated 
paper mill is shown in figure S 5.4, appendix. The share of natural gas is more 
pronounced in recovered fiber based paper system which uses less wood than the 
other systems studied. 

5.5.3.2 Energy use in CTMP pulp and paper production 

For CTMP pulping, electricity is supplied from grid which is predominantly 
hydropower and heat from black liquor boiler and light fuel oil (10%).  

For paper from CTMP pulp, we assume a non-integrated paper mill which 
sources all its electricity from Austrian grid mix and steam from natural gas. 

5.5.4 Energy and GHG emissions analysis of the proposed paper 
configuration 

5.5.4.1 Cradle to factory gate comparison of conventional and NP virgin 
paper 

In this section, the environmental indicators Non-Renewable Energy Use 
(NREU) and climate change by Greenhouse Gas (GHG) emissions are discussed 
along with Renewable Energy Use (REU) for the NP coated virgin unbleached kraft 
paper NP:GCC (30:70), initially proposed by the producer, and for conventional 
kraft paper. Figure 5.5 shows that the total energy use of NP virgin paper from 
cradle to factory gate is somewhat less than for conventional paper. But the NREU 
of NP virgin paper is larger than for conventional paper which also corresponds to 
more GHG emissions for NP virgin paper. The REU of NP virgin paper is lower due 
to the lower amount of fiber needed for the new product. For comparison, the 
total energy use by the conventional paper of the producer is by approximately 
20% lower than average European paper of the same category according to the 
Ecoinvent database.  

In the next section, contribution analysis of both paper systems will provide a 
better understanding of the environmental hotspots. 
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Figure 5.5: Cradle-to-gate energy and GHG emissions of conventional and innovative NP virgin 
paper 

5.5.4.2 Contribution analysis of conventional and NP virgin paper 

Figure 5.6 shows that the REU of NP virgin paper (bar 2) is considerably 
smaller than for conventional paper (bar 4) due to the use of unbleached kraft 
pulp and a smaller amount of pulp used in the NP virgin paper. The new product 
contains more GCC than the conventional product and it also requires nano TiO2 
particles. The NREU part of NP virgin paper has increased substantially due to the 
energy intensive synthesis of nano TiO2 by pilot scale spray hydrolysis. To a lesser 
extent, it is also due to a higher demand for steam made by co-generation in the 
integrated paper mill, which is a consequence of the changed energy mix for 
steam generation as described in section 5.5.3. The NREU contribution of O2 
delignified unbleached kraft pulp is around one third of the NREU contribution of 
bleached pulp. This is mainly caused by less chemical use due to avoidance of the 
bleaching sequence. No optical brighteners (OB) are needed for NP virgin paper 
and hence there is no NREU contribution from OB as opposed to conventional 
paper. The process of nano TiO2 synthesis is significantly contributing to NREU of 
NP paper. We will now take a more detailed look at this process. 
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Figure 5.6: Cradle-to-gate contribution analysis of conventional and NP virgin paper (a few 
processes which have minor contribution to the results were omitted from the figure for clarity) 

5.5.4.3 Contribution analysis of NP synthesis by Altair hydrochloride 
process and precipitation method 

We have chosen the Altair hydrochloride process as a reference technology 
for the NP virgin paper production shown in figure 5.6 above. In this section we 
show, in figure 5.7, the contribution analysis, from cradle to factory gate, for the 
Altair hydrochloride (pilot scale; Grubb and Bakshi, 2011a) nanoparticle synthesis 
and the alternative chemical precipitation process (lab scale). In the chemical 
precipitation method, the largest contributors to NREU are natural gas used for 
process heating, electricity used for stirring and precursor titanium oxysulfate 
(TiOSO4) preparation. The estimates are based on data from the lab scale, 
potentially resulting in overestimation; but also for an industrial scale process 
high levels of dilution of reactants with water would be required, resulting in a 
large value of NREU for heating. In this process, TiOSO4 is used as raw material. 
TiOSO4 is made from commercially available TiO2 which, in turn, is produced by an 
energy intensive multi-step process. Hence the contribution of precusor, which is 
of high purity and quality, to NREU is very significant.  
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Unlike the precipitation method, the Altair hydrochloride process uses 
ilmenite ore whose contribution to NREU is very small while the steam and 
natural gas contribution is relatively high due to the processing steps such as 
distillation of raw ore and spray and pyro hydrolysis. Overall, the NREU and GHG 
emissions of the Altair hydrochloride process are nevertheless very small 
compared to the chemical precipitation method. Partly for this reason and 
moreover due to the scalability of the Altair hydrochloride process, the chemical 
precipitation method was not further considered by the producer and we have 
therefore not included it in the further course of this paper. 

5.5.5 Analysis of alternative product configurations and system 
expansion 

The proposed NP coated virgin paper NP:GCC (30:70) has very high NREU and 
GHG emissions compared to conventional paper. In order to assist the producer 
to develop an environmentally friendly product we have compared a few 
additional paper configurations. This sub section shows NREU and GHG emissions 
of various configurations which differ with respect to pulp type, use of micro or 
nano TiO2, and the composition and quantity of the coating mixture. We have also 
extended the system boundary of analysis, using a consequential approach, 
thereby considering the saved wood use for alternative purposes. Finally, we 
analyse the various configurations considering all environmental impact 
categories according to the ReCiPe method. 
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Figure 5.7: Cradle-to-gate contribution analysis of nanoparticle production by means of Altair pilot 
scale plant and by chemical precipitation at lab scale 

5.5.5.1 Comparison of different configurations of paper with 
conventional paper 

In figure 5.8 it is shown that by reducing the share of nano and/or micro TiO2 
as opposed to GCC in the coating mixture, the NREU can be reduced substantially. 
The reason is that the production of GCC is by far less energy intensive to produce 
compared to micro TiO2 (0.5 MJ/kg vs 80 MJ/kg), which, in turn, requires  40% less 
non-renewable energy than nano TiO2 (140 MJ/kg). If the share of nano TiO2 in 
the final surface coating can be reduced from 30% (bar B, reference mixture 
NP:GCC as 30:70) to 10% (bar D), the NREU and GHG emissions come close to 
conventional paper (bar A). But for all configurations of nano or micro TiO2 paper 
the REU is lower than for conventional paper. If recovered pulp can be used to 
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0

5

10

15

20

25

30

35

40

45

50

0

100

200

300

400

500

600

G
H

G
 e

m
is

si
on

s 
kg

 e
q.

/k
g 

N
P

N
R

EU
 M

J/
kg

 N
P

1. Ilmenite 2. Iron powder 3. Hydrochloric acid

4. Natural gas 5. Steam 6. Electricity

7. TiOSO4 8. Deionised water 9. Potato starch

GHG emissions

Chemical precipitation lab scaleAltair Hydrochloride pilot scale

6

5

4

2
1

9

8

7

6

4



Ch
ap

te
r 5

 

 
195 

the NREU and GHG emissions (bar E) are clearly larger than for conventional 
paper due to the change in energy mix (compare figure 5 S4), implying less usage 
of wood and hence less availability of bio-energy next to the use of more fossil 
energy used for processing of recovered pulp and NP synthesis. If the NP is 
further reduced to 10% of coating mixture and combined with 50% recovered 
fiber use, then we see a substantial improvement of NREU and GHG emissions 
(bar F), even though the impacts remain larger than for conventional paper. But in 
both cases of recovered pulp use, the overall REU is much less than for 
conventional paper and all other configurations. CTMP pulp with a mixture of 
micro TiO2 and GCC (bar G), with a lower coating weight than all other 
configurations, is comparable to recovered pulp paper (bar F) for NREU and quite 
similar also for GHG emissions but not for REU. The analysis in this section is in 
line with the attributional modelling, while we will analyze the implications of 
consequential modelling in the next section (5.5.5.2). 

 

 
Figure 5.8: Cradle-to-gate CED of different configurations of paper compared with conventional 
paper – Attributional modelling 
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5.5.5.2 System expansion based on consequential modelling 

The assessment of changes that are caused by the new product in the pulp 
and paper production system and the analysis of the influence on other systems is 
referred to as consequential modelling (ILCD 2010)18. In addition, for a good 
description on attributional and consequential modeling please refer to 
Finnveden et al. (2009). If applied to our case, it needs to be considered that the 
saved wood (savings compared to the conventional case) can be used for various 
purposes such as for materials like sawn timber for structural and home 
applications 19 , or for wood chips for the purpose of energy production 
(EUBIONET3 2011). Hence the wood input is kept same for all paper systems 
analyzed with the consequential approach, however with the inclusion of 
alternative use of saved wood. Upton et al. (2008) have found that wood as 
residential construction material, with cradle to grave system boundary, can offer 
benefits of 15% less total energy and 20-50% less greenhouse gas emissions when 
compared to thermally comparable houses made of concrete or steel based 
building systems.  

In line with Laurijssen et al. (2010) we have assumed in this study that the 
wood saved by new product systems is used to produce electricity which can 
replace fossil energy use such as natural gas in the producer’s plant or it can 
replace electricity from European grid mix. The results of this analysis significantly 
depend on the assumption about the type of electricity to be replaced and the 
efficiency of biomass conversion to electricity production. Figure 5.9 shows net 
NREU and GHG emissions of different configurations with system expansion. 

The resulting net NREU - i.e. the cradle-to-gate NREU, diminished by the 
avoided NREU - of NP virgin paper with mixture of NP:GCC 10:90 (bar D1) is 50% 
lower than the conventional paper (bar A) if we assume that the electricity is 
generated from saved wood to replace European grid mix. The GHG emissions are 
40% lower compared to conventional paper. This analysis further shows that if 
50% of fiber is recovered fiber along with NP:GCC as 10:90, then net NREU is zero 
and GHG emissions are 0.2 tonne (bar F1). CTMP pulp paper with micro TiO2:GCC 
30:70, with much lower coating weight than all others, shows considerably lower 

                                                           
18  According to ILCD (2010) “consequential LCI modelling framework identifies the 
consequences of a decision in the foreground  system on other processes and systems of 
the economy and builds the to be analysed system around these consequences” 
19 Home applications include claddings, furniture, linings, mouldings. Structural 
applications include wall frames, roof framing (including trusses), floor joists and bearers, 
lintels & beams, foundation piles 
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values for NREU and GHG emissions (bar G1) than conventional paper (bar A). It 
should be noted that the NP paper configurations with recovered fiber (E1 and 
F1) use nano TiO2, which is very expensive and whose health effects should be 
duly considered next to economic aspects when making a selection among the 
paper configurations. The market price of micro (also called bulk) TiO2 is 2200 US 
$/tonne, whereas for nano-TiO2 180,000 US $/tonne (Robichaud et al. 2009). 

 

 
Figure 5.9: System expansion and comparison of different paper configurations – Consequential 
modelling 

5.5.6 Environmental impacts of different configurations of paper 
Villanueva and Wenzel (2007) found that outcome of individual LCA studies of 

paper systems are significantly influenced by the assumptions made in forestry 
and energy use and generation. In this section we have considered alternative use 
of land by the inclusion of that impact category, as well all other impact 
categories, in the analysis with ReCiPe single score. Energy related assumptions 
such as electricity and steam used for making virgin kraft pulp and paper, 
recovered fiber, handling of rejects and deinking waste in recovered fiber system, 
CTMP paper energy sources etc are explained in the discussion section. 
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5.5.6.1 System boundary issues in raw material or forestry stage: 
Alternative uses of land 

We can show the effect of land use by including land use as impact category 
(Villanueva and Wenzel, 2007) in the attributional analysis instead of alternative 
use of saved wood for energy production as in section 5.5.5.2. 

Figure 5.10 shows that agricultural land use plays a very important role 
according to the ReCiPe single score method (Europe, H/A), which is the main 
reason why NP paper with 10% NP and 50% recovered fiber (bar F), as fiber 
furnish, causes the lowest overall environmental impact. This finding also agrees 
with results according to the consequential approach in both figure 5.9 and the 
ReCiPe single score assessment shown in the appendix (figure S 5. 5). 

 

 
Figure 5.10: Environmental impacts of different configurations of paper with ReCiPe single score, 
Europe (H/A) method (some environmental impacts of negligible contribution are not displayed) 
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CTMP pulp made from residual wood is much lower than CTMP pulp from 
industrial wood and as well as all other configurations in figure 5.10. This is due to 
the fact that residual chips are a byproduct and hence cause less land use impacts 
through allocation. 

 

 
Figure 5.11: Environmental impacts of CTMP pulp with industrial wood and residual wood chips, 
ReCiPe end point, Europe (H/A)  method (some environmental impacts of negligible contribution 
are not displayed) 
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made from residual wood, if available. Health impacts of nano TiO2 are discussed 
in the next section. 

Both the attributional and the consequential analysis underscore the 
importance of how the savings can be viewed as well their influence on product 
life cycles. The results should be interpreted from the practical point of view 
based on how the saved wood or land is used in the geography of interest which 
is influenced by public policies and resource availability.    

5.6 Discussion 
In this section we explain the important methodological and data choices 

employed in the study and their influence on the results presented. We also 
discuss important considerations, omissions, and technical aspects that can affect 
the results. We indicate further research in some important areas to improve the 
resource efficiency of printing and writing paper industry. 

5.6.1 System boundary and data selection issues in the production 
stage 

The sources of electricity and steam differ for the various systems applied to 
produce virgin pulp, paper and recovered fiber. In this study, kraft pulp mill uses 
energy generated from black liquor and biomass and the remainder is used to 
cover part of the energy needed to support integrated paper mill. We have 
modeled these changes in electricity and steam supply mix, shown in figure S 5.3 
and S 5.4 in appendix, for NP virgin paper and NP with 50% recovered fiber based 
on the availability of biomass and black liquor energy in the new product systems. 
These results might change if we assume that the excess bio-energy will be used 
to generate power for the grid and hence the integrated  paper mill uses 
electricity from grid. But we have not taken this into account due to the policy of 
the company of interest which wants to use excess bio-energy for its own paper 
mill.  

In the recovered fiber production system, we have assumed that the 
recovered fiber is produced elsewhere in Europe and bought by the company and 
we have assumed electricity from UCTE  (European grid mix) and steam from 
natural gas as Ecoinvent database. This assumption is supported by the fact that 
large amounts of paper are collected and recycled in Germany, France, Spain, Italy 
and Austria which are also part of UCTE (CEPI 2010). We conducted a sensitivity 
analyses by assuming that the recovered fiber system uses electricity from 
average UCTE coal power plants instead of UCTE grid mix but this did not have 
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significant influence on the results and it has no consequences for the conclusions 
presented in the paper.  

 
During recovered fiber production, we have also considered the incineration 

of rejects and de-inking waste to produce electricity and the use of filler sludge 
for secondary uses such as cement making to replace clinker. If these secondary 
services are not considered in recovered fiber system, then the net NREU of NP 
paper with recovered fiber configurations will increase by a maximum of 3% in 
figure 5.9 (bar E1 and F1) and GHG emissions will increase by 4% to 8% in bar E1 
and F1 configurations respectively. These small increases are due to minor 
contribution of recovered fiber in the overall results. Other environmental 
impacts that arise from not using rejects and filler sludge are urban land 
occupation due to land filling and its associated impacts (possibly methane 
emissions if no landfill gas recovery is in place). 

It was found that the efficiency of the natural gas co-generation plant, in the 
integrated kraft pulp and paper mill, of the producer can be slightly improved. 
Presently the efficiency of the producer’s co-generation plant is 65% in terms of 
the higher heating value, state of the art combined cycle co-generation plant 
efficiency is 74% according to Blok (2007). With the consultation of producer, we 
found that there is a potential to improve the efficiency by around 5% considering 
the age of the plant. We have modeled change in results with this improvement 
for conventional, NP virgin paper, NP paper with 50% recovered fiber and found 
that both NREU and GHG emissions will reduce by 1-3% respectively depending 
on the share of electricity and steam consumption from co-generation (as shown 
in figure S 5.3 and S 5.4, appendix). For CTMP paper, we have modeled the 
difference in results if the non-integrated mill uses co-generation instead of grid 
based electricity and steam from natural gas. This has little influence on the 
results since the renewable share of Austrian grid electricity, for non-integrated 
paper mill, balances the advantages of co-generation plant. Overall, improving co-
generation efficiency of all paper configurations, except CTMP paper, improves 
the results by 1-3%.  

So far, we have considered CTMP pulp supplied by Canadian company due to 
producer’s sourcing strategy. Paper from CTMP pulp remains an attractive option 
even if we use CTMP pulp sourced from Scandinavian mills which also sources 
predominantly renewable energy based electricity. 
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5.6.2 Further important issues of concern for the results 

5.6.2.1 Technical feasibility of different types of pulp 

The high yield pulp contains lignocellulosic materials such as lignin, 
hemicellulose and cellulose which improves the strength of the fiber (Biermann 
1993) and hence might allow to reduce the pulp fraction required for meeting the 
mechanical properties of the paper for the same grade. While we so far did not 
assume any pulp savings from this aspect, further research should be conducted 
to find out whether this is an opportunity; if so, it would further reduce the 
environmental impacts of CTMP paper compared to all other configurations. 

5.6.2.2 In-situ formation of NP while paper making 

Forming NP during the paper making process was seen as an alternative 
development of the NP paper by our research partners. This process, i.e., the in-
situ formation, offers in principle the possibility to integrate the heat (even low 
temperature heat) from integrated pulp and paper mill with NP synthesis and 
hence to reduce NREU of the new paper configuration. Still two issues need to be 
addressed by R&D in order to gain an understanding of the attractiveness of this 
approach: These are the level of  dilution of reactants with water required to 
carry the synthesis reaction and the type of precursor needed for the reaction. 
The level of dilution affects the amount of water used for in-situ reaction and 
subsequent water heating requirement of the process. Energy intensity for the 
production of the precusors also plays a significant role for the attractiveness of 
this option. 

5.6.2.3 Accounting for health and environmental impacts caused by 
nano TiO2 particles 

We acknowledge that there is a possibility of exposure to nano TiO2 particles 
during the synthesis, packaging, application on the paper machine and even 
during the use and disposal phase. In the absence of specific information on 
nanoparticles we discuss here the effects of fine particles. Particles with a 
diameter below 2.5µm are defined  as fine particles, inhalable fine TiO2 dust, 
which are categorized as possibly carcinogenic to humans and proven to be 
carcinogenic to animals according to IARC (2010). But presently the science is not 
able to provide quantitative information to include nano specific dose-response 
relationships for human health. On the other hand, inventory of nanoparticle 
emissions throughout life cycle stages were also not available. Hence this study 
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was not able to include toxic effects of nano TiO2. In view of the attractive 
potential for saving wood, NREU and GHG emissions by application of NP, we 
recommend further research on the toxicity effects of nano TiO2 particles with 
characteristics (shape, size, amount, functionalization) suitable for pulp and paper 
applications. 

5.6.2.4 Extension of system boundary to grave 

It would be very important to understand the environmental impacts with 
inclusion of disposal phase. There are several options to deal with used paper at 
its end of life. Inclusion of these different scenarios in the study would help us to 
better design the whole paper system. We calculated the environmental impacts 
of the inclusion of one disposal option, i.e. municipal solid waste incineration with 
energy recovery, using efficiencies provided by Reimann (2006). We found that 
the outcome of the cradle to grave analysis agrees with figure 5.9 and 5.10 and 
shows identical pattern and hence corroborates our conclusion (see appendix, 
figure S 5.8 and S 5.9). In this analysis we could not consider the fate and effects 
of nano TiO2 for the same reasons explained above. In a preliminary risk 
assessment of incineration of products with nano TiO2, Roes et al. (2012) 
contends that after incineration nano TiO2 likely to be in the nano form and their 
complete removal from the off gas treatment is not guaranteed. With full scale 
waste incineration tests containing disposal of NP, Walser et al. (2012) found that 
indeed inert and stable NP cannot be destroyed by incineration process but their 
emissions to air can be avoided by state of the art and highly efficient 
electrostatic precipitators and wet scrubbers. Contrarily, NP are loosely bound to 
the slag generated from incineration process and lead to NP emissions at further 
stages of slag and fly ash disposal in landfills and metal recovery operations from 
slag. This raises the need for further research of fate and effects of nano TiO2 at 
these final disposal options.  

Two important questions are connected to recycling of new paper 
configurations. These are i) the market supply of TiO2 and the possibility of 
reusing it after the first life cycle of paper and ii) the strength of recovered fiber, 
from high yield pulp or unbleached kraft pulp, due to high lignocellulosic fraction 
that might allow for recycling back to office paper rather to lower grades.  

The value addition of using TiO2 coating should be put into perspective by 
answering the former because resource depletion is one of the critical issues of 
the present and the future with a global population of 9 billion people. The 
ReCiPe LCA single score methodology did not show metal depletion, in figure 
5.10, as significant impact category at the product system level because TiO2 
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metal depletion is not accounted for in that methodology. In order to gain better 
insight, we estimated the amount of TiO2 required under the assumption that for 
the total annual production of graphic paper, woodfree categories, in CEPI 
countries 30% TiO2 would be used in the coating mixture, i.e. the same coating 
weight as for CTMP paper. We found that this would then account for 6% of the 
world’s annual TiO2 production, which is equivalent to 0.05% of total titanium 
reserves available in the world according to US Geological survey (2011). On the 
other hand, if the NP virgin paper or 50% recovered fiber paper or Micro TiO2 
virgin paper configuration coating weight is adopted for all woodfree categories 
of graphic paper in CEPI, this TiO2 consumption would account for 25% of the 
world’s current annual TiO2 production. We think this extra demand, from either 
paper configurations, might create TiO2 supply security problems in the future. 
Coming to recovery of TiO2, we did not find in the literature information about 
technologies for recovery and reuse of TiO2 after first life cycle. Though this 
analysis suggests that, despite of no TiO2 recovery and reuse, the CTMP paper 
configuration might not contribute to resource depletion problems of the world in 
the immediate term. However, it would be very important to limit the use of TiO2 
in paper application. Hence the reuse of TiO2 besides the above mentioned 
second question on strength of recovered fiber, from high yield pulp, needs to be 
addressed with further research. 

For landfilling, there is a need for detailed modelling to account for leaching 
and landfill gas emissions and other impacts caused by the various paper 
configurations. Due to lack of data and models describing the behaviour of critical 
ingredients of new product configurations, this waste management option was 
not addressed in our study. Hence further research needs to be conducted for 
including land filling of different paper configurations. 

5.7 Conclusions 
This study provides new insights in understanding the environmental impacts 

of the production of printing and writing paper made from various types of pulp 
and coatings. Nanoparticle production contributes significantly to all the 
nanoparticle coated papers energy use and GHG emissions. By application of 
different modelling approaches this analysis demonstrates that there is a trade-
off between wood use on the one hand and NREU and GHG emissions on the 
other. Applying attributional modelling, wood savings are 60% for nanoparticle 
coated recovered fiber paper and 35% for micro TiO2 coated CTMP paper. 
Applying consequential modelling, nanoparticle coated recovered fiber paper 
offers largest NREU and GHG emission savings, amounting to 100% (13 GJ/tonne 
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paper) and 75% (0.6 tonne CO2 eq./tonne paper) respectively compared to 
conventional paper. But human toxicity and ecotoxicity impacts of nanoparticles 
are not included in this analysis. If these nanoparticle specific impacts are serious 
then CTMP paper with micro TiO2 is the preferred option which offers NREU 
savings of 25% (3 GJ/tonne paper) and GHG emissions reduction of 10% (0.1 
tonne CO2 eq./tonne paper) compared to conventional kraft paper. Considering 
all impact categories using the ReCiPe single score method, irrespective of the 
modelling approach taken, the above ranking of product configurations remains 
unchanged. 

The results of this study are useful for the decision making of R&D and 
strategy departments of pulp and paper mills while making early decisions due to 
understanding of the impacts of different new product configurations shown. 
Combining environmental impacts of product configurations with cost data of 
different ingredients of various paper configurations can provide key insights to 
business strategy such as product portfolio and sourcing decisions. 

Issues that need further research are i) human and environmental impacts of 
different TiO2 nanoparticles, in terms of size, shape and functionalization and 
their recovery for reuse at the end of life ii) opportunities for reducing pulp input, 
making use of the high strength offered by lignocellulose fraction present in high 
yield pulp, and therefore reducing the paper weight. 
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5.9 Appendix 
 
Table S 5.1: Imports and exports of pulp and paper industry in CEPI countries (CEPI 2010) 

Average values of 2007, 2008 and 2009 

 
Consumption Imports Exports 

Net 

imports 

Net imports in 

pulp 

equivalents@ 

Pulp wood, 

in 1000 m3 
150,298 29,575 - 29,575 9,270* 

Pulp,  

in 1000 tonnes 
47,214 7,778 2,199 5,580 5,580 

Paper,  

in 1000 tonnes 
88,056 5,091 16,485 -11,394 -4,550# 

Total imports of Pulp to CEPI countries, tonnes 10,300 

Percentage of imports in total pulp consumption, % ~20 

@ These values are based on the assumptions listed below the table. But they can vary 
based on the wood density and yield of pulping process and therefore represent rough 
estimations. 

* Average wood density 0.55 tonne/m3 in line with wood used in this case study 
* Weighted average yield of pulping is estimated at 57% based on  yield of chemical 

pulping (45%) and mechanical pulping (85-95%) from PITA (2011) and share of chemical 
pulp to mechanical pulp is 70:30 in CEPI (2010) 

# Average share of pulp in paper is 40% (other fractions are 44% recovered fiber, 14% 
non-fibrous material and rest) (CEPI 2010) 
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Table S 5.2: Summary of data sources used in this study 

Process Data source Notes and reference 

Wood production 
Ecoinvent 

and producer 

Hardwood used by producer, 

(SimaPro 2007)  

Transport 
Ecoinvent 

and producer 
SimaPro (2007) 

Chemicals  Ecoinvent SimaPro (2007) 

Pulp (kraft pulping) and 

paper production 
Producer Site specific 

CTMP pulp Supplier Site specific 

Non-integrated paper 

mill 
Producer Site specific 

Bleaching chemical 

production 
Producer Site specific; O3, O2 and ClO2 

On-site electricity 

production 
Producer Site specific 

On-site steam production Producer Site specific 

Grid electricity Ecoinvent Slovakian grid, SimaPro (2007) 

Production of fuels Ecoinvent SimaPro (2007) 

Ground calcium 

carbonate (GCC) 
Ecoinvent SimaPro (2007) 
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Precipitated calcium 

carbonate (PCC) 
Supplier Site specific 

Paper ingredients Ecoinvent 

According to producer’s paper 

configuration; surface starch, 

retention aids, biocides etc 

Effluent treatment Producer Site specific 

Land filling of sludge Ecoinvent SimaPro (2007) 

NP production (Altair HCL 

process, pilot scale) 
Literature Grubb and Bakshi (2011a) 

NP production (lab scale) 
Research 

partner 
Cheng and Kelly (2010) 

Conventional TiO2 

powder (bulk TiO2) 
Ecoinvent SimaPro (2007) 

Recovered/recycled fiber Literature Laurijssen et al. (2010) and EC (2001)  

Energy recovery Literature Reimann, D.O. (2006) 
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Figure S 5.1: Nano TiO2 (NP) production by precipitation method 
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Figure S 5.2: Nano TiO2 production by Altair hydrochloride process (spray hydrolysis) adapted 
from Grubb and Bakshi (2011b) 
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The demand of process energy is same for all configurations of paper in the 
paper mill (assumption 3). Hence the bar sections shown in Figure S 5.3 and S 5.4 
are directly comparable between different configurations of paper. 

 

 
Figure S 5.3: Electricity mix of the paper mill belonging to the integrated pulp and paper mill 
(Note: The total electricity used by the paper mill per tonne of paper is identical for all three 
systems shown) 
 

 
Figure S 5.4: Steam mix of the paper mill belonging to the integrated pulp and paper mill (Note: 
The total steam used by the paper mill per tonne of paper is identical for all three systems shown) 
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Figure S 5.5: Cradle-to-gate ReCiPe endpoint impact assessment (Europe H/A) with consequential 
modelling (some environmental impacts of negligible contribution are not displayed) 
 

 
Figure S 5.6: Cradle-to-grave energy use and GHG emissions with attributional modelling 
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Figure S 5.7: Cradle-to-grave energy use and GHG emissions with consequential modelling 
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Figure S 5.8: Cradle to grave ReCiPe endpoint impact assessment (Europe H/A) with attributional 
modelling (some environmental impacts of negligible contribution are not displayed) 
 

 
Figure S 5.9: Cradle to grave ReCiPe single score impact assessment (Europe H/A) with 
consequential modelling (some environmental impacts of negligible contribution are not 
displayed) 
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6 Value Creation with Life Cycle Assessment: An approach to 
contextualize the application of LCA in companies and thereby 
creating sustainable value20 

6.1 Abstract 
Businesses have a responsibility to shareholders and other stakeholders. By 

establishing a direct link between sustainability and shareholder value, businesses 
can successfully include sustainability considerations in managerial decisions and 
create sustainable value. The value creation opportunities include cost reduction, 
risk reduction, product differentiation, and new products to address unsatisfied 
needs. However, the relevance of various aspects of sustainability changes from 
company to company depending on the context which involves type of product 
systems, geographical scope, and related social and environmental 
problems/drivers involved. This requires a framework and tool that can capture 
the complexity, yet provide holistic understanding of interdependence of 
industrial systems and, more importantly, furnish sound metrics to include 
sustainability considerations  in business decisions. This paper shows how value 
can be created by integrating environmental sustainability through Life Cycle 
Assessment in business, especially in the chemical industry and provides an 
implementation procedure for business value creation based on life cycle 
assessment. The application of life cycle assessment was contextualized to various 
drivers and situations of chemical companies with the help of sustainable value 
framework. A case study approach was employed with real life examples from 
three companies to show their experience in creating value from sustainability 
through life cycle assessment. A procedure was presented to translate life cycle 
assessment insights into value creation opportunities. This article provides a 
better understanding of employing life cycle assessment by business managers in 
day-to-day business decisions to create value. Further research is needed to 
include social life cycle assessment aspects in value creation. 
  

                                                           
20 This chapter is a slightly adapted version of the article: Manda, B. M. K., Bosch, H., 
Karanam, S., Beers, H., Bosman, H., Rietveld, E., Worrell, E., Patel, M. K. Value Creation 
with Life Cycle Assessment: An approach to contextualize the application of LCA in 
companies and thereby creating sustainable value. Submitted for publication in a scientific 
journal. 
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6.2 Introduction 
Businesses cater for societal or customer needs, which is a primary value of 

business. While doing so, they create shareholder value, which is a secondary 
value of business (Braudel 1979, Polman 2014). The industrial revolution has 
reversed this order and shareholder value has taken central stage. Meanwhile, 
environmental, resource and social challenges such as climate change, resource 
depletion and inhumane working conditions have become rampant in many 
societies. Consequently, businesses are demanded to consider these issues and 
report on them transparently. To succeed in the long term, businesses should 
approach value creation by encompassing social (people), environmental (planet), 
and economic (prosperity) aspects (Elkington 1997, EC 2002). To clarify the 
concept of value creation, we present an adapted definition of sustainable value 
creation (Hart and Milstein 2003): Creation of sustainable value is the 
identification of strategies and practices that contribute to a more sustainable 
world by viewing global challenges associated with sustainability through an 
appropriate set of business perspectives, and the utilization of these strategies 
and practices to drive shareholder value. There are various levers which 
contribute to shareholder value while addressing sustainability issues. Thus, they 
are also recognized as business value (Hart and Milstein 2003). Some examples of 
the business value are cost and risk reduction, legitimacy of existence, reputation, 
product differentiation, innovation and business growth (Laszlo and 
Zhexembayeva 2011, Hart and Milstein 2003, Nidumolu et al. 2009, UNEP/SETAC 
2009). Innovation covers different aspects such as technologies, management 
practices and business models. Business growth can be achieved by expanding to 
new markets and providing new products to address unsatisfied needs. 

The relevance of various aspects of sustainability changes from company to 
company depending on the context which involves type of product systems, 
geographical scope, and related social and environmental problems/drivers 
involved. Thus, the integration of sustainability in business is difficult and 
inherently complex. It requires a holistic understanding of the interdependence of 
industrial systems with sound tools that can capture the complexity and provide 
metrics to embed sustainability in different business decisions. Systems thinking 
helps understand the different parts within the system and their relation to other 
systems. Life Cycle Assessment (LCA) is a systems tool that can assess and help 
improve the environmental performance (one of the three pillars of sustainability) 
of products by providing powerful insights into the whole value chain  (ISO 2006a, 
2006b and ILCD 2010). By doing this, LCA avoids shifting of impacts from one 
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process step/industry to another, from one impact category to another and from 
one place to another. LCA supports businesses in making various decisions such as 
the selection of processes, materials, and supply chains. By supporting these 
business decisions and actions, LCA offers various value creation opportunities to 
business and improves shareholder and stakeholder value simultaneously.  

International standards and publications on LCA (ISO 2006a, 2006b, ILCD 
(2010), EC (2011), (Remmen et al. 2007, Jensen and Remmen 2006, Fava 2004, 
UNEP/SETAC 2009, UNEP/TU Delft 2007) mention potential applications and some 
value of LCA in business and governments. However, these do not provide 
guidance on how to contextualize the application of LCA to suit the varying 
contexts and drivers of companies and on how to integrate LCA-based insights 
into the core business for creating value for a specific industry. Therefore, the 
main objective of this paper is to show how value can be created by integrating 
sustainability through LCA in business, especially in the chemical industry. The 
other objective is to provide an implementation procedure for business value 
creation based on LCA. We approach these objectives by synthesizing various 
perspectives and insights into a coherent picture to help sustainability 
practitioners who face various practical challenges. This article mainly deals with 
environmental sustainability aspects due to the lack of matured systems tools for 
social sustainability.  

This article focuses mainly on chemical industry, one of the largest consumers 
of resources. The energy consumption of EU chemical industry is around 20% of 
the total use of EU manufacturing industry (CEFIC 2013). Though it needs to 
improve its own environmental performance, it can enable other industries to 
deliver sustainable products such as food, textiles and electronics and helps us to 
live within the limits of planetary boundaries (Rockström et al. 2009, WBCSD 
2010). Hence, it has the potential to create value for businesses by providing new 
products, services and business models which are environmentally, socially and 
economically better than existing ones. A solution would be considered successful 
when it is profitable and makes a sound business case (covering business value 
aspects) for all the companies involved in the value chain including suppliers, 
brands/retailers and consumers.  

Section-2 discusses the need for a framework and shows literature review to 
understand the important aspects that need to be considered while selecting a 
framework. Then, the selected framework is described. Section-3 explains the 
research design, methods used and limitations of this paper. Next, the framework 
is operationalized with LCA examples and shows how LCA can contribute to 
sustainable value creation (section-4). In section-5, three real-life case studies are 



Value creation with LCA…..contextualizing various applications of LCA 

 
222 

presented to illustrate how insights from LCA contributed to value creation and 
how sustainability is integrated into business functions. Consequently, we 
propose an implementation procedure for translating LCA based insights into 
value creation opportunities. Limitations of LCA are also presented. Finally, in 
section-6 conclusions and recommendations are provided. 

6.3 Literature review and Framework 
In this section, various perspectives on corporate sustainability are presented 

to derive a criteria for selecting a suitable framework. Later, a description of the 
selected framework is presented. 

6.3.1 Corporate sustainability literature review for selecting a suitable 
framework 

In a global survey of CEOs, conducted by United Nations Global Compact and 
Accenture (2013), it was found that the major barrier to embed sustainability in 
business is a perceived lack of a direct link between sustainability and business 
value. Despite of having systems tools such as LCA that can provide sound metrics 
to assist business decisions, we still need a framework that provides relevance of 
LCA in various business contexts and directly links sustainability (and its metrics 
derived from LCAs) with business value creation. Similarly, by looking at the 
insights provided by various experts we can derive criteria for selecting a 
framework. Eccles et al. (2012) showed that companies with “high” sustainability 
culture, having a corporate governance for sustainability, stakeholder 
engagement practices that involve product LCAs, long term perspective, have 
outperformed their competitors with higher shareholder value and return on 
investment. Senge et al. (2008) delineated the importance of systems thinking 
and suggested that the integration of sustainability in core business should start 
with primary business functions such as R&D and innovation, operations, 
procurement/sourcing, marketing and sales (Kumar and Christodoulopoulou 
2014). Conversely, the usual expectation from businesses is to increase profits 
alone; “there is one and only one social responsibility of business to use its 
resources and engage in activities designed to increase its profits” (Friedman 
1970). However, with the advent of social media, civil society stakeholders can 
profoundly impact the profit earning capability of corporations. For instance, a 
consumer disappointed by the poor product quality or unethical practices of a 
company can write a blog about them and may cause loss of market share of the 
product (Vermuelen 2013). This suggests the blurring of boundaries and integral 
nature between shareholder value and stakeholder value (Polman 2014). A 
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business strategy approach (Hart and Milstein 2003, Porter and Kramer 2006, 
Laszlo and Zhexembayeva 2011) that enables a company to pursue profit while 
embedding sustainability in its core business is more appropriate for companies. 
It also creates opportunities and competitive advantage. Based on the above 
discussion, criteria is developed for the selection of a framework. It: 

i) should be able to capture the current and future trends and drivers of 
sustainability 

ii) inherently considers wider stakeholder views and other concerns for 
short and long term 

iii) has a wider meaning of value creation that includes economic, 
environmental and social aspects  

iv) demonstrates a direct link between strategies and sustainable value 
creation 

v) identifies the roles and involvement of main business functions to 
create sustainable value 

vi) should account for the life cycle perspective of  technologies or 
processes, products and services offered by businesses 

 
A review was conducted to select a suitable framework that fulfills the 

criteria. Frameworks developed by various authors have covered several aspects 
with a specific focus on sustainable supply chain management (Seuring and 
Muller 2008), financial analysis of the sustainability (Castro and Chousa 2006), 
Corporate social performance (Siltaoja 2013), various social and environmental 
sustainability aspects (Labuschagne et al. 2005 and Veleva and Ellenbecker 2001) 
and strategic guidelines and tools for implementing sustainability in organizations 
(Robèrt et al. 2002). These frameworks did not either explicitly link sustainability 
with value creation or cover value creation from different business functions, 
current sustainability trends, various stakeholders and systems thinking 
approaches such as LCA. The sustainable value framework by Hart and Milstein 
(2003) covers many aspects of the criteria. First, it clearly discerns the link 
between sustainability drivers, possible strategies and business value. Second, it 
distinguishes different dimensions of sustainability integration in business. We 
could further adapt this framework to criterion v (role and involvement of main 
business functions) and criterion vi (relevance of LCA in various business contexts 
(see section 4)) which make sustainability an integral and day-to-day activity of 
business. 
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6.3.2 Description of sustainable value framework for chemical 
industry 

In order to integrate sustainability in the core business, functional managers, 
top management and investors need to be convinced of value creation from 
sustainability. The sustainable value framework, see Figure 6.1, helps to link 
sustainability and value creation. We have adapted the framework developed by 
Hart and Milstein (2003) to suit to the chemical industry situation and also added 
the interaction of business functions in various quadrants.  

Figure 6.1 shows the multidimensional construct of the sustainable value 
framework that blends two dimensions. The vertical axis is about balancing the 
short term results such as financial improvements while making progress for the 
long term business growth and success in a competitive and disruptive technology 
landscape. The horizontal axis shows the firms’ need to manage and grow internal 
organizational skills and capabilities while capturing the new perspectives, 
knowledge, and challenges posed by external stakeholders . Strategies on the left 
side are within the purview of a corporation, and the strategies on the right side 
are mostly driven by other stakeholders or changing environmental, social, and 
market circumstances. There are four sets of sustainability drivers that are also 
found in literature (Lozano 2013, Epstein and Roy 2001, UNEP/TU Delft 2007). The 
first set of drivers (lower-left quadrant) is pollution and waste, the second set of 
drivers (lower-right) is transparency and regulations, the third set of drivers (top-
left) is growing environmental footprint and resource depletion, the fourth set of 
drivers (top-right) is megatrends such as population, inequality and planetary 
boundaries. Addressing these drivers with a proper strategy could lead to 
business value. For example, an operational efficiency strategy can address 
drivers such as raw material costs and pollution and can create business value 
such as reducing costs and avoiding risks.  

Though the environmental drivers in top-left and top-right appear similar, 
their influence on businesses is different. In the top-left quadrant, businesses deal 
with the resource constraints and product impacts with a piecemeal approach. 
Whereas in the top-right quadrant businesses are aware of the limited capacity of 
our planet and its influence on their long term existence and, thus, openly 
collaborates with others to radically transform whole systems for planetary 
sustainability. Implementing strategies in each dimension needs the involvement 
of specific corporate functions in order to reap the business value. In order to be 
successful in the short and long term, companies need to devise strategies in all 
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quadrants to create sustainable value. For a detailed description of the 
framework see Appendix  6.9.1. 

The ovals in figure 6.1 show various business functions that either take part in 
the implementation or benefit from the corresponding strategies. Depending on 
the structure of the company there might be differences in involvement by 
specific business functions in each quadrant. The environmental management or 
sustainability departments are not separately shown because they either 
implement the projects or they are involved in all quadrants depending on the 
type of project and they can also be part of operations, innovations or marketing 
in many companies. The role of various business functions is illustrated with real 
life case studies in section-6.6. 

6.4 Methods 
Figure 6.2 shows the research design applied in this paper. A case study 

approach is recommended to investigate the value creation with sustainability 
(Reed 2001). Thus, the descriptive case study approach (Scapens 1990, Jupp 2006 
) was employed with three chemical companies in Netherlands. This enabled us to 
investigate the phenomenon of value creation with sustainability, especially LCA, 
in real-life contexts. The main elements of case studies are the drivers, 
approaches for data collection and analysis, communication, embedding 
sustainability in business decisions, and value creation. Each case study focused 
on a specific example to study the similarities and differences of approaches 
between different companies with different examples. This multiple case 
approach also confirms the reproducibility of the proposed approach (theory) and 
its practical implementation in real life cases with sound data. Therefore, a 
multiple case study approach can provide more robust evidence than a one case 
study with regard to creation of value with LCA and its implementation in 
companies (Eisenhardt and Graebner 2007). 
 
Data collection and analysis 

To illustrate the relation between broader sustainability, LCA and value 
creation in section 6.5, we collected examples from publicly available sources 
such as company websites and sustainability reports. Case studies were presented 
from the collection of primary data and own experience of authors in three 
respective chemical companies. A multi-stakeholder seminar was conducted by 
the authors with the Dutch Polymer Institute (DPI) Value Center to identify the 
barriers and challenges in the creation of value from LCA. The participants of this 
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seminar represented different business functions and also covered various 
companies involved in different stages of the value chain such as chemical 
companies, brands, and retailers. The sustainable value framework provided 
guidance for describing and analyzing the case studies. 

 
Limitations 

In section 6.5, we presented a preliminary list of barriers and challenges from 
45 responses of seminar participants. A larger survey is needed to capture other 
aspects as well as to corroborate this list. Owing to a limited number of case 
studies, we do not generalize our approach to other chemical companies and 
industries. However, it may be possible to reap the benefits of applying our 
approach to any company since LCA can create value for many industries as 
shown in this article. Our approach is limited in showing the possible value 
creation opportunities resulting from sustainability strategies employing LCA. 
Hence, the role and importance of organizational culture in implementing 
strategies (Baumgartner 2009), to create value, was not discussed. No attempt 
was made to quantify the value with various valuation techniques identified in the 
literature (Reed 2001). These issues should be dealt with by further research. 

 

 
Figure 6.2: Schematic diagram of the research design 

 

6.5 Contextualizing the application of LCA in business with 
sustainable value framework 

In order to devise strategies and assess the impact of business decisions, we 
need comprehensive, scientifically robust, and widely accepted tools for 
evaluating, benchmarking and communicating across business functions, value 
chains, and between businesses and stakeholders. Life cycle thinking tools can 
operationalize the framework for implementing strategies through assessment of 
impacts of the whole product life cycle and thereby supporting business 
decisions. Environmental life cycle assessment is specific to the environmental 
sustainability. Similarly, Life Cycle Costing (LCC) and Social Life Cycle Assessment 
(Social-LCA) can be used to understand the economic costs (externalities can also 
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be included) and social impacts (both positive and negative) throughout product 
life cycles. We focus on environmental LCA and combine other tools wherever 
possible. We describe various applications of LCA that address different drivers 
and correspondingly create sustainable value in different dimensions. 

6.5.1 LCA and operational efficiency (lower left quadrant) 
LCA can be used to find not only environmental impacts throughout life cycle 

but also to determine environmental hotspots and inefficiencies in different 
stages such as product’s design, manufacturing or upstream and downstream 
value chains. This analysis helps to reduce inputs of raw materials, energy and 
water and the generation of emissions, waste and wastewater. In most cases 
these reductions also reduce cost and ensure compliance with legislation. By 
understanding the release of emissions from a specific process or excessive use of 
resources such as water, and their effects, LCA makes it possible to devise 
strategies to reduce these, avoiding operational risks such as disruption of 
business operations. Unilever reduced costs and improved profits through eco-
efficiency. According to John Maguire, Unilever’s group manufacturing 
sustainability director “Eco-efficiency is not just about reducing the environmental 
footprint it also makes good business sense. Since 2008 Unilever’s eco-efficiency 
programs have avoided more than $395 million of costs. Almost $132 million in 
energy; $245 million in materials; $22 million in water; and $13 million in waste 
disposal. The benefits are clear in a world where energy prices are increasing”. 
Unilever has announced that since 2008 the company has achieved a CO2 
reduction of more than one million tons from its manufacturing and logistics 
operations. This was achieved while growing sales by 24% from $54.4 billion in 
2008 to $67.6 billion in 2012 (EarthShift 2013). LCA can empower the key business 
functions, operations and legal affairs, by providing information on where the 
biggest impacts originate, and help these functions to focus investment and 
efforts to minimize cost, as well as to reduce the risks and environmental impacts 
of operations. 

6.5.2 LCA and product stewardship (lower right quadrant) 
Intrinsically, LCA considers the entire value chain including distribution, 

consumer use and disposal of products at the end of life (EOL). The implied 
philosophy of product stewardship, i.e. taking responsibility for a product 
throughout its life cycle, helps to integrate product performance in the 
use/service phase such as energy consumption and possibilities to recover and 
recycle waste products. By understanding the interrelationship between 
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processes throughout the product life cycle, concerns of stakeholders can be 
effectively addressed. For instance, an LCA was conducted to understand the 
influence of using brominated flame retardants (BFR) in the laptop life cycle 
(Jonker et al. 2013). It was found that the end of life disposal has the most 
significant toxicity impact in the whole laptop life cycle, attributable to the use of 
BFR. This LCA has helped companies in the whole value chain to understand the 
impact (or role) of one intermediate chemical i.e. BFR and helped the 
intermediate chemical company (FR producer) to find suitable alternatives for 
substitution. This type of analysis also helps companies to understand the 
potential issues that might attract attention of policy makers in the future and 
prepare companies for impending regulation, avoiding regulatory risk. Initiatives 
such as the Grenelle law (AFNOR, 2011) by the French government and the 
European Union Product Environmental Footprint (EU PEF 2013) are ushering the 
way towards transparent reporting of the environmental performance of end 
products along with their price based on a common LCA methodology per product 
category (known as Product Category Rules (PCR)). Extending the responsibility 
throughout the whole product life cycle helps business functions, legal affairs and 
communications/public relations, to consider the life cycle issues for regulatory 
affairs planning as well as to transparently communicate the environmental 
footprint. Thus, LCA helps creating value for the company by enhanced 
transparency and reputation, and ensuring license to operate (legitimacy) due to 
its pro-active and responsible approach.  

Product stewardship is less obvious for chemical companies making 
intermediates ending up in complex goods but some examples do exist and the 
trend towards a product service economy (EMF, 2013) will make it more 
important in the future. For example, in order to extend the life time of end 
products, materials manufacturers might need to collaborate with their 
customers and share required information and expertise as part of their product 
stewardship commitment. 

6.5.3 LCA and re-inventing processes, products and business models 
(top left quadrant) 

LCA provides the environmental footprint of products and services and helps 
to understand the raw materials and processes with significant contributions. This 
understanding can be used to inspire innovations that create new products, new 
services, and new business models, as well as change the way the value 
proposition is offered to the customers and attract premium on environmentally 
superior products. Innovation would also include management practices such as 
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supplier selection policy, accounting for externalities (natural capital 
management), and innovating value chains by new business models. LCA 
combined with LCC (additionally, including the cost of externalities) would offer 
new perspectives to business to analyze and re-position offerings to the 
customers and collaborate with key value chain actors to reduce costs, footprint 
and dependence on natural resources. This combined analysis can improve the 
opportunities to reduce the footprint and disrupt current technologies. This 
innovation process would also help improving competencies of employees and 
contribute to the development of the core competencies of the organization that 
ensure future success. Through LCA, Proctor and Gamble has found that 
consumer hot water use in cloth washing is the most impact causing step in a 
detergent’s life cycle. In order to reduce the energy bill of consumers and 
environmental impacts of detergents, P&G has developed a detergent with which 
cold water can be used for washing. This innovation has helped expanding market 
share of P&G and reduced impacts of laundry detergents substantially (Werbach 
2009). Similarly, NatureWorks and DuPont have used LCA to understand and 
improve the environmental performance of their new bio-based products, PLA 
and Sorona, respectively, in their innovation phase as well as to communicate the 
environmental benefits to customers. These products are competing with 
conventional fossil based plastics. Puma has used inventory data of their products 
and combined with economic costs of externalities to understand the main 
impacts of their business on ecosystem services. This way of accounting helped to 
develop new products such as the biodegradable PUMA InCycle shoe and T-shirt 
which have 31% lower environmental impacts than conventional products (PUMA 
2012).  

Product service systems (PSS) help create new business models with new 
value propositions and improve competitiveness of companies (Tukker and 
Tischner 2006). By understanding the impact of carpets throughout their life 
cycle, Interface Inc. has designed and developed a PSS where carpeting is 
provided as a service rather than a product. PSS has helped interface to change 
their role from carpet manufacturer to flooring service provider which integrates 
downstream processes that not only close the material loops (by making clean 
collection and separation possible), but also reduce the total life cycle costs of 
carpeting service to customers and enhance the customer’s experience by 
offering one accountable source of contact for all flooring needs (installation, 
maintenance and disposal). Extending the material life (redirecting from 
landfilling) by the development of advanced recycling technology and reusing it 
for next life has significantly reduced full life cycle carbon footprint from 16 kg 
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CO2 eq./m2 to around 7 kg CO2 eq./m2 (Hensler, 2013). The key business functions 
that get insights from LCA at this stage are innovation which improves products 
design or processes, procurement/supply chain that chooses the right suppliers 
and materials, marketing that communicates product differentiation aspects or 
brings customer demands and finance that sets the cost structure of these 
products and measures the economic success. Thus, the value for the company 
through LCA is improved competitiveness in existing business through 
differentiation, customer loyalty, creation of new product offerings and new 
business models through innovation and rejuvenation of product portfolio. 

6.5.4 LCA and providing societal needs by aligning corporate vision 
(top right quadrant) 

To ensure that 9 billion people can live well within the limits of planet we 
need open collaboration that enables radical innovation across different 
industries for creating future products; The examples are bottom of the pyramid 
(BOP) products (Prahlad 2006) and blue economy products and services which can 
reduce impacts from current inefficient products used by developed and 
developing countries (Pauli 2010). For instance, development of affordable 
lighting solutions such as efficient LED systems is such a cross-industry effort. An 
LCA conducted for this innovative technology has found that highest impacts 
come from energy consumption in the use phase and raw material production, 
especially for the large aluminum heat sink used in current LED lighting system 
(Scholand and Dillon 2012). This may offer business opportunities for the 
chemical industry, working with the lighting industry, to find alternative materials 
for making small heat sinks with better heat conductivity and dissipation that 
improve the material efficiency and reduce cost of LED lighting system, increasing 
affordability. This type of innovation has the potential to reduce the carbon 
footprint of today’s incandescent lighting systems of 50 kg CO2 eq. to 5 kg CO2 eq. 
per mega lumen-hour of LED technology in 2017 (Scholand and Dillon 2012). 
Thus, affordable lighting and higher end use efficiency (lower electricity bill) 
motivate replacing billions of incandescent light bulbs while simultaneously 
addressing resource scarcity and respecting planetary boundaries . Similarly, 
technologies like smart grids, electric mobility, affordable nutrition, low cost 
housing and cooking stoves can benefit from open collaboration to make the 
solutions affordable for the majority of the world population.  

Combination of LCA with engineering tools such as Computer Aided Design 
(CAD), Computer Aided Manufacturing (CAM) and chemical process design with 
ASPEN in the conceptual and detail design phases (Eerhart et al. 2012) can help 
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process and product designers and architects to understand the impacts of 
different designs/scenarios and find related opportunities to limit the 
environmental impacts of products. This type of analysis has a potential to help 
establish targets to material producers to develop new materials with the 
required attributes or component manufacturers for limiting the total impact 
profile of end product at a desired level. There are uncertainties involved in this 
exercise and there is a need for intensive collaboration between value chain 
actors. However, this process can conjure up the imagination of designers, 
systems architects and material developers. For example, there are projects to 
integrate LCA with design tools such as product lifecycle management (PLM) 
(Ciroth et al. 2013). Thus, LCA as a strategic design tool helps to create product or 
service scenarios within constraints such as planetary boundaries, and provide 
direction to companies in devising new solutions and new ways of thinking within 
those constraints. The key business functions corporate strategy, innovation and 
marketing can use key insights from LCA to conceive new products and make 
collaborations with other industries for fueling business growth. Thus, the value 
for the company is new business opportunities and market growth while living 
well within the planetary boundaries.  

A strategy might create value from one or multiple quadrants though it might 
primarily belong to a specific quadrant due to its relation to the main drivers it is 
responding to and the consequent value it creates. Hence, a strategy belonging to 
one quadrant can still create value in other quadrants which suggests the non-
exclusive nature of value creation in different quadrants. Companies usually make 
progress in the order of bottom left-bottom right-top left-top right quadrants. 

6.5.5 Common barriers and challenges to value creation with LCA in 
business 

To create value from LCA companies might face several barriers and 
challenges. The participants of the seminar shared important barriers and 
challenges that they faced while creating value from LCA (Table 6.1). Giunipero et 
al. (2012), Schneider and Wallenburg (2012), Ras and Vermuelen (2006) found 
some of these barriers and challenges while working with supply chain 
sustainability. Many participants faced challenges in more than one focus area. 
This is due to the interrelation between challenges which act in concert. Some 
approaches to address these challenges at a company level were discussed in case 
studies in section 6.6. 
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Table 6.1: Summary of key common barriers and challenges in creating value from sustainability 
through LCA 
Focus areas Common barriers and challenges 

A. Value chain and 
collaboration 

1) Understanding the interrelation between 
processes of the value chain companies and, 
consequently, offering innovative solutions to 
be more sustainable.  

2) Creating a business case and collaborative 
environment in a complex supply chain while 
covering environmental, social and economic 
benefits for various stakeholders.  

B. Communication 

3) Clearly communicating sustainability 
performance to different business functions, 
such as marketing and sales, within own 
company and in the value chain. 

4) Moving from one impact category 
communication (e.g.: CO2 emissions) to all 
aspects of sustainability to customers and 
consumers. 

C. Financial aspects 

5) Translating sustainability into financial value 
with current accounting standards, which does 
not account for externalities. 

6) Ensuring that the benefits of an improvement 
can be reaped by parties who have invested 
(principal and agent problem). 

7) Short-term financial focus of businesses and 
investors and thus no reward for sustainable 
performance of products and processes which 
consider the total cost of ownership (relevant 
for all actors in the value chain as well as 
consumers). 

D. Methodology 

8) Creating and communicating LCAs without 
proper methodology and measurements.  

9) Competing on a level playing field with a 
harmonized methodology and availability of 
credible and cheaper data. 
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6.6 Findings and discussion: Case studies from chemical companies 
In this section, the case examples, see figure 6.3, are described with three 

main aspects. First, we provide the context of companies in terms of different 
sustainability challenges, drivers (shown in the framework) and market situation 
such as customer needs and demands. Second, we show how LCAs are conducted 
in chemical companies, with respect to approaches for data collection, 
communication of key results and their integration in business decisions. Third, 
we delineate how these results and business decisions are translated into value 
creation for the company while addressing some of the challenges presented in 
Table 6.1. The three case studies belong to top-left quadrant i.e. reinventing 
processes, products and business models. We also present an implementation 
procedure to translate LCA insights into value creation opportunities for business 
and discuss the limitations of LCA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3: a) Engine cover made from EcoPaXX polymer of DSM for Mercedes Benz A class cars b) 
Low-weight (LoW8) gas cylinder made with Twaron reinforcement c) Utensils and EV charger 
made from up-cycled resins of SABIC 

 
 

 Utensils, USA 
Valox iQ420HP 

 EV Charger, USA 
 Xenoy iQ357 

a)                                                        b) 

C) 
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6.6.1 DSM case study 
Sustainability is now a strategic business driver for DSM and it is pursued in 

order to differentiate the company from the competition in the years ahead as a 
new global generation with a different set of values and priorities, comes to the 
fore. The fact that 94% of DSM’s innovation pipeline is made from ECO+ products 
(DSM 2013); or that DSM has reduced its own energy consumption by 13% since 
2008, shows how seriously it takes sustainability. DSM epitomizes its commitment 
by asking this fundamental question “What’s the point in being successful in a 
world that fails?” 

Bio-based materials are a key area where DSM expects new business 
opportunities to emerge, because of the necessity to limit climate change, 
resource depletion and other impacts. But not every bio-based material is actually 
beneficial to the environment. Therefore some customers request a life cycle 
assessment to prove the overall benefit. Once an LCA is performed, various 
possibilities can be explored to reduce the footprint further.  

EcoPaXX is DSM’s brand name for PA410, a polyamide produced from 
diamino butane and sebacic acid. Sebacic acid is produced from castor oil. The 
castor bean grows in dry warm climates, e.g. in India. 70% of the carbon in the 
EcoPaXX comes from sebacic acid and is therefore bio-based. EcoPaXX also has 
outstanding properties, such as a high melting point, which allow application at 
high temperatures near the engine of a car. DSM expected EcoPaXX to reduce 
climate change compared to fossil based plastics, but to be able to say so it had to 
carry out a cradle to gate LCA, starting with agriculture, and ending with the 
polymerization, resulting in the product. The LCA team at DSM collected data 
from literature and also sent DSM employees and consultants on field trips to 
collect more information about upstream processes, such as castor bean farming 
in India. DSM asked an external expert to review the study because it wanted to 
use this information commercially. It turns out that the emissions of greenhouse 
gases in all processes are compensated by the CO2 absorbed in the plants and, 
making the cradle to gate carbon footprint zero. 

EcoPaXX is an example from the top left quadrant of our framework. 
Procurement was involved in identifying the best sources of sebacic acid and 
analyzing the upstream part of the value chain. Innovation was involved in 
developing the polymerization and compounding technology and developing 
applications. Marketing was involved in finding applications and customers that 
can benefit from the new material. The insights gained from LCA provided 
guidance and helped initiate dialogue between different colleagues and 
contributed to the decision making of these business functions at various 
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dimensions. Thus, LCA served as a platform to interlink various issues, between 
different business functions such as innovation, marketing & sales, and 
procurement within the company as well as in the organizations of suppliers and 
customers. Thus, DSM provides an approach to address the challenges A and B of 
Table 6.1.  

The fact that the material is bio-based and carbon neutral motivates people 
to be innovative and persistent to find solutions to problems on the way. EcoPaXX 
is applied in the engine cover of the new Mercedes A-class. Even in high end 
automotive applications such as this one, cost is an important factor. Engineers 
from both companies joined forces to utilize the properties of the material to 
create a cost effective solution and capture the environmental benefits. This 
collaboration resulted in e.g. the introduction of a new technology for coloring 
the engine covers. By understanding the concerns and demands of customers and 
stakeholders, DSM used co-creation to devise solutions for the companies in the 
value chain (addressing the challenges A and B of Table 6.1).  

To conclude, the use of LCA has helped the development of innovative bio-
based polymer and to differentiate in the market with carbon neutrality alongside 
better functionality at high temperatures. This innovation has rejuvenated the 
product portfolio of DSM engineering plastics business group and strengthened 
its collaborative efforts with key customers. 

6.6.2 SABIC case study 
In the past decade, the demand for plastics with recycled content has 

increased significantly. E-waste and end-of-life vehicle regulations, industry 
standards and other initiatives are aimed to increase resource efficiency, to 
achieve closing material loops and to encourage the market expansion of recycled 
materials. Corporate sustainability programs have also led many of the 
manufacturing companies to set targets for the use of recycled materials in their 
products. In addition, consumers have become more aware of sustainability 
issues, and oil prices have steadily increased due to concerns about  resource 
scarcity – all of which have made recycling technologies more competitive and 
attractive. One way that SABIC has addressed these market needs is by 
developing a broad portfolio of recycled resins using mechanical and chemical 
recycling technologies. One such series is iQ resins, for example Valox iQTM and 
Xenoy iQTM resins.  

Valox iQTM resins are polybutylene terephthalate (PBT)-based resins, which 
are produced by using up to 60 percent post-consumer polyethylene 
terephthalate (PET). PET from waste bottles is upcycled into high performance 
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PBT, which has better engineering properties than the original bottle-grade PET. 
Xenoy iQ resin is obtained through blending PBT with polycarbonate. In order to 
validate and communicate environmental benefits of recycled products, SABIC 
developed sustainability solutions qualification process. This process uses two key 
tools.  

1) LCA methods, based on the ISO 14040 and 14044 standards, to estimate 
the carbon, energy and other impacts of the products or applications across the 
life cycle. All life cycle impact categories are assessed and considered in the 
qualification process. 

 2) Sustainable chemistry principles (OECD 2013) to assess the chemical 
composition of the product, including impurities, byproducts, and catalysts, 
against well-established toxicological, regulatory, and industry-standard criteria.  

An ISO compliant critically reviewed LCA concluded that Valox iQ resin 
technology cause 49% smaller GHG and 61% smaller energy footprints (SABIC 
2011), compared to the production of traditional DMT-based PBT, without the 
traditional trade-off in performance usually found in mechanically recycled resins. 
The properties of Valox iQ resin are nearly equivalent to those of the virgin Valox 
PBT resin used in electrical connectors, electronic devices, fibres, and consumer 
goods, such as oral care and food utensils. Xenoy iQ resin has been used in power-
tool housings, transportation exteriors, outdoor products, and other components 
requiring resistance to high impact and chemicals, such as healthcare 
applications. Today, SABIC’s iQ resin portfolio includes approximately 20 
commercial grades. 

The success of the Valox iQ resin product helped SABIC to develop the 
experience, confidence, and LCA competency required to lay additional emphasis 
on creating new sustainability solutions for the market, which has become one of 
the major themes of SABIC’s sustainability program. This includes 
commercialization of 3 additional post-consumer recycled (PCR) resin series with 
~15 grades to complement the Valox iQ resin, implementation of a sustainability 
product standard and qualification to monitor progress, and further expansion of 
the role of LCA in making business decisions and in communication of results. 
Valox iQ resin series belong to the top-left quadrant of the framework. It is a clear 
example of upcycling which lead to innovation of recycling technology while 
addressing drivers such as resource depletion. 

With the development of Valox iQ and Xenoy iQ resins, SABIC has addressed 
customer needs for new recycled resins. It formed new business collaborations 
across the value chain to drive the concept of closing the material loops while 
simultaneously generating additional sales by these recycled resins and provided 
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access to new customers. During the development of these resins, SABIC has 
gained substantial experience in the capability of innovation of recycling and 
separation technologies. 

6.6.3 Teijin Aramid case study 
Customers are increasingly demanding financially beneficial (competitive) 

ecological solutions which consume fewer resources, energy, and can be 
recyclable. Twaron® is strong, heat resistant, long lasting and needs low 
maintenance. Owing to these characteristics it can offer wide ranging innovative 
solutions such as conveyor belts in mines and low weight gas cylinders. Teijin 
Aramid believes that Twaron® based solutions, which simultaneously address 
environmental and economic issues, leads to business growth and new markets. 

In general, lightweight and long-lasting solutions can lead to resource and 
financial savings, lower CO2 emissions and a smaller ecological footprint along the 
whole value chain. In many applications this can be achieved by the use and reuse 
of Twaron®   a para-aramid fiber produced by Teijin Aramid. To analyse and 
quantify the performance of Twaron®, Teijin Aramid developed a TUV (Technical 
Inspection Association in Germany) certified Customer Benefit Model (CBM) 
based on the principles of Eco-Efficiency Analysis (Uhlman and Saling 2010). The 
model quantifies financial and ecological value for every actor throughout the 
value chain. This identifies potential competitive advantages of Twaron®-based 
solutions for every partner. 

The CBM is used to support business case by comparing mainstream products 
with Twaron® -based solutions (products) for the same functional unit. The CBM 
starts with a qualitative assessment, which can lead to a quantitative model with 
three main components: 

1) Environmental assessment based on Life Cycle Assessment (LCA), which 
comprises basic environmental inventory data: energy and CO2 emissions 
throughout the whole product life cycle.  

2) Financial assessment based on the Total Cost of Ownership (TCO) 
approach. By using the TCO, the cost structure of the product life cycle is analyzed 
and the payback time, the Net Present Value (NPV) and Internal Rate of Return 
(IRR) are calculated. 

3) Current and future scenarios can be quantified by changing values of 
variables. 
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Figure 6.4: Left part:  weight comparison of steel and LoW8 gas cylinder. Right part: example of a 
customer specific result regarding CO2 emission savings. 

 
Teijin Aramid’s engineering partner Advanced Lightweight Engineering Delft 

(ALE Delft) has developed a method to manufacture Twaron® reinforced low-
weight (LoW8) gas cylinders (LoW8, 2014). The advantages of  lightweight 
cylinders compared to steel cylinders over the total value chain were quantified 
by the co-operation between Teijin Aramid and Ecomatters consultancy. By 
comparing both solutions over their lifetime, it became clear that for tropical 
regions maintenance is an extra driver. A steel cylinder needs to be repainted 
several times during the lifetime, whilst for the Twaron®-based composite gas 
cylinder this is not necessary. 

A big advantage in the use phase is the lower weight of the cylinder; 4.3kg for 
Twaron®-based composite cylinders compared to 16.4 kg for steel (figure 6.4). The 
positive effects of low weight during transportation over the total lifetime is 
customer specific i.e. the effect depends on the amount of kilometers the 
cylinders are transported. Figure 6.4 shows the advantages of LoW8 cylinders for 
one customer. The LoW8 cylinder caused 22% lower life cycle CO2 emissions than 
steel cylinder due to the lower fuel use for transportation of LoW8 cylinders in the 
lifetime. Another advantage of the LoW8 cylinders is that the occupational health 
risks of employees are reduced. This results from the fact that gas cylinders are 

154kg CO2 = 1193 km 
With MPV or a family 
car 
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manually carried from a truck to the point of use at the place of end consumers, 
i.e. households in developing countries. 

There are different variables in the CBM model based on the type of Twaron® 
application and geographical region of customers such as the type and price of 
fuel for transport, price and source of energy (e.g. coal, wind etc.), and carbon 
pricing, if applicable. By using variables, a tailor-made calculation of the energy 
and CO2 emission savings and the yearly financial benefit in terms of payback 
period and internal rate of return (IRR) can be provided for every customer.  

Owing to the lower transportation energy consumption and the lower 
maintenance costs, Twaron® can be differentiated in the market from competing 
materials for gas cylinders and it also offers operational cost reduction for gas 
distributors. The CBM model has helped Teijin Aramid to build business cases in 
collaboration with value chain partners via an interactive and iterative process 
that analyzes the benefits and trade-offs of sustainable solutions. The outcomes 
of the process are shared and accepted by all participants because of the 
transparency of the process and also due to the discussion of scenarios. The LCA 
insights were incorporated in commercial presentations of sales and marketing 
functions for offering sustainable solutions to customers. By this means, 
engagement with value chain partners and end customers was enhanced. Teijin 
Aramid offers an approach to address challenges related to focus areas A and B in 
Table 6.1. 

All the three case studies also shows that third party reviews were used to 
improve their methodology and to address credibility issues with communication 
of sustainability and thus provide a solution to the challenges mentioned in focus 
area D in Table 6.1. The examples described from the three companies primarily 
fit in the top left quadrant due to the main drivers competitiveness which is 
motivated by customer demand, lower impacts and resource depletion. The value 
creation opportunities reaped are differentiation, rejuvenation of product 
portfolio and innovation. All three companies apply LCA also for continuous 
improvement of their processes (bottom left quadrant) and other quadrants for 
different products. 

6.6.4 Implementation procedure for business value creation based on 
LCA in companies 

We propose an implementation procedure for business value creation based 
on the insights gained from LCA studies and its integration in business functions. 
Owing to this integration and emphasis on value, our procedure goes further than 
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procedures available in literature (UNEP/TU Delft 2007). This is an iterative 
procedure of various steps as shown in figure 6.5. 

 
 
Figure 6.5: Iterative procedure for translating insights from the LCA into value creation 

 
The steps of the iterative procedure are: 

1. Understand the context of the product by collecting information on 
various drivers and stakeholder views/concerns: Drivers mostly depend on 
aspects of the product such as its function, industry and geographical scope of 
value chain and consumer market situation. Hence a company with a broad 
portfolio of products can be subjected to a wide range of drivers. Understanding 
drivers is a crucial step since it provides the essential motivation for conducting 
an LCA and to which strategy/quadrant it belongs, what needs to be achieved by 
the study and which value creation opportunities are most relevant to the 
product. This process also provides basic understanding about which business 
functions need to be engaged in various stages. 

2. Involve the relevant business functions within the company: The business 
functions that need to utilize the insights provided by LCA and also those that can 

1. Collect 
sustainability 
trends/ drivers, 
stakeholder 
views on the 
product life cycle
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business 
functions 
within 
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3. Define 
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partners and 
customers

5. Conduct 
LCA and 
share the 
results with 
business 
functions
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outcomes with 
value chain 
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capture value
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contribute knowledge to the process should be involved from the start. The 
outcomes of the product context and drivers (step 1) should be discussed openly 
and their opinion should be elicited. This ensures shared understanding, provides 
critical knowledge and helps the co-creation and collaboration throughout the 
whole process. For instance, through understanding of fabric dyeing impacts, in 
the downstream value chain of textile garments and concerns raised by global 
NGOs, helped a fibre producer to understand the business opportunity for spun-
dyed (dope-dyed) fibres that consume little resources and avoid conventional 
dyeing and related water pollution (Terinte et al. 2014). At the start they 
identified the innovation and marketing departments as the key business 
functions that need to be involved in the LCA. The innovation department was 
engaged since it provides the necessary information to conduct and guide LCA. 
The marketing department was engaged to understand the concerns of brands 
and retailers and also to communicate to customers about new product attributes 
and to differentiate their products at a later phase.   

3. Define the goal, scope and type of LCA: With inputs from step 1 and 2 
formulate the goal and scope and decide what type of LCA is required to address 
them. Depending on the context, a screening LCA could be sufficient. A detailed 
LCA is needed for a holistic understanding, to address a wide range of drivers and 
to credibly communicate the results. In this step, it is possible to decide whether 
the LCA should be peer reviewed by independent experts to achieve the goal.  

4. Engage the value chain companies and customers: Clearly communicate 
the main reasons for conducting the LCA and understand their key concerns and 
perspectives. It is important to offer the specific advantages of this process to 
them. This approach can help to collect data and to get process and site specific 
insights. In order to innovate collaboratively, the value chain should be engaged 
thoroughly. If necessary, some agreements need to be made depending on the 
situation either before (such as confidentiality and IP rights) or after the process 
(in some cases, when the study results are available and the producer is certain 
that substantial improvements can be achieved at this company, then the value 
chain partner need to be assured of long term business relation through contracts 
etc.). Inputs from this step might help to refine the scope of LCA in step 3. 

5. Conducting LCA and discussing results internally: Present the results in an 
easy to understand format to the relevant business functions and discuss the 
actions that can be undertaken. In order to effectively capture the value such as 
mitigating risks, product differentiation, entering new markets etc. various 
business functions need to be convinced of the insights provided by the LCA 
study. Sensitivity, scenario and uncertainty analyses can provide insights covering 
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various possible situations that businesses might face and prepare the business 
functions in advance to respond to those situations. Owing to the earlier 
involvement (step 2), they would be aware of the drivers, insights provided by 
value chain members and of LCA results. Due to their involvement from the start, 
there is a greater possibility for embracing the outcomes by business functions 
and implementing them. 

6. Share the outcomes of the process with value chain companies and 
customers to capture value: Present the results of the LCA and the potential 
actions suggested by different business functions within the company to value 
chain partners. Discuss the various possibilities for collaboration and involvement 
with value chain companies to capture the value. 

During this implementation process, companies build internal capability to 
integrate sustainability in different business functions. Companies also develop 
capabilities for external collaboration and engagement with various value chain 
partners, other industries and even competitors. 

6.6.4.1 Possible difficulties encountered in the implementation 
procedure 

There may be several difficulties in implementing the six steps explained 
above. These originate from the awareness and knowledge level of the people 
involved, their perceptions and mental models, company and market situation in 
different geographies, and skills of people implementing the whole process such 
as engaging stakeholders, synthesizing insights from seemingly different aspects 
to provide a coherent picture, conducting dialogues etc. It will hardly ever be 
possible to find a single person having all the necessary skills; hence team work 
and collaboration are paramount. Despite these challenges, the three companies 
described in the examples above are making progress in acquiring these skills 
through the process of learning by doing, recruitment of people with different 
skills and experience and seeking help from external experts. 

There are other challenges related to organizational constraints. In many 
companies, there are no line managers specifically responsible for the 
sustainability assessment of their product portfolios. Thus, there will be no 
substantial progress with respect to sustainability assessments unless there are 
strong and repeated requests from key customers. In the studied companies, 
there is a designated line manager for business group responsible for coordinating 
LCA activities with a specific target per year. There are also programs to assess 
supplier sustainability with dedicated personnel and targets. In some cases, 
compensation and bonus of the management board and line managers are also 
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linked to the sustainability performance assessment of products (e.g., DSM). In 
some cases, the sustainability team is part of marketing and sales and supports it 
with the benefits offered by sustainability assessments in acquiring new 
customers (e.g., Teijin Aramid, SABIC).   

In many situations, value chain partners do not like to share the process data 
and information because of intellectual property rights, the fear of price 
negotiations based on information on use of resources and utilities and for other 
reasons. This is one of the most common challenges of conducting LCAs in 
industry. Some ways to address this are ensuring confidentiality through 
agreements, having long term co-operation or contractual agreements, sharing of 
benefits etc. For example, a multi-national footwear brand promised its supplier if 
they co-operate and share data, then the brand will not claim any economic 
benefit (for example, from the reduced resource use) from the sustainability 
improvements. The supplier was having substantial waste of raw material during 
the manufacturing of the shoe soles, while not only the cost of total raw material 
was borne by the brand but also the sale of material waste was a continuous 
monetary stream for the supplier. Since the brand ensured no price negotiation 
based on the sharing of process data, the supplier shared the details of the 
process and together improved the manufacturing process (better process and 
product design) which reduced raw material consumption substantially. 

6.6.5 Limitations of the framework and LCA 
For a detailed description of other possible interpretations of the framework 

see Appendix 6.9.2. There are many other social and financial benefits (value) of 
the strategies implemented in various quadrants next to the already explained 
value, such as attracting and retaining talent, being a preferred  supplier for key 
customers, influencing policy makers based on commitment and credibility, and 
attracting investors. These business value aspects can be realized by strategies in 
different quadrants.  

We acknowledge the limitations of the LCA approach in terms of the state of 
development of methods for impacts such as biodiversity and toxicity, lack of 
inventory, uncertainties in data and methods, limited guidance on allocation for 
different product categories etc. (Finnveden et al. 2009). Resource requirements 
are also acting as limitation for implementing LCA. Despite of this, businesses 
should implement life cycle tools because they can help businesses to make 
better decisions and create value. This provides impetus for removing current 
limitations of LCA.  
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Companies can also create value with customer experience, products with 
superior aesthetics, feel etc. These aspects might not be captured by LCA, if its 
unit of analysis i.e. functional unit cannot take into account these aspects. LCA is 
not easily able to capture the perception and preferences of people, taste, and 
emotional value attached to products, hence it cannot help companies in terms of 
these aspects for creating value. LCA also does not inherently indicate regulatory 
limits with respect to type of resource use, quantity of emissions rather it 
provides guidance for making decisions in various stages of product life cycle. 

We have limited our scope to environmental aspects in this article. Combining 
social aspects, such as working conditions and rights of workers, throughout the 
value chain provides more drivers and associated opportunities for value creation 
in different quadrants. Further research is needed for the development of a 
mature social-LCA method and its integration in the framework. 

6.7 Conclusions and recommendations 
The relevance of various aspects of sustainability, such as water scarcity, 

resource depletion, and climate change, changes from product to product 
depending on type of product and supply chain locations. To grasp this 
complexity, business managers need concrete tools and sound metrics to 
integrate sustainability into their core business. Life cycle assessment (LCA) is a 
widely acknowledged systems modelling tool that can provide metrics to help 
improve the environmental sustainability of processes, products and services. 
However, many companies are not implementing LCA in their day-to-day business 
due to its resource-intensive nature, complexity and difficulty of contextualizing 
the relevance of LCA in various circumstances. Moreover, corporate sustainability 
of most companies, except for a few pioneers, is revolving around quick wins 
rather than changing the core business, i.e. improving the sustainability of its 
products and services. In this context, the main contribution of this article is 
twofold. First, it contextualizes the different applications of LCA with the help of 
the sustainable value framework by relating LCA with appropriate drivers, 
strategies and resulting business value to the ground reality or context of 
companies. Therefore, the business managers can justify the application of LCA in 
companies by aligning it with business priorities. By this means, dedicated 
resources such as manpower and budget can be allocated to LCA and, ultimately, 
its practice can be institutionalized. Second, this article shows how LCA can be 
used as a strategic decision support tool in the field of corporate sustainability 
and to different functional managers and, thus, establishes the position of LCA in 
the corporate toolbox.   
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LCA provides support to decision-making process of managers from different 
business functions such as innovation and marketing and, consequently, helps 
translation of the LCA-based insights into sustainable value creation 
opportunities. The sustainable value creation opportunities include, but are not 
limited to, reducing costs and risks, differentiating products in the market, 
improving competencies such as innovation and value chain collaboration, and 
developing new products with radical innovation. The case studies showed how 
three companies used LCA to create value in their day-to-day business by 
developing bio-based materials (DSM), closing the material loops by developing 
recycled resins and associated technology (SABIC), and offering eco-effective 
solutions to customers (Teijin Aramid). Also, we proposed an implementation 
procedure for conducting LCAs with the involvement of various business functions 
and ultimately creating sustainable business value.  

To capture the numerous value creation opportunities, businesses should 
concentrate on raising awareness about and developing skills for using life cycle 
approaches, such as thinking in systems and orchestrating dialogues for 
collaboration. There are three levels of collaboration. First, cross-functional 
collaboration should be fostered within the companies. Despite of this internal 
collaboration, a company alone cannot embed sustainability. Therefore, second, 
companies should collaborate with peer companies and competitors in devising 
common approaches and tools which can solve the problems of engaging and 
collecting data from value chain members that support more than one customer. 
This can reduce cost of implementation and help to devise strategies to address 
common problems economically. Third, the chemical industry needs to openly 
collaborate with other industries, such as agriculture and transport, to radically 
innovate products and services with ultra-low footprints or net positive benefits. 
Furthermore, companies should engage all affected stakeholders for 
understanding their concerns and for tapping the creative potential of different 
people. LCA as a strategic decision support tool can help organizations in 
leveraging all these interactions. Further research is needed to include social life 
cycle assessment in the framework, which can offer opportunities for value 
creation from social aspects. 
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6.9 Appendix 

6.9.1 Framework description 
A detailed description of the framework is presented here. 

6.9.1.1 Reducing cost and risks through operational efficiency (lower 
left quadrant) 

The lower left quadrant shows, by responding to drivers such as pollution and 
waste, how  operational efficiency strategy can reduce costs or increase profits 
(bottom line impact) for the company and simultaneously avoid risks for business 
operations. Activities under operational efficiency include prevention of pollution, 
waste, excessive consumption of resources and optimization of production and 
manufacturing processes (such as energy intensity, material intensity). For 
example, reducing the consumption of water not only reduces cost of production 
and wastewater treatment but also avoids disruption of operations in water 
scarce regions due to water depletion and protests of local communities. For 
instance, the Dow chemical company has improved manufacturing energy 
intensity, measured in BTUs per pound of product, of its products by more than 
40% since 1990, leading to cumulative savings of $25 billion for the company 
during 1990-2012 (Dow sustainability report 2012). Projects on cleaner 
production and energy efficiency typically fall into this quadrant.  
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6.9.1.2 Improving reputation and legitimacy through product 
stewardship (lower right quadrant) 

Increasing regulations, NGO initiatives and voluntary programs (drivers) 
require disclosure and transparency about chemical safety and impact on 
environment and human health. The lower right quadrant shows that by 
integrating stakeholder concerns, through dialogue and collaboration, companies 
can improve their reputation and legitimize their existence (business value). 
Extending the responsibility throughout life cycles and responding to consumer or 
societal apprehensions about substances of very high concern, and their influence 
on end of life disposal or recyclability of end products, is key for long term 
viability of the chemical industry. For example, reducing occupational health 
hazards of employees during chemical production, which also reduces risks and 
costs from accidents and employee absence, is important for the reputation of a 
company. Programs such as responsible care (ICCA 2013) and UN global compact 
(UNGC 2013) are notable examples.  

6.9.1.3 Advancing innovation and product differentiation through 
reinventing processes, products and business models (top left 
quadrant) 

In order to ensure competitive advantage and create the competencies of the 
future, companies can respond to the drivers such as footprint/impact reduction 
considering whole value chain and developing new clean technologies of the 
future such as bio-refineries and closing material loops. The integration of these 
drivers allows companies to develop new products, services and business models 
with greater involvement and innovation of value chains. For example, CFCs were 
widely known for stratospheric ozone depletion and contribution to climate 
change. DuPont (2014) and other chemical producers have developed alternative 
refrigerants to CFCs and helped phasing out of CFCs, thereby creating safe 
chemical products and capturing the existing market with their alternative 
refrigerants. Similarly, NatureWorks has developed polylactic acid (PLA), a bio-
based polymer that has lower climate impact, as an alternative to fossil based 
plastics. These examples demonstrate how innovation and rejuvenation of 
portfolios address current problems and increase the revenues through product 
differentiation  (and premium price), higher market share for front-runners as 
well as improve customer loyalty (due to addressing of problems/challenges faced 
by end customers). Concepts such as industrial ecology, bio-refineries, and 
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product service systems, e.g. chemical leasing, also fall into this 
quadrant/dimension.  

6.9.1.4 Promoting business growth by aligning corporate vision with 
societal needs (top right quadrant) 

This quadrant addresses societal needs in developing and developed 
economies. With an expected global population of around 9 billion by 2050, there 
will be billions of people who need affordable access to the basic necessities such 
as food, water, shelter, energy, mobility and health services. For example, Everris 
B.V. (2013), from the ICL group, developed a slow release fertilizer that is 
gradually absorbed by crops. This innovation increases crop yield, reduces the 
land required, the cost of fertilizers to farmers and the release of greenhouse 
gasses into the atmosphere. The impacts of current production and consumption 
patterns of developed countries should be rapidly reduced. For example, there is 
so much inefficiency in the current transport options such as passenger cars. In 
order to carry 4 to 5 persons safely over a distance, the car also transports a 
weight in the range of 1000-2500kg which consumes more energy than for the 
passengers. Hence, we need ultra-light weight and strong materials and also new 
concepts to rapidly decrease current footprints. Providing these basic needs 
within the finite capacity of our planet with radical innovation offers many 
opportunities to the chemical industry. Hence companies can fuel their future 
growth by new products, and expand into new markets. 

6.9.2 Other interpretations of the framework 
In this section, we discuss various nuances and possible interpretations of the 

framework. 

6.9.2.1 Dynamic nature of the approaches/projects in the quadrants 

Projects that fall into strategies in right quadrants, which are either driven by 
other stakeholders or only possible through open collaboration especially in the 
inception stages, might move towards left quadrants with time, due to the 
recognition of company’s role, responsibility, capacity building and opportunities 
they offer. For instance, BOP or Blue economy products that fall in top right 
quadrant might be realized initially by open collaboration with other industries 
but in the long run they would be internalized by the companies due to the 
capacity built over the initial years and due to the institutionalization of those 
products in their regular portfolio. Hence it can move to top left quadrant. 
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Similarly, stakeholder driven voluntary initiatives such as responsible care (lower 
right quadrant) would become main stream for many companies and integrated 
into company’s operations, i.e. moves to the lower left quadrant. 

6.9.2.2 Value creation with multiple strategies in various quadrants 

Many of the drivers and strategies can act concertedly and simultaneously 
creating value in various dimensions or quadrants of sustainable value 
framework. The more quadrants a company uses to create its strategies in, the 
more value it will create. For example, an innovative Waste to Resource (W2R) 
(2013) technology and business model which converts wastewater (e.g., from 
agriculture, pulp and paper mills etc.) to produce polyhydroxy-alkanoates (PHA) 
can offer various value creation opportunities. It avoids risk and impacts of fossil 
feedstock, without introducing new risks and impacts in agriculture. It avoids 
resource depletion while simultaneously developing innovation capability and 
offering product differentiation (top left quadrant). It also substantially reduces 
the cost of raw materials or even receives revenues for making use of somebody’s 
waste (lower left quadrant). It also addresses stakeholder’s concerns of business 
impacts of bulk chemical production (lower right quadrant). It might be able to 
produce low cost PHA that would reduce costs of packaging and some consumer 
goods while mitigating climate change (upper right quadrant). 
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7 Synthesis, Conclusions and Recommendations 

Corporations are among the main actors which can profoundly influence 
sustainability through their products and services that span across different 
locations through their supply chains and markets. There are broadly five forces 
requiring corporations to improve their sustainability performance more than 
ever before. These are Megatrends (environmental, social, demographic), 
regulatory pressure, stakeholder pressure, supply chain risks and competitive 
pressures. The developments underlying the Megatrends are population growth 
and rising disposable income, increasing urbanization, growing share of elderly 
population, climate change, water scarcity, bio-diversity loss, resource scarcity, 
poverty and inequity. The regulations in numerous countries and regions (e.g. the 
US, EU, China and India) are growing on corporate and product sustainability, 
emission standards and trading schemes. The number and activity of global NGOs 
targeting the working standards among suppliers and the pollution they are 
causing is increasing year by year. Similarly, interest of investors in sustainability 
aspects of corporations is growing. There were instances where employees 
boycotted work due to the poor wages and lower work place standards. Owing to 
all these aspects, companies are trying to reduce risks, reduce costs of scarce 
resources, and innovate new products that can improve their sustainability 
performance and provide competitive advantage in the market.  

Despite these pressures, managers in companies are still pressed to deliver 
value and their performance is measured on how well they deliver the value. 
Therefore, managers often face the challenge of addressing stakeholder concerns 
in day-to-day business while simultaneously improving value and thereby financial 
performance of companies. We adapted a definition of sustainable value which 
integrates these two challenges: “Creation of sustainable value is the 
identification of strategies and practices that contribute to a more sustainable 
world by viewing global challenges associated with sustainability through an 
appropriate set of business perspectives, and the utilization of these strategies 
and practices to drive shareholder value”. To help companies consider 
sustainability in their practises and simultaneously create value, we need to be 
able to identify sustainable value creation opportunities. 
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7.1 Opportunities for sustainable value creation  
It was found that the improved environmental and social performance of 

companies can have a positive impact on the financial performance through 
reduced costs, improved revenues, and avoidance of risks and with new business 
opportunities. For example, process improvements could lower energy and water 
usage and save operational costs; and improved raw material utilization not only 
decreases raw materials costs but also reduces costs for handling and disposal of 
waste while simultaneously reducing the environmental footprint. There are 
several risks that can be avoided by sustainability performance improvements. 
Increased scarcity of raw inputs such as water can lead to disruption of 
operations, i.e. lost production activity, which will impact the revenue earning 
capacity. Companies have to increasingly pay higher fines for violations, they need 
to compensate for wrongdoings, and need to earn the license to operate from the 
local communities by avoiding law suits of communities challenging business 
activities. These are called regulatory and legal risks. There are possibilities for 
damaging corporate reputation, i.e. reputational risks, from media and NGO 
campaigns for not meeting stakeholder expectations such as workers’ health and 
safety and labour practices. Market and product risks can also occur when 
customers move to other products with better sustainability performance or 
when governments and organizations impose sustainable procurement policies.  

On the other hand, there are several value creation opportunities for 
companies with superior sustainability performance for each risk category 
mentioned above. It is possible to obtain additional revenues from 
environmentally and socially superior products through an eco-premium. 
Moreover, high sustainability performance of companies can positively influence 
the desire of customers to buy their products (brand image), the desire of 
employees to work for them (preferred employer) and the desire of investors for 
providing long-term capital (blue chip status or good rank in indexes such as Dow 
Jones sustainability index). Companies with superior sustainability performance 
can differentiate their products in the market against competitors to attract new 
customers and, consequently, create a competitive advantage. Business to 
Business (B2B) companies can help their customers, i.e. end producers, to meet 
their sustainability goals by supplying superior intermediate products. In essence 
we can say that the existence of a company or its profit making capacity can be 
effected by several ways described above through various risks and opportunities 
created by sustainability performance and stakeholder reactions. This shows the 



Ch
ap

te
r 7

 

 
259 

overlap between shareholder and stakeholder value which are interdependent 
and interrelated. 

To integrate sustainability in day-to-day business decisions, we need to 
understand how different business activities influence sustainability performance 
and stimulate stakeholders’ responses. This in turn influence the costs and 
revenue streams ultimately effecting profit earning capacity of the organizations. 
This improved understanding can make a “business case for sustainability" much 
clearer. 

7.2 Business functions/activities 
Businesses deliver products and services through co-ordination of various 

activities. The main activities are innovation, business development, 
procurement/sourcing, marketing and sales, and production/operations. Every 
activity of organization has an influence on its sustainability performance. 
Therefore, integration of sustainability in business requires understanding of 
various business functions that deliver specific business activities in a company 
and proper metrics should be developed to support decision-making.  

The main activities of innovation are developing new products with novel, 
additional or improved functionality, improving existing products (e.g. by 
implementation of alternative process/manufacturing routes), and developing 
new processes to recycle waste. Business development is mainly involved in 
finding new applications or opportunities in different markets through 
collaboration with existing or prospective customers or by means of strategic 
alliances with other companies. It also defines the final product and positioning 
strategy and finds opportunities for the development of new business models. In 
some companies business development is part of innovation. 

Procurement/sourcing is involved in finding the right suppliers who can 
provide quality inputs at the right time. It also negotiates pricing and keeps track 
of the production timeline. Sourcing also conducts supplier environmental and 
social audits and deals with supplier certifications. Sourcing is responsible for 
avoiding any risks arising from supplier practices, including compliance with local 
laws and child labour. It can go further by not only looking at sustainability 
performance of suppliers but also at the influence of purchased items in the final 
product life cycle of customers. This would help close the information cycle 
between suppliers and final customers and may bring collaborative opportunities 
for future sustainable business development.    

Marketing and sales is responsible for communicating the product attributes 
and differentiating their products against those of their competitors. It conducts 



Synthesis & Conclusions 

 
260 

market research to find opportunities for market growth and expansion to new 
markets. For Business to Consumers (B2C) companies, it also handles 
communication with consumers. Marketing conducts research to acquire the 
consumer intelligence related to how customers/consumers make trade-offs 
between price, environmental performance and other quality parameters. 

To improve sustainability performance of processes and products, all these 
business functions need concrete guidance and insights on the product’s impacts 
throughout its life cycle. This calls for sound tools to support business functions in 
decision-making. 

7.3 Role of LCA, aim of the thesis and research questions 
The relevance of the various sustainability aspects differs from company to 

company depending on the context, the type of product systems, geographical 
scope, and related social and environmental problems/drivers. Thus, the 
integration of sustainability in business is difficult and inherently complex. It 
requires a holistic understanding of the interdependence of industrial systems. To 
this end, sound tools are needed that can capture the complexity and provide 
metrics to embed sustainability in different business decisions. Systems thinking 
helps to understand the different parts within the system and their relation to 
other systems. Life Cycle Assessment (LCA) is a systems analysis tool that can 
assess and help improve the environmental performance (one of the three pillars 
of sustainability) of products and processes by providing powerful insights into 
the whole value chain. By doing this, LCA provides an understanding that allows 
to avoid shifting impacts from one process step/industry to another, from one 
impact category to another and from one place to another. LCA supports 
businesses in making various decisions such as the selection of processes, 
materials, and supply chains. By supporting these business decisions and actions, 
LCA can offer value creation opportunities to business and improves shareholder 
and stakeholder value simultaneously. 

LCA has been applied in companies and in public policy making. When applied 
in companies, in most of the cases, LCA has been seen as a mere auxiliary 
technical tool and the insights were limited to the impact quantification, which is 
the major strength of the tool, without actively involving business functions. 
Many companies are not implementing LCA in their day-to-day business due to its 
resource-intensive nature, complexity and the difficulty of contextualizing the 
relevance of LCA for the circumstances of companies. There has hardly been any 
exploration of how LCA can offer advice to existing corporate structures through 
decision support of business functions. And most importantly, the insights of LCA 
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have by far not been fully exploited for the potential value creation opportunities 
in companies. There is little research to understand the role of LCA in supporting 
business functions and consequently linking it with sustainable value creation 
opportunities. 

The objective of this thesis is to make a contribution to bridge the gap 
between sustainability science and business management by contextualizing the 
application of LCA in corporate sustainability and aligning LCA with business 
activities/functions and business priorities (value creation). We believe this 
alignment can improve the implementation of sustainability in companies. Against 
this objective and background the main research question that has been posed by 
this thesis is: 

 
“How can Life Cycle Assessment (LCA) support business functions in 

integrating environmental sustainability into business and create sustainable 
value?” 

 
Sub-research questions: 
 

1. How can LCA support product and process innovation, new business 
development and other business functions in making decisions and creating value? 

2. How can companies contextualize various applications of LCA in business 
and create sustainable value? 

 
To address the first sub-question we have conducted four case studies with 

different companies in the innovation and product and business development 
process. In section 1.7 of chapter 1, we have summarized the external and 
business context of each of these products and companies by providing product 
and industry specific environmental problems, stakeholder expectations, 
information on the market situation, and also the ambition of companies involved 
in the research. A summary of drivers related to all these contextual aspects was 
provided for each case study. These drivers represent the background of the LCA 
study and they provide valuable information to support specific business 
decisions, which can lead to value creation opportunities through various 
stakeholder responses. A synthesis for each case study is described below. The 
second sub-question is addressed in chapter 6 by providing a framework and 
procedure to help integrate environmental sustainability in business through LCA. 
It describes different contexts of LCA applications in relation to drivers, strategies, 
business functions, and to value creation. In this chapter we also described a 
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procedure to conduct LCAs in companies with the objective of creating 
sustainable value. 

7.4 Synthesis of case studies 

7.4.1 Micropollutant removal membrane 
Chapter 2 presented an LCA of a micropollutant removal membrane system, 

which was performed during the innovation process. During this process, we 
supported business functions to integrate environmental performance in business 
decisions. Figure 7.1 shows the synthesis, with all the required information, of 
how insights from micropollutant removal membrane LCA are integrated in 
business decisions to create sustainable value. A detailed summary for this case 
study is presented below. 

 
Context and drivers 

The important elements of the external context/drivers are resource scarcity, 
climate change, pharmaceutically active products in surface water, their effects 
on biodiversity and human health, and legislations in the EU to reduce these 
impacts (Figure 7.1). According to EU water framework directive, some 
micropollutants are regulated. The producer is facing challenges from the 
business context such as withstanding a competitive position in the market, raw 
material risks from fluctuating commodity prices and customers’ demand for 
lower operational costs. These drivers were kept in mind during the whole 
process of LCA study, during the interaction with business functions, and while 
supporting decision-making of business functions based on the insights provided 
by the LCA.  
 
Results of the LCA study 

The results of the LCA study are that the cellulose acetate as membrane 
material has a slightly better environmental profile than the conventional 
polyethersulfone. The membrane configuration with covalent binding causes 
lower impacts than adsorption coating and granulated activated carbon (GAC) 
adsorption systems (made from coal). In the membrane life cycle, operational 
electricity use, enzyme coating frequency and the source of electricity are the 
three most important parameters that can significantly influence the 
environmental performance of membrane system. The sensitivity and scenario 
analysis led to the conclusion that a membrane system with operational 
electricity use of less than 0.2 kWh/m3 and at most monthly enzyme coating 
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cause lower environmental impacts than GAC systems irrespective of the source 
of electricity. 
 
Business decisions and stakeholders’ responses 

The business functions that benefitted from the LCA are innovation, 
procurement and marketing. For innovation, LCA provided opportunities to 
improve the environmental performance of the membrane by supporting the 
selection of the appropriate membrane material and a manufacturing process 
with low impacts. It also helped to derive some parameters – i.e., operational 
energy use and enzyme coating frequency – which allow to monitor and further 
improve the environmental performance of the membranes. During the early 
stage of innovation, LCA helped the producer to avoid technologies that shift the 
burden such as filtration of hormones rather than degrading them. If the 
hormone is simply separated from surface water by filtration, then it will be 
disposed as a hazardous bio-waste in an incinerator which, in turn, would increase 
the impacts. Similarly, procurement can be informed about the required 
attributes to help them in the selection of material suppliers; and marketing can 
communicate the results of the LCA study to prospective customers. In this way, 
environmental sustainability attributes have been integrated into the core of 
different business functions. To ensure that this becomes conventional practice of 
the companies, business decisions should be further linked to possible value 
creation opportunities. This was achieved by showing the relation between the 
business decisions and their influence on stakeholder responses.  For example, 
development of a membrane with better environmental performance and 
operational costs would satisfy the customers desire to comply with legislations at 
lower costs. 
 
Sustainable value creation   

The insights provided by the LCA have supported the innovation department 
in selecting cellulose acetate as membrane material which has a slightly lower 
climate change impact and causes lower burden for most other impact categories. 
It also avoids the membrane producer’s dependency on volatile prices of PES, a 
petrochemical material. It helped the producer to address raw material related 
risks. By guiding the innovation process in selecting the technological process 
route and further defining parameters for optimization, LCA has helped the 
producer in enhancing its innovation capability and in growing its portfolio. The 
innovation capability has been enhanced by the guidance provided by LCA in 
selecting the membrane technology with superior environmental performance 
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(which addresses the concerns of customers and other stakeholders) compared to 
other alternative technologies. Communication of these aspects by means of 
marketing would help the producer to differentiate itself in the market and 
attract more customers. The new product helps the customers such as 
municipalities to comply with legislation. Optimization of the membrane, which is 
under way by the producer, can further reduce the operational costs for the 
customer. Last but not least, the communities reap health benefits from drinking 
micropollutant free water (end benefit), creating value for all stakeholders. 
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7.4.2 Antibacterial T-shirt 
Chapter 3 discussed the LCA of an antibacterial T-shirt, which was conducted 

during the innovation process, and described the business decisions supported by 
the LCA. Figure 7.2 shows the synthesis, with all the required information, of how 
insights from the LCA study are integrated in business decisions to create 
sustainable value. 
 
Context and drivers 

 
For the antibacterial T-shirt, the important elements of the external context 

are an ageing population which needs comfortable and convenient clothing, 
continuously growing urban population that may further worsen the water 
scarcity and power shortage problems in developing countries, legislation such as 
REACH prohibiting the use of certain chemicals. The business context includes 
activities of industry associations like the Sustainable Apparel Coalition (SAC) next 
to a desire of customers (brands and retailers) to improve use phase 
performance, as well as increasing competition experienced by the EU textile 
producers. These drivers were guiding the LCA study.  
 
Results of the LCA study 

 
The results of the LCA study are that the 50 AB in-situ commercial scale T-shirt 

(50% antibacterial fibres in the T-shirt matrix) has lower environmental impacts 
than all other configurations and, especially, lower impacts than 50 AB sol-gel 
commercial T-shirt due to a lower number of heat treatment steps required in 
dyeing. Moreover, the 50 AB in-situ commercial scale T-shirt has 20% lower 
climate change impacts than conventional non-antibacterial T-shirts. Fibre 
finishing, dyeing and consumer use are the most impact causing steps in the life 
cycle of the antibacterial T-shirt. Consumer use phase, washing and tumbling, has 
the highest impacts in the antibacterial T-shirt life cycle. A sensitivity analysis of 
the consumer use phase identified the washing load as the most significant 
parameter, followed by the number of uses between washes, tumble drying 
frequency, washing temperature and durability of the antibacterial property of 
the T-shirt. The analysis recommended that it might be possible to reduce the 
share of antibacterial fibres in the T-shirts matrix and to use spun-dyed fibres to 
avoid dyeing. 
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Business decisions and stakeholder responses 
 
The innovation department selected the in-situ finishing process that has 

lower environmental impacts and might have lower production costs due to 
avoidance of heat treatment steps. Currently, the producer is conducting tests to 
reduce the amount of antibacterial fibres in the fabric matrix in order to further 
reduce the environmental impacts. It was recommended that the business 
development finds an opportunity to use spun-dyed fibres to avoid conventional 
dyeing to further improve the environmental performance. This has the potential 
to reduce supply chain risks and reduce costs for brands and retailers (see chapter 
4). The LCA study can be used by marketing to convince the customers about the 
overall performance of the antibacterial fibre-based products and potentially 
lower consumer use phase impacts; the marketing department may also aim to 
influence consumer behaviour by suggesting washing instructions such as using 
higher washing loads, number of uses between washes and low or no tumble 
drying. The consumer use phase has become the focus of many brands and 
retailers. Therefore, the brands and retailers might be able to communicate these 
aspects to their consumers through care labels on clothing. While the 
procurement department of the yarn producer has a few opportunities to reduce 
the supply chain impacts, the LCA study can help procurement departments of 
brands and retailers (final customers) in choosing suppliers and improving 
performance of specific processes (hot-spots) to reduce the environmental 
impacts and operational costs. All these business decisions taken by different 
business functions are affecting stakeholders in different ways. The stakeholders’ 
responses to this sustainable innovation are: the desire of customers 
(brands/retailers) can be satisfied through an opportunity to improve their final 
product performance and the consumers can lower washing cycles that save 
energy and water bills. The local community benefits from lower water scarcity, 
less water pollution and less power shortages due to the lower frequency of 
washing cycles. Thus, the responses of the stakeholders are important to be 
considered and these responses can affect the long-term success of the company. 
 
Sustainable value creation 

 
This LCA has supported the innovation team to select the in-situ coating 

process and the organizations’ capability to innovate new products with 
additional functionality and better environmental performance. This is very 
important given the competition faced by EU producers in the global textile 
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industry. The yarn producer could expand its portfolio of products due to the 
support provided by LCA in identifying the new product as an environmentally 
superior product in the market. Thus, LCA helped creating competitive advantage 
and product differentiation in the market for the product and the yarn producer. 
Due to all these credentials, the producer could be a preferred supplier to some 
customers. Owing to the interest of brands and retailers in developing textile 
garments with lower impacts both overall and in the use phase, antibacterial 
yarns might help customers to fulfil their own sustainability targets and the 
customers might be ready to pay premium on the yarns. This would enhance the 
reputation of the customers due to the improvement of their sustainability 
performance. In essence, LCA has helped the yarn producer to create value by 
aligning sustainability with business priorities. 
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7.4.3 Spun-dyed modal fibres 
Chapter 4 described an LCA conducted for spun-dyed modal fibres and also 

discussed the value creation opportunities by this innovation. Figure 7.3 shows a 
synthesis of how the insights from the LCA of spun-dyed modal fibres are 
integrated in business decisions to create sustainable value. 
 
Context and drivers 

 
Figure 7.3 shows the relevant context and drivers of the spun-dyed fibre 

innovation. The most important driver is global population growth, which creates 
more demand for clothes with lower environmental impacts. The textile supply 
chains are mostly located in Asia where air pollution, water pollution and water 
scarcity problems are rampant. There is an increasing number of legislations 
targeting the textile industry in Asia (in order to raise the standards of practices), 
from the EU (e.g. REACH) to prohibit certain dyes and from selected European 
countries like Sweden that is planning to impose taxes on chemicals in textiles. 
International NGOs such as Greenpeace have criticized international apparel 
brands and retailers for the poor performance of their supply chain partners such 
as laundries and dyeing mills. The business context of the textile industry is also 
changing due to the initiatives such as SAC that creates tools and awareness to 
reduce textile supply chain impacts. These initiatives and visibility to NGOs and 
consumers have created impetus for brands and retailers to be more 
sustainability oriented. Consequently, the sustainability agenda of B2B companies 
such as fibre producers are primarily driven by customer (brands and retailers) 
demands rather than consumers and NGOs. For scarcity reasons, the costs of 
water and power are increasing in Asian countries, thereby increasing production 
costs. Since most of the textile industry has moved to Asia, EU producers need to 
find innovative ways to be competitive in the global market. All these drivers are 
important to be known to the business functions of the fibre producer because 
they can help in making business decisions and to contextualize the spin-dyeing 
innovation. Keeping these issues in mind, the LCA on spun-dyed fabrics has 
helped business development and marketing.  
 
Results of the LCA study 

 
From the LCA study it was found that, across all impact categories studied, 

spun-dyed fabrics cause only half to one third of the environmental impacts 
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compared to conventionally dyed fabrics. Sensitivity analyses showed that the 
relative benefits of spun-dyeing, that nowadays takes places in Austria, are higher 
if the conventional dyeing takes place in countries like China or the US where 
electricity grids and heat sources are predominantly coal-based. The liquor ratio 
and the number of washing cycles have an influence on results but do not alter 
these conclusions. Due to the comparatively very low amount of pigments 
required and entrapment of the pigment in the fibre structure, the spun-dyed 
fabric can be expected to cause substantially lower human and eco-toxicity 
impacts compared to conventionally dyed fabric. From a gate (fibre)-to-gate (dyed 
fabric) comparison, it was found that the spun-dyed fabrics needs 60-90% lower 
amount of water, chemicals, electricity and heat and generates 60% lower 
wastewater emissions than conventionally dyed fabrics. These savings can reduce 
production costs. 

 
Business decisions 

 
The business development department is reaching out to potential new 

customers to make new products/applications, such as fabrics for automobiles, 
based on the environmental performance of the spun-dyed fibres compared to 
conventional dyeing of different materials. The marketing department has been 
using the insights provided by LCA to communicate to textile brands and retailers. 
 
Stakeholders’ responses and sustainable value creation 

 
The innovative fibre production process triggered positive responses from 

various stakeholders. Due to the improved performance of the supply chains, 
there would be fewer allegations from NGOs against supply chain partners and 
thus lower operational risks. The customers (brand and retailers) can improve the 
overall performance of their products and reduce the reputational risks from 
supply chain partners such as dyeing mills. This would help brands and retailers to 
create value such as innovative products (garments) with lower impacts, 
enhanced brand reputation, and legitimacy. The spin-dyeing needs less resources 
than conventional dyeing and thus reduces the variable production costs of final 
products. The local community can benefit from these improvements due to 
lower water pollution and reduced pressure on water resources. Owing to all the 
above aspects, the fibre producer could differentiate the spun-dyed fibres in the 
market and be a preferred supplier to brands and retailers.      
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Unlike other case studies presented, this LCA was conducted during the 
business development stage. The innovation was accomplished before the LCA 
study was started. Therefore, this LCA was used to quantify the environmental 
improvements which will be useful for developing new applications and attract 
new customers. Therefore the innovation department participated in the LCA to 
provide data and necessary information. However, the innovation department is 
not included in the figure 7.3 since it has not made any business decisions based 
on this LCA. However, the innovation itself was based on life cycle thinking where 
the fibre producer has extended its organizational boundaries and found an 
opportunity to develop a product that can potentially avoid supply chain 
problems to brands and retailers and reduces overall impacts of the industry by 
avoiding conventional dyeing. 
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7.4.4 High yield paper LCA and supporting business decisions for 
creating value 

Chapter 5 presented an LCA conducted for printing and writing paper with 
high yield pulp and different coating configurations. Figure 7.4 shows the 
synthesis, with all the required information, of how insights from high yield paper 
LCA are integrated in business decisions to create sustainable value. 
 
Context and drivers 

 
Figure 7.4 presents various drivers based on external and business context of 

the pulp and paper industry. The pulp and paper industry is facing challenges 
from resource constraints. EU pulp and paper industry is net importer of pulp and 
also imports wood mostly from the Americas and Russia, respectively. In many 
parts of the world loss of biodiversity is rising due to illegal logging and clear 
cutting of forests. These concerns were partly addressed by the sustainable forest 
management and wood certification programs. Climate change also affects health 
of forests such as forest growth and quality of wood due to higher frequency of 
insect outbreaks and droughts. Under the ETS program, the EU pulp and paper 
industry needs to pay for the CO2 emissions in excess of the allocated emission 
rights. The competitiveness of the industry depends on accessibility and cost of 
wood which are rising due to scarcity and taxes posed by exporting countries. 
Similarly, low production costs of pulp and paper products from developing 
countries are also impacting cost competitiveness of the industry. Some 
governments have been encouraging production of sustainable products through 
green public procurement programs which shows the expectation and demand of 
institutional consumers such as banks, government offices. Innovation, business 
development, marketing and procurement departments can be advised with the 
insights provided by the LCA while keeping these drivers in mind. 
 
Results of the LCA study 

 
Nanoparticle production contributes significantly to the nanoparticle coated 

papers' energy use and GHG emissions. By applying different modelling 
approaches this analysis demonstrated that there is a trade-off between wood 
use on the one hand and non-renewable energy use (NREU) and GHG emissions 
on the other. Applying attributional modelling and choosing conventional kraft 
paper as reference, wood savings are 60% for the nanoparticle coated recovered 
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fibre paper and 35% for the micro TiO2 coated Chemi-thermo-mechanical pulp 
(CTMP) paper. Applying consequential modelling that considers that saved wood 
can be used for producing electricity to replace European grid electricity, the 
nanoparticle coated recovered fibre paper offers the largest NREU savings and 
GHG emission reduction among all the product systems considered, amounting to 
100% and 75% respectively compared to conventional paper. But human toxicity 
and eco-toxicity impacts of the nanoparticles are not included in this analysis. If 
the nanoparticle specific toxicity impacts are considerable then the CTMP paper 
with micro TiO2 is the preferred option which offers NREU savings of 25% and 
GHG emission reduction of 10% compared to the conventional kraft paper. 
Considering all impact categories using the ReCiPe method, irrespective of the 
modelling approach taken, the above ranking of the product configurations 
remains unchanged. 
 
Business decisions 

 
The innovation department could see the trade-offs between selecting 

unbleached kraft pulp with nano TiO2 and CTMP pulp with micro TiO2. CTMP 
paper has lower environmental impacts, higher pulp yields thus consumes lower 
amount of wood and it can also be made from residual chips. Moreover, it is not 
known to entail health risks comparable to those caused by nano particles and is 
subject to lower TiO2 depletion risks than other configurations. The producer 
might find opportunities to produce CTMP pulp in their own integrated pulp and 
paper mills to further reduce the impacts (in this case study we have only 
considered CTMP pulp from suppliers). Since this option needs technological 
changes and investment in the mills, the business development department or 
procurement can use the LCA study results to find a suitable CTMP pulp supplier 
in the medium to long term. While looking for the CTMP pulp supplier, the 
producer can define product and process requirements, such as use of residual 
wood and renewable energy sources, to improve the sustainability performance 
of the CTMP paper. Marketing can use the LCA results for communicating to 
customers, especially those with green public procurement obligations.   
 
Stakeholders’ responses and sustainable value creation 

 
The potential responses of stakeholders to this innovation are that the 

customers (e.g. publishers) can meet their sustainability targets by moving 
towards lower impact and resource consuming CTMP paper with similar quality 
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and lower costs. Similarly, the institutional customers such as governments can 
fulfil their obligations to green public procurement schemes with the use of CTMP 
paper. Due to the lower amount of wood needed and lower impacts, NGOs can 
understand that the CTMP paper would pose less risk to forests and biodiversity. 
LCA has supported the producer in making business decisions which resulted in 
positive stakeholder responses and have paved the way for sustainable value 
creation. The LCA has supported the producer and helped in developing a new 
product by process innovation. This has caused widening of the producer’s 
portfolio and can create differentiation in the market as an environmentally 
superior product. Lower consumption of wood has reduced the operational risks 
posed by resource scarcity, reputational risks due to NGOs, may lower the cost of 
paper. 
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7.5 Conclusions 
With the help of chapters 2- 6 and synthesis section 7.4, we addressed the 

overarching research question of this thesis, i.e.: “How can Life Cycle Assessment 
(LCA) support business functions in integrating environmental sustainability and 
create sustainable value?”. To answer this question, LCA practitioners should look 
beyond the technical boundaries of product systems. They need to understand 
and find important drivers relevant for the industry, the company and the product 
such as global and local environmental problems in supply chain locations, 
government regulations, NGO and community activity, customer expectations, 
market aspects of competitors and future prospects based on sustainability 
trends, and the internal context of the companies. Section 1.7 of chapter 1 
covered the important drivers for all the four case studies which cover water 
filtration, textile and pulp and paper industry. Some examples of the drivers are 
wood scarcity, water scarcity, and water and air pollution in supply locations, 
NGO protests and accusations on international companies about their supply 
chain practices, legislations prohibiting some chemicals, rapid urbanization, 
population growth, and customers’ demands. These drivers may justify that more 
attention is paid to LCA since it contextualizes the challenging situation of 
companies and their products. This is due to the fact that business managers have 
limited knowledge about sustainability and various drivers from different 
stakeholders. These drivers help managers to see their product in the broader 
context as well as help the sustainability practitioner in convincing the business 
functions while making decisions. The latter is achieved by showing the relevance 
and importance of the environmental performance improvements within the 
broader context presented by various drivers.  

In the case studies presented in chapters 2-5, LCA has supported the 
innovation function of producers in selecting raw materials, production processes 
or technology or product configurations with lower environmental impacts. These 
decisions such as materials or processes selected directly addressed the concerns 
summarized by the drivers. LCA also helped them to pinpoint the most processes 
and process parameters causing highest impact, hence representing a starting 
point for optimization. The LCA comparison between the novel product and its 
conventional alternatives has supported marketing function to communicate the 
overall impacts and advantages of the products to their prospective customers. 
For example, conventional dyeing mills in China and their international customers 
have been accused by NGOs for the rampant pollution. In this case, marketing 
could show the advantages of using spun-dyed fibres which completely avoids 
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conventional dyeing processes and implies lower operational and reputational 
risks. LCA has provided guidance to business development for finding further 
opportunities of development or to form partnerships. These decisions are 
supported by the contribution/hot-spot analysis and scenario analysis. All these 
business decisions were grounded in the context of companies considering the 
various drivers.  

In some situations, it might not be enough to connect these decisions with 
drivers because managers are pressed with business priorities such as innovation 
of new products, reducing costs, increasing sales, and better profit margins. 
Therefore, business decisions supported by improved environmental performance 
through LCAs should be further linked with business priorities such as the value it 
creates to the company, e.g. through the stakeholders’ reactions. Some examples 
of stakeholder responses in the case studies are more confidence from NGOs and 
consumers, lower complaints from local community, ability of customers to 
design better products with lower risks. Depending on the product system, some 
stakeholders are more relevant and powerful than others in deciding about the 
fate and future of the product. Stakeholder reactions such as customers’ ability to 
address risks in the value chain could help the producer to become a preferred 
supplier and business partner. By responding to the concern of a customer or a 
stakeholder, the product can be differentiated in the market, which is a value 
creation opportunity. So, it is important that business decisions should be 
connected with relevant stakeholder responses to create sustainable value. Some 
examples of value creation presented in the case studies are product 
differentiation with better environmental performance, the claim for an eco-
premium, status of a preferred supplier, enhancing customer’s ability to innovate 
new products with lower impacts, rejuvenation of product portfolio, legitimacy of 
supply chains and operations, enhanced reputation, cost and operational risk 
reduction. It was also observed that satisfying stakeholder concerns leads to value 
creation which indicates the overlap between stakeholder value and shareholder 
value. For example, satisfied customer or NGO (stakeholder response) might lead 
to enhanced reputation (value). This is also nature of the sustainable value which 
can be reaped by more than one actor. All case studies have demonstrated how 
the drivers and business decisions supported by LCA are connected to the 
sustainable value creation opportunities for different stakeholders. 

Furthermore, it is not always possible to quantify these value creation 
opportunities because they constitute both tangible and intangible aspects. As 
shown in four case studies, if the sustainability practitioner approaches the 
product sustainability problems from various drivers from the broader context 
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(environmental and demographic trends, legislation, stakeholders expectations 
and competitiveness of the producer), then the business decisions and the 
response of stakeholders to those decisions and how they can lead to value 
creation could be clearly seen and, thus, provide guidance to management on 
how to integrate sustainability in their decisions. Business management may be 
accustomed to taking decisions based on strategic considerations, which are 
grounded on the current situation of the producer, rather than quantification of 
their final value (in terms of risks or monetary units) in all circumstances. The 
most important aspect is that there is a clear connection and alignment between 
different aspects of sustainability and business priorities. Moreover, inherently 
LCA is a quantification tool of environmental impacts hence it can show the 
current and impending impacts that can be avoided by particular management 
choices.  

In essence, we address the first sub-question of the thesis, i.e. “How can LCA 
support product and process innovation, new business development and other 
business functions in making decisions and creating value?” by the approach 
shown in synthesis: “drivers- LCA metrics- business decisions-stakeholder 
responses-value creation opportunities”.  Therefore, this thesis proposes a 
potential approach to integrate environmental sustainability through LCA in 
different business functions and create sustainable value.       

The second sub-question of the thesis, “How can companies contextualize 
various applications of LCA in business and create sustainable value?” is 
addressed by chapter 6. In this chapter, we presented the sustainable value 
framework. It covers corporate sustainability strategies considering different 
drivers from internal and external stakeholders of the organization and time 
dimensions. Each strategy is linked with possible value creation opportunities and 
possible business functions which can be involved in value creation. We have 
described various applications of LCA in each of these strategies with examples 
from literature. We have also shown three case studies from different chemical 
companies for the strategy “reinventing processes, products and business 
models”. We have described how the companies DSM, SABIC and Teijin use LCA in 
their organizations to quantify impacts and to make informed choices by different 
business functions which have ultimately created value. These three case studies 
concern the development of bio-based materials, closing the material loops by 
developing recycled resins, and offering eco-effective solutions to customers, 
respectively. We have also presented possible barriers and challenges 
experienced during the process of value creation using LCA and provided some 
approaches followed by these companies to overcome the challenges. Finally, we 
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proposed a simple procedure to conduct LCAs by involving different business 
functions from the very beginning of LCA studies so that the value creation will be 
possible due to the cross-functional engagement and collaboration and the 
integration of environmental sustainability in the core business decisions.  

The contribution of this thesis to the field of sustainability, especially 
corporate and product sustainability is threefold. First, we have presented an 
approach to embed LCA in the corporate context and align environmental 
sustainability with business priorities. Second, we have shown how to synthesize 
and communicate all the different aspects (shown in figures 7.1-7.4) in a coherent 
way and present LCA results to the managers of different business functions with 
LCA-based value creation approach. This communication approach is a 
combination and sequence of “drivers- LCA metrics- business decisions-
stakeholder responses- value creation opportunities”. Third, we have shown 
various applications of LCA which covers different strategies, drivers and value. 

The most important insights garnered during this research are that 
sustainability should be seen as a cross-functional effort in organizations and all 
the functions should be involved in integrating sustainability into core business. 
Every function might need metrics of a different nature that can be 
understandable to those specific people and appropriate for specific needs. 
Deriving these sustainability metrics depends on the understanding of the 
business processes and expectations of the stakeholders. By this process, 
companies can find opportunities for value creation through innovation of new 
products, processes, business models and management of risks. LCA as a systems 
tool provided holistic insights and helped business functions to engage with each 
other and to engage with customers and supply chain partners.   

This thesis presents a pragmatic approach and can help companies to allocate 
resources such as budget and manpower to use LCA and embed sustainability in 
their decisions due to its alignment with business priorities and clarity on how 
different aspects are related. Owing to this approach, LCA can help to integrate 
environmental sustainability in business and implement sustainability in 
companies, by shifting focus from impacts to business decisions. 

7.6 Recommendations for improving sustainability implementation in 
companies 

We found that there are some pre-conditions that need further research, to 
integrate sustainability in core business and thereby successfully implement 
sustainability in companies. We need to understand business processes, provide 
incentives to embed sustainability in companies and require supply chain specific 



Synthesis & Conclusions 

 
282 

data to support decisions. Sustainable value creation needs cross functional 
collaboration within the company/producer and collaboration between partners 
of the whole value chain and it is shared by different stakeholders. Regarding all 
these aspects, there are different responsibilities each stakeholder can take to 
improve the successful implementation of the approach proposed in this thesis. 
The following sections provide recommendations to key stakeholders. 

7.6.1 Academic and research community 
There has been a great progress in devising and improving sustainability tools 

such as LCA, Life Cycle Sustainability Analysis (LCSA). The researchers need to pay 
close attention to the practical implementation of tools in companies because 
companies are the ultimate actors who can improve the current state of our 
environment and society. The proposed approach in this thesis can potentially 
help these tools to align with business priorities but still much research needs to 
be performed.   

The case studies presented in this thesis concern business to business (B2B) 
companies. The business to consumer (B2C) companies are the end producers of 
goods and services. B2C business processes could be different and yet 
complicated due to the assembling of many different intermediate products and 
materials to manufacture final products, and also because huge portfolios and 
thousands of suppliers. The scientific community should try to understand 
business processes and decision-making situations of managers in different 
functions of B2C companies and need to devise metrics for easy integration of 
sustainability yet without compromising the myriad complex issues. The type of 
insights required for each business function should be clear and targeted. For 
example, metrics need to be translated to meaningful information that business 
functions can understand, such as simple indicators for designers, supply chain 
related information or risk maps for procurement. In this regard the experience of 
sustainability experts is very valuable, they need to help companies in devising 
approaches to avoid trade-offs. There are some interesting attempts, such as 
Puma’s Environmental profit and loss account, in translating ecosystem services 
dependency and impacts of corporate actions into monetary units. These might 
help top-management to understand the significance of sustainability and to 
uncover the risks involved. For this type of approach, LCA acts as a precursor due 
to product and supply chain specific data and impacts. Similarly, the researchers 
need to understand how LCA can be further used in companies with easy to 
understand information.   
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The complexity of sustainability changes from company to company. It 
depends on different aspects such as nature of business (B2B or B2C), scale of 
business (small or medium or big, local vs multi-national), portfolios with 
hundreds of products, thousands of suppliers located in various parts of the 
world, and existing corporate enterprise resource softwares with data and 
information. Researchers need to understand the implementation of 
sustainability in these circumstances and constraints of the companies and devise 
new approaches for data collection and to conduct assessments. 

From the case studies, there are some areas that need further work. First, 
LCIA methods should be developed to consider impacts of nanoparticles and 
endocrine disrupting compounds. Second, research need to be conducted to 
support the harmonization process of LCA methodology for different product 
groups. 

One of the most important contributions from academic community will be 
that it needs to develop future professionals with the breadth and depth to 
understand sustainability implementation in companies. 

7.6.2 Businesses 
Many companies have been realizing the value of sustainability and the 

overlap between shareholder and stakeholder value. To embed sustainability in 
business, top management should communicate their commitment to 
sustainability in combination with ambitious targets and pragmatic strategy to 
achieve them. It is also evident that cross-functional collaboration is a 
prerequisite to develop sustainable products and create value. Hence, companies 
need to encourage flow of information and insights and co-operation between 
different business functions.   

This development should go hand in hand with structures and incentives. 
Roles and responsibilities of managers with regard to sustainability need to be 
clearly defined, such as use of sustainability tools and metrics for business 
decisions, and performance bonus and other incentives should be aligned with 
the progress of sustainability implementation in companies.  

Traditionally many companies do not have much knowledge about their 
suppliers beyond tier-1. To alleviate future risks and reap opportunities in the 
whole value chains, companies need to pay attention and go beyond tier-1 and 
motivate tier-1 suppliers for supply chain transparency. The latter is especially 
important for B2B companies whose sustainability agenda is mainly driven by 
their customers such as brands and retailers. In many cases, companies procure 
from same suppliers. For example, many apparel companies buy from the same 
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raw material manufacturer and textile suppliers. Companies should collaborate 
with their peers to collect supply chain specific data and information from 
common suppliers. Companies should focus efforts further in this area. 
Understanding supply chain specific aspects is one of the prerequisites for 
integrating sustainability in core business. Apart from creating impetus for data 
collection and other advantages, this collaborative data collection would reduce 
burden of supplying data with different formats to different companies, hence 
avoids unnecessary costs to suppliers. 

It was displayed through case studies that value creation is mostly shared or 
obtained by the involvement of multiple stakeholders, hence companies should 
improve their collaborative spirit which will ensure success and win-win for 
different partners. Companies need to address the difficult challenge of value 
sharing on the basis of equal partnership and long term success. 

7.6.3 Governments, multi-stakeholder organizations and NGOs 
Governments need to create demand for sustainable products and motivate 

companies to develop sustainable products. Initiatives such as the Grenelle law in 
France and EU PEF pilot in Europe are trying to create single markets for green 
products. These programs aim to communicate product sustainability information 
to the consumers to influence their buying choices. There are already some 
initiatives, e.g. organizations such as GoodGuide and Questionmark, trying to 
provide information to stakeholders in a readily understandable and accessible 
way through smart phone applications. This type of informed consumer 
behaviour can influence the improvements of existing products and trigger the 
development of new products with better sustainability performance. To reach 
this goal, the methods need to be harmonized to create a level playing field. 
These initiatives are developing common standards and approaches for different 
product categories and sectors. 

European government and other governments fund research through 
programs such as framework program-7 and Horizon 2020 projects. Apart from 
developing sustainability tools and methods, some projects should be funded to 
understand the business processes and tailor approaches to integrate 
sustainability in different types of business functions, companies and industries. 
This is a promising area to initiate research for further improving sustainability 
implementation in companies. 

One of the recent changes is that the relation between NGOs and businesses 
is transforming from confronters to collaborators. Currently, many international 
NGOs are very active in forming coalitions to create common approaches and 
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simultaneously sharing their knowledge to address problems in areas such as bio-
diversity and natural capital. Some of the interesting multi-stakeholder initiatives 
are carbon disclosure project (CDP), roundtable on sustainable palm oil (RSPO), 
WBCSD, SAC and TSC. These initiatives should continue working to develop 
common approaches and projects to address sustainability problems in different 
product value chains. To make progress in implementing product sustainability, 
companies need know-how and support of the local community and stakeholders. 
With this support, it is possible to obtain some results in medium term and thus 
to ensure continued commitment. To fast track the progress and to encourage 
further action of corporations, we need this collaborative work from other 
societal stakeholders. 
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Summary 

The main objective of this research is to make a contribution to bridge the 
gap between sustainability science and business management by improving the 
integration of sustainability in core business of corporations. The core business of 
corporations is to provide products and services to meet societal needs. 
Corporations through their decisions cause various impacts on the environment 
and society while providing these products and services. Business decisions are 
made by business functions such as innovation, business development, marketing 
and procurement. These business functions need guidance and metrics to 
improve the sustainability performance of the products and services. The metrics 
should consider the complexity of product value chains that encompass various 
geographic scopes, different environmental and social problems depending on 
product groups and be able to provide support in the decision-making of different 
business functions. Life cycle assessment (LCA) is a systems tool which can help 
corporations to understand the impacts of their value chain and innovation 
process and can provide support in the decision-making process. Systems thinking 
helps to understand the different parts within the system and their relation to 
other systems. LCA is a systems tool that allows to evaluate and improve the 
environmental performance of products by providing powerful insights into the 
whole value chain. By doing this, LCA avoids shifting of impacts from one process 
step/industry to another, from one impact category to another and from one 
place to another. 

Business management is pressed with delivering value and their performance 
is measured by how successful they are in creating value. Sustainable value 
creation is defined as “…the identification of strategies and practices that 
contribute to a more sustainable world by viewing global challenges associated 
with sustainability through an appropriate set of business perspectives, and the 
utilization of these strategies and practices to drive shareholder value”. Value is a 
multi-dimensional concept which includes end benefits to different stakeholders, 
solutions, and financial outcomes. Examples of value creation opportunities 
include cost reduction, risk reduction, product differentiation, increased sales, 
and innovation of new products to address unsatisfied needs. To ensure 
integration of sustainability in business, the LCA based metrics and the resulting 
strategies for product and service improvements and consequent business 
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decisions should be linked with value creation opportunities. By this means, we 
can align sustainability with business priorities of companies and thus ensure that 
managers can use sustainability metrics in their day-to-day business. But, so far, 
LCA has been mostly used as auxiliary technical tool and the insights were limited 
to the impact quantification without actively involving business functions. Many 
companies are not implementing or using LCA in their day-to-day business due to 
its time-intensive nature, complexity and difficulty of contextualizing the 
relevance of LCA in various circumstances with the current and prevailing context 
of companies. Moreover, there is hardly any exploration of how LCA can influence 
decisions made by companies through decision support of business functions. 
There is little research to understand the role of LCA in supporting business 
functions and consequently linking it with sustainable value creation 
opportunities. 

 
Against this objective and background the main research question is: 

 
“How can Life Cycle Assessment (LCA) support business functions in 

integrating environmental sustainability into business and create sustainable 
value?” 

 
Sub questions are: 

 
1. How can LCA support product and process innovation, new business 

development and other business functions in making decisions and creating value? 
 
2. How can companies contextualize various applications of LCA in business 

and create sustainable value? 
 
With the help of four case studies in chapters 2-5, we have addressed sub 

question 1. The main focus and mechanism of our approach is summarized in 
figure 1. We have conducted LCAs for four products in a business to business 
(B2B) context. The products are micropollutant removal membranes, antibacterial 
textiles such as T-shirts, spun-dyed fibres and high yield pulp-based printing and 
writing paper. The membranes are capable of removing hormones from drinking 
water to avoid potential human health impacts. Antibacterial textiles, which 
prevent odours, may reduce the number of washing cycles, thus offering an 
opportunity to reduce environmental impacts. Spin-dyeing is an alternative to 
resource intensive and polluting conventional dyeing methods and can therefore 
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avoid water use and pollution and other impacts in developing countries where 
textile value chains are concentrated. High yield pulp-paper aims to reduce 
consumption of wood with the help of coatings. In chapter 7, we provide a 
detailed synthesis for each case study separately, which combines drivers, LCA-
based insights, business decisions supported by LCA, stakeholders’ responses, and 
value creation opportunities. A case study is presented below to concretely show 
the main approach taken in this thesis. 

 

 
Figure 1. LCA-based value creation approach (drivers- LCA metrics- business decisions-stakeholder 
responses-value creation opportunities) followed in this thesis to contextualize LCA and connect 
LCA based insights to business decisions and value creation opportunities 

 
Presentation of a case study from the thesis 

In the following we provide a brief summary of the chapter on spun-dyed 
modal fabrics (Chapter-4) as example of the four case studies covered in this 
thesis. When drawing conclusions and answering the first sub-question we take 
all four case studies into account. 
 
Context and drivers of spun-dyed modal fabrics 

Figure 2 shows the relevant context and drivers of the spun-dyed fibre 
innovation. The most important driver is global population growth, which creates 
more demand for clothes with lower environmental impacts. The textile supply 
chains are mostly located in Asia where air pollution, water pollution and water 
scarcity problems are rampant. There is an increasing number of legislations 
targeting the textile industry in Asia (in order to raise the standards of practices), 
from the EU (e.g. REACH) to prohibit certain dyes and from selected European 
countries like Sweden that is planning to impose taxes on chemicals in textiles. 
International NGOs such as Greenpeace have criticized international apparel 
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brands and retailers for the poor performance of their supply chain partners such 
as laundries and dyeing mills. The business context of the textile industry is also 
changing due to the initiatives such as Sustainable Apparel Coalition (SAC) that 
creates tools and awareness to reduce textile supply chain impacts. These 
initiatives and visibility to NGOs and consumers have created impetus for brands 
and retailers to be more sustainability oriented. Consequently, the sustainability 
agenda of B2B companies such as fibre producers are primarily driven by 
customer (brands and retailers) demands rather than consumers and NGOs. 
Increased scarcity raises the costs of water and power in Asian countries, 
increasing production costs. Since most of the textile industry has moved to Asia, 
EU producers need to find innovative ways to be competitive in the global 
market. All these drivers are important for the business functions of the fibre 
producer because they influence business decisions and help to contextualize the 
spin-dyeing innovation. With these issues in mind, the LCA on spun-dyed fabrics 
can help business development and marketing. 

 
Results of the spun-dyed fabrics LCA study 

 
From the LCA it was found that, across all impact categories studied, spun-

dyed fabrics cause only half to one third of the environmental impacts compared 
to conventionally dyed fabrics. Sensitivity analyses showed that the relative 
benefits of spun-dyeing, that nowadays takes places in Austria, are higher if it 
replaces conventional dyeing in countries like China or the US where electricity 
grids and heat sources are predominantly coal-based. The liquor ratio and the 
number of washing cycles  influence the results but do not alter the conclusions. 
Due to the comparatively very low amount of pigments required and entrapment 
of the pigment in the fibre structure, the spun-dyed fabric can be expected to 
cause substantially lower human and eco-toxicity impacts compared to 
conventionally dyed fabric. From a gate (fibre)-to-gate (dyed fabric) comparison, 
it was found that the spun-dyed fabrics need 60-90% less water, chemicals, 
electricity and heat and generate 60% lower wastewater emissions than 
conventionally dyed fabrics. These savings can reduce production costs. 
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Business decisions supported by LCA 
 

The business development department is reaching out to potential new 
customers to make new products/applications, such as fabrics for automobiles, 
based on the environmental performance of the spun-dyed fibres compared to 
conventional dyeing of different materials. The marketing department has been 
using the insights provided by LCA to communicate to textile brands and retailers. 

 
Stakeholders’ responses and sustainable value creation 
 

The innovative fibre production process triggered positive responses from 
various stakeholders. Due to the improved performance of the supply chains, 
there would be fewer allegations from NGOs against supply chain partners and 
thus lower operational risks. The customers (brand and retailers) can improve the 
overall performance of their products and they can reduce the reputational risks 
from supply chain partners such as dyeing mills. This would help brands and 
retailers to create value such as innovative products (garments) with lower 
impacts, enhanced brand reputation, and legitimacy. The spin-dyeing needs less 
resources than conventional dyeing and thus reduces the variable production 
costs of final products. The local community can benefit from these 
improvements due to lower water pollution and reduced pressure on water 
resources. Owing to all the above aspects, the fibre producer could differentiate 
the spun-dyed fibres in the market and be a preferred supplier to brands and 
retailers.      

Unlike other case studies presented in this thesis, this LCA was conducted 
during the business development stage. The innovation was accomplished before 
the LCA study was started. This LCA was used to quantify the environmental 
improvements which will be useful for developing new applications and attract 
new customers. Therefore the innovation department participated in the LCA to 
provide data and necessary information. However, the innovation department is 
not included in the Figure 2 since it has not made any business decisions based on 
this LCA. However, the innovation itself was based on life cycle thinking where the 
fibre producer has extended its organizational boundaries and found an 
opportunity to develop an innovative product. 

 
Similar to the above case study, the other three case studies in this thesis 

have shown that sustainability practitioners should look beyond the technical 
boundaries of product systems. The sustainability practitioners need to 
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understand and derive important drivers relevant for the industry, the company 
and the product. Some examples of the drivers mentioned in the case studies are 
wood scarcity, water scarcity, resource savings, water and air pollution in supply 
locations, NGO protests and accusations on international companies about their 
supply chain practices, legislations prohibiting selected chemicals, rapid 
urbanization, population growth, customers’ demands, market aspects of 
competitors and future prospects based on sustainability trends, and the internal 
context of the companies (see Section 1.7 for important drivers for all the four 
case studies). Presentation of various drivers helped the LCA study to be taken 
more seriously by managers since it contextualized the challenging situation of 
companies and their products. This improved the business relevance of 
environmental performance improvements of products. Moreover, synthesizing 
different drivers by sustainability practitioners helped the business managers 
since they have limited knowledge about sustainability and various drivers from 
different stakeholders. Overall, the drivers helped managers to see their product 
in the broader context and helped the sustainability practitioner in convincing the 
business functions while making decisions. 

In the case studies presented (Chapter 2-5), LCA has supported innovation 
department of producers in selecting raw materials, production processes or 
technology or product configurations with lower environmental impacts. These 
decisions (such as materials or processes selected) directly addressed the 
concerns represented by the drivers. LCA also helped them to find the most 
impact-causing processes and process parameters for optimization. The LCA 
comparison between the new product and its conventional counterpart has 
supported marketing function to communicate the overall impacts and 
advantages of the products to their prospective customers (brands and retailers) 
as shown in Figure 2. As explained above for the case study of spun-dyed fabrics, 
conventional dyeing mills in China and their international customers (brands) 
have been accused by NGOs for the rampant water pollution. In this case, the 
marketing managers could show the advantages of using spun-dyed fibres which 
avoid conventional dyeing process which also results in lower operational and 
reputational risks. LCA has provided guidance to business development for finding 
further opportunities of development or to form partnerships. All these business 
decisions were grounded in the context of companies and their product value 
chains, considering various drivers. 

Since managers are pressed with value creation, the case studies show how 
LCA-supported business decisions taken by managers can be connected with the 
value creation to the company (both directly and through the stakeholders’ 
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responses). Some examples of stakeholder responses in the case studies are 
better confidence of NGOs and consumers on the brands and their products, 
lower complaints from local community, ability of customers (brands and 
retailers) to design better final products with lower risks. Depending on the type 
of product system, some stakeholders are more relevant and powerful than 
others in influencing the fate and future of the product. Stakeholder reactions 
such as customers’ (brands and retailers) ability to address risks in the value chain 
could help the intermediates producer to be a preferred supplier and business 
partner. Due to this response of a customer or a stakeholder, the product can be 
differentiated in the market. It is therefore important that the business decisions 
are connected with relevant stakeholder responses which in turn create 
sustainable value. Some examples of value creation presented in the case studies 
are product differentiation with better environmental performance, attracting 
eco-premium, preferred supplier to customers, opportunity to innovate new 
products with lower impacts, rejuvenation of product portfolio, legitimacy of 
supply chains and operations, enhanced reputation, cost and operational risk 
reduction. It is also observed that the difference between some aspects of 
positive response of a stakeholder and the value creation seems indistinguishable 
which indicates the overlap between stakeholder value and shareholder value. 
For example, a satisfied customer or NGO (stakeholder response) might lead to 
enhanced reputation (value). This is also in the nature of the sustainable value 
which can benefit more than one actor.  

Furthermore, it is not always possible to quantify these value creation 
opportunities which are multi-faceted. As shown in the four case studies 
(Chapters 2-5), it is however in general possible to clearly indicate the value of 
sustainability to the company without quantification. This is demonstrated by 
cases through the causal mechanism shown in figure 1 and explained above. This 
has helped management to integrate sustainability although not all of the value 
creation opportunities have been quantified. In the course of this research we 
found that the business management is accustomed to taking decisions based on 
strategic considerations as long as they are grounded in a thorough analysis of the 
current situation of the producer from different perspectives (without a need for 
quantification of their final value in all circumstances). The most important aspect 
is that there is a clear connection and alignment between different aspects of 
sustainability and business priorities. Being a tool offering quantitative results, 
LCA can clearly show the current and impending impacts that can be avoided by 
particular choices of management.  
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In essence, by thoroughly showing the causal mechanism between various 
elements with LCA-based value creation approach, figure 2, we can integrate 
environmental sustainability through LCA in different business functions and 
create sustainable value. This LCA based value creation approach can be framed 
as “drivers- LCA metrics- business decisions-stakeholder responses-value creation 
opportunities”. As summarized here and demonstrated by case studies in chapter 
2-5, we addressed sub-question-1.    

The second sub-question of this thesis “How can companies contextualize 
various applications of LCA in business and create sustainable value?” is 
addressed by chapter 6. In this chapter, we have presented a sustainable value 
framework. We have moreover shown different corporate sustainability 
strategies considering different drivers from internal and external stakeholders of 
the organization and time dimensions and linked these strategies with possible 
value creation opportunities. We have described various applications of LCA in 
each of these strategies with examples from literature. We have also presented 
three case studies from different chemical companies which applied the strategy 
of “reinventing processes, products and business models”. The case studies 
involving the companies DSM, SABIC and Teijin Aramid describe how LCA is used 
in their organization to quantify the impacts of their products and for making 
informed choices by different business functions which have ultimately created 
value. The case studies presented by DSM, SABIC and Teijin Aramid focus 
respectively on the  development of bio-based materials, closing the material 
loops by developing recycled resins and associated technology, and offering eco-
effective solutions to customers. We have also presented barriers and challenges 
(see chapter-6) experienced during the process of value creation using LCA and 
provided some approaches followed by these case companies to overcome the 
challenges. Some examples of barriers and challenges are collaboration between 
value chain partners for sustainable innovations, communication of sustainability 
to different business functions, short-term focus of company decision-making and 
harmonization of LCA methodology. Finally, we proposed a simple operational 
procedure to conduct LCAs by involving different business functions from the very 
beginning so that the value creation will be possible due to the cross-functional 
collaboration and the integration of environmental sustainability through LCA in 
core business decisions. For example, as described in membrane case study (see 
section 7.4.1.), the procurement division needs to choose right suppliers, the 
innovation needs to improve the product design and the marketing needs to 
communicate the environmental performance of products to customers. The 
marketing also needs to convey customer demands to innovation department to 
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create future products. This collective effort leads to the improvement of 
product’s environmental performance and ensured product differentiation to 
create value. 

During LCA case studies, we have derived and tested some approaches. The 
contribution of this thesis to the field of sustainability, especially corporate and 
product sustainability is three-fold. First, we have shown an approach to embed 
LCA in the corporate context and align environmental sustainability with business 
priorities. Second, with the LCA-based value creation approach shown in figure 1, 
we have shown how to synthesize and communicate all different aspects in a 
coherent way and present LCA results to the managers of different business 
functions. The communication approach is a combination and sequence of 
“drivers- LCA metrics- business decisions-stakeholder responses-value creation 
opportunities”. Third, we have shown various applications of LCA which cover 
different strategies, drivers and value (see chapter-6). 

The most important insights from this research are that sustainability should 
be seen as a cross-functional effort in organizations and all the functions should 
be involved in integrating sustainability into core business to create value. Every 
function might need metrics of different nature that can be understood by those 
specific people and appropriate for their specific needs. Deriving these 
sustainability metrics depends on the understanding of the business processes 
and expectations of the stakeholders. By this approach, companies can find 
opportunities for value creation through innovation of new products, processes, 
business models and management of risks. LCA as a systems tool provided holistic 
insights and helped business functions to engage with each other and to engage 
with customers and supply chain partners. 

This thesis presents a pragmatic approach and can help companies to allocate 
resources such as budget and manpower to use LCA and embed sustainability in 
their decisions. This is due to its alignment with business priorities and clarity on 
how different aspects can be related. Owing to this approach, LCA can act as a 
means to the end, i.e. to integrate environmental sustainability in business and 
implement sustainability in companies, by translating and shifting focus from 
impacts to business decisions. LCA is a powerful tool despite its limitations such as 
methodological and uncertainty issues (see chapter 6). LCA can act as a vehicle to 
develop superior products, services and business models as long as the 
practitioners and stakeholders create enabling conditions for its success. 

We found that there are some pre-conditions, which need further research 
and efforts, to integrate environmental sustainability in core business and to 
successfully implement sustainability in companies. In this thesis, we worked with 
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a few business to business (B2B) companies in some industries and have shown 
their influence and interdependence on B2C companies for value creation. 
Sustainability practitioners need to understand business processes of different 
industries in both business to business and, more importantly, business to 
consumer (B2C) companies due to the inherent complexity which arises from the 
breadth of their product portfolios and numerous suppliers. Moreover, the 
interactions of business processes and decision-making should be understood 
from the whole value chain perspective which encompasses both B2B and B2C 
companies. Proper tools and metrics should be developed that suit their 
circumstances. Many of these changes need commitment of top management 
and right incentives to embed sustainability in core business of companies. To 
support specific decisions, supply chain specific inventory data should be 
developed by companies. Sustainable value creation needs cross-functional 
collaboration within the companies and also between partners of the whole value 
chain. The value creation opportunities should be identified for different 
stakeholders in the value chain to ensure their commitment to collaboration and 
sustainability. Therefore, businesses should concentrate on all these aspects. 
There is a need to create a level playing field for companies to compete on equal 
terms based on harmonized and scientifically robust methodologies. Demand 
needs to be created for the consideration of environmental issues in buying 
choices (both B2C companies and end consumers). Therefore, governments, 
multi-stakeholder organizations and NGOs need to support harmonization of 
approaches and create mechanisms for influencing customer (B2C companies) 
and consumer behaviour. 

 
 
 
 
 
 
 
 
 
 
 
 
 



Dutch Summary 

 
298 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Sa
m

en
va

tt
in

g

 

 
299 

 

Samenvatting 

Het belangrijkste doel van dit onderzoek is om een bijdrage te leveren aan het 
overbruggen van de kloof tussen duurzaamheidsonderzoek en business 
management en het verbeteren van de integratie van duurzaamheid in de 
kerntaken van bedrijven. De kern van bedrijven is om producten en diensten te 
leveren die aan maatschappelijke behoeften voldoen. Beslissingen die bedrijven 
nemen op het gebied van innovatie, bedrijfsontwikkeling, marketing en inkoop 
om deze producten en diensten te leveren, hebben een effect op milieu en 
maatschappij. Om deze beslissingen in goede banen te leiden zijn gegevens nodig 
om de duurzaamheidsprestaties van de producten en diensten te verbeteren. 
Hierbij moet rekening gehouden worden met de complexiteit van de 
waardeketens van verschillende regio’s en van verschillende milieu- en sociale 
problemen van productgroepen. De gegevens moeten de besluitvorming van de 
verschillende bedrijven in de keten ondersteunen. Levenscyclusanalyse is een 
systeem instrument die bedrijven kan helpen om de effecten van hun 
waardeketen en innovatieprocessen te begrijpen en die bedrijven kan helpen bij 
het besluitvormingsproces. Systeemdenken helpt bij het begrijpen van de 
verschillende onderdelen in het systeem en van hun relatie tot andere systemen. 
Levencyclusanalyse (LCA) is een methode die de milieuprestatie van producten 
kan bepalen en verbeteren door inzicht te geven in de gehele waardeketen. Door 
de toepassing van  LCA wordt voorkomen dat de milieueffecten worden 
verschoven tussen verschillende processtappen/industrieën, 
milieueffectcategorieën of plaatsen.  

Bedrijfsvoering staat onder druk om waarde te leveren en prestaties worden 
gemeten aan de hand van hoe succesvol ze zijn in de creatie van waarde. 
Duurzame waardecreatie is gedefinieerd als: “…het identificeren van strategieën 
en praktijken die bijdragen aan een duurzamere wereld door te kijken naar de 
mondiale duurzaamheids uitdagingen vanuit een zakelijk perspectief, en het 
gebruik van deze strategieën en praktijken om de aandeelhouderswaarde te laten 
toenemen.” Waarde is een multidimensionaal concept dat zowel de voordelen 
voor de verschillende belanghebbenden als oplossingen en financiële resultaten 
omvat. Voorbeelden van mogelijkheden om de waarde te vergroten zijn 
kostenreductie, risicobeperking, productdifferentiatie, verhoogde omzet en 
innovatie van nieuwe producten die in een niche voorzien. Om de integratie van 
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duurzaamheid in het bedrijfsleven te waarborgen dienen de - op LCA gebaseerde 
– gegevens en strategieën die hieruit volgen voor product- en 
dienstenverbetering, evenals de daarop gebaseerde zakelijke beslissingen, bij te 
dragen aan de waardevermeerdering. Op deze wijze kunnen we duurzaamheid 
afstemmen op prioriteiten van bedrijven en ervoor zorgen dat managers 
gegevens over duurzaamheid kunnen gebruiken in de dagelijks praktijk. Echter, 
tot op heden werd LCA alleen gebruikt als een ondersteunend technisch 
hulpmiddel, en de inzichten werden alleen gebruikt om het effect van de impact 
te meten. Veel bedrijven implementeren LCA niet in hun dagelijkse activiteiten 
omdat LCA intensief van aard is en omdat de relevantie van LCA in verschillende 
omstandigheden in de huidige en de heersende context in bedrijven zich moeilijk 
in laat in kaderen. Bovendien is nog nauwelijks uitgezocht  hoe LCA de 
besluitvorming van bedrijven kan beïnvloeden. Er is weinig onderzoek gedaan 
naar de rol van LCA in de ondersteuning van onderdelen van bedrijven en naar 
het consequent koppelen van LCA aan mogelijkheden om duurzame waarde te 
creëren. 
 
Om deze reden is de hoofdvraag van dit proefschrift: 
 

Hoe kan levenscyclusanalyse (LCA) bedrijven ondersteunen bij het 
verduurzamen van hun bedrijfsvoering en duurzame waarde creeeren? 

 
Deelvragen:  
1. Hoe kan LCA product- en procesinnovatie, nieuwe bedrijfsontwikkelingen en 
andere bedrijfsonderdelen ondersteunen in het nemen van beslissingen en het 
creëren van waarde?  

 
2. Hoe kunnen bedrijven verschillende toepassingen van LCA inkaderen en 
duurzame waarde creëren? 

 
Met behulp van vier case studies in de hoofdstukken 2-5, wordt deelvraag 1 

behandeld. De focus en het mechanisme van de aanpak zijn samengevat in Figuur 
1. We hebben LCA’s uitgevoerd voor vier producten in een business-to-business 
(B2B) context. De producten zijn membranen die  microverontreinigingen kunnen 
verwijderen, antibacterieël textiel voor bijvoorbeeldT-shirts, spin-dyed vezels en 
van pulp gemaakt print- en schrijfpapier dat met hoge opbrengst geproduceerd 
kan worden. De membranen zijn geschikt voor het verwijderen van hormonen uit 
drinkwater om mogelijke effecten op de volksgezondheid te voorkomen. 
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Antibacteriële stoffen kunnen het aantal wasbeurten verminderen door 
ongewenste geurtjes te voorkomen, en beperken hierdoor de milieueffecten. 
Spin-dyeing is een alternatief voor conventionele verfmethoden die grondstof-
intensief en milieuvervuilend zijn. Hiermee kan het gebruik van water en 
grondstoffen, milieuvervuiling en andere effecten beperkt worden in 
ontwikkelingslanden, waar veel textiel producten worden vervaardigd. Papier dat 
geproduceerd wordt met  een hoge opbrengst kan het houtverbruik verminderen 
met behulp van coatings. 

Figuur 1. Op LCA-gebaseerde aanpak voor waardecreatie (drijfveren – LCA indicatoren – zakelijke 
beslissingen – reactie van belanghebbenden – mogelijkheden voor waardecreatie) die gevolgd 
wordt in dit proefschrift om LCA in te kaderen en om op LCA gebaseerde inzichten te linken aan 
zakelijke beslissingen en aan mogelijkheden om de waarde te vergroten  

 
De case studies hebben aangetoond dat mensen die met LCA werken over de 

technische grenzen van de productiesystemen heen moeten kijken. De 
professionals in duurzaamheidsvraagstukken moeten de drijfveren begrijpen die 
relevant zijn binnen de industrie, het bedrijf en het product. Drijfveren zijn 
globale en lokale milieuproblemen in de leveringsketen, overheidsvoorschriften, 
activiteiten van NGO’s en de plaatselijke gemeenschappen, verwachtingen van de 
klant, concurrentiepositie en de trends op het gebied van duurzaamheid en de 
interne context van een bedrijf. Paragraaf 1.7 beschrijft de belangrijkste drijfveren 
voor alle vier de casestudies. Enkele voorbeelden van de  in de casestudies 
genoemde drijfveren zijn houtschaarste, waterschaarste, water en luchtvervuiling 
op de productielocaties, protesten van NGO’s en hun beschuldigingen aan het 
adres van internationale bedrijven over wanpraktijken in productketens, 
wetgeving die sommige chemicaliën verbiedt, snelle verstedelijking, 
bevolkingsgroei, de eisen van klanten, markt competitieve aspecten van de 
concurrenten, de vooruitzichten van duurzaamheidtrends, en de interne context 
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van de bedrijven. Deze drijfveren hebben ervoor gezorgd dat LCA-onderzoek 
serieuzer wordt genomen, omdat zij een kader kan bieden voor de uitdaging 
waarvoor bedrijven zich geplaatst zien. Bedrijfsmanagers hebben slechts een 
beperkte kennis van duurzaamheid en van de verschillende drijfveren van de 
diverse belanghebbenden; Doordat de bedrijfsmanagers deze drijfveren leren 
kennen, kunnen zij niet alleen hun product in de bredere context plaatsen maar 
raken zij – doordat ze beter geïnformeerd zijn - ook overtuigd van de relevantie 
voor hun bedrijf en van het belang van verbeterde milieuprestaties.  

In de case studies (hoofdstuk 2-5) heeft het gebruik van LCA voor vernieuwing 
gezorgd bij het selecteren van de grondstoffen, bij productieprocessen, bij 
technologie of bijproduct configuraties met een lagere milieu-impact. Beslissingen 
over het kiezen van materialen of processen worden direct genomen uit 
bezorgdheid zoals weergegeven door middel van de drijfveren. LCA hielp ook bij 
de optimalisering van processen en procesparameters die de meeste impact 
hebben op het milieu. De LCA vergelijking tussen het product en bestaande 
alternatieven helpt de afdeling marketing om de voordelen van het product aan 
potentiele klanten duidelijk te maken (kledingmerken en –winkels). Een 
voorbeeld hiervan is besproken in de spin-dyeing casestudy (hoofdstuk 4) zijn 
verfmolens in China die door NGO’s beschuldigd werden van ongebreideld 
watervervuiling; marketing kon de voordelen van geverfde vezels, waarbij geen 
gebruik van conventionele verftechnieken gemaakt werd, aantonen. Deze 
techniek om vezels te produceren resulteert in minder operationele risico’s en in 
minder reputatieschade. LCA heeft gezorgd voor de ontwikkeling van bedrijven en 
voor het aangaan van nieuwe zakelijke partnerschappen. De zakelijke besluiten 
die werden genomen zijn verankerd in de context van de bedrijven en in de 
productieketens. 

Managers staan onder druk om meer winst te creëren door productinnovatie, 
door bezuinigingen, verhoging van verkoop en gunstiger marges. De case studies 
tonen dat zakelijke besluiten die gebaseerd zijn op de verschillende LCA 
resultaten direct verband hebben met de waarde voor een bedrijf en met de 
antwoorden voor diverse belanghebbenden. Voorbeelden van resultaten van de 
case studies zijn: Meer vertrouwen van NGO’s en consumenten, minder klachten 
vanuit de lokale gemeenschap en het vermogen van consumenten om beter 
producten te ontwerpen met minder risico’s. Afhankelijk van het type 
productsysteem zijn sommige belanghebbenden relevanter en krachtiger dan 
anderen in het beslissen over het lot en de toekomst van het product. Reacties 
van belanghebbenden zoals het vermogen van klanten om risico's aan te pakken 
in de waardeketen, kunnen er voor zorgen dat aan een producent voorkeur wordt 
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gegeven als leverancier en business partner.  Door de reactie van een klant 
(kledingmerken en –winkels) kan een producent een product in de markt zetten 
dat onderscheidend is. Het is dus belangrijk dat dat zakelijke beslissingen verband 
houden met antwoorden van belanghebbenden zodat de duurzame waarde 
wordt verhoogd. Voorbeelden in de case studies van het creëren van meerwaarde 
zijn productdifferentiatie met betere milieuprestaties, het aantrekken van 
ecopremies, voorkeursleverancier voor klanten (kledingmerken en –winkels), de 
mogelijkheid om door innovatie nieuwe producten met een lager milieueffect te 
produceren, vernieuwing van het productportfolio, de legitimiteit van toevoer en 
productie, een betere reputatie, en het verlagen van kosten en risico’s. Er lijkt 
nauwelijks verschil te zijn tussen aspecten van de positieve reactie van 
belanghebbenden en waarde creatie. Dit betekent dat er een overlap bestaat 
tussen waarde voor de belanghebbende en de waarde voor de aandeelhouders. 
Bijvoorbeeld: Een tevreden klant of NGO kan leiden tot betere reputatie (en meer 
waarde). Duurzame waarde kan voor meerdere actoren in het proces nuttig zijn. 
In hoofdstuk 7 wordt een gedetailleerde synthese gegeven welke van elke casus 
die drijfveren, op LCA-gebaseerde inzichten, zakelijke beslissingen ondersteund 
door LCA, de reacties van belanghebbenden, en de mogelijkheden voor waarde 
creatie combineert.  

Het is niet altijd mogelijk om alle mogelijkheden voor waardevermeerdering 
te meten. in De vier case studies in hoofdstuk 2-5 laten zien dat het mogelijk is de 
waarde van duurzaamheid voor bedrijven aan te tonen zonder deze te 
kwantificeren.  Dit wordt aangetoond door het causale mechanisme in Figuur 1 en 
door wat beschreven is. Het management kan – ondanks het feit dat niet alle 
mogelijkheden tot waardevermeerdering te kwantificeren zijn - daarom toch 
duurzaamheidsbeleid integreren.  In de loop van dit onderzoek werd duidelijk dat 
managers gewend zijn beslissingen te nemen op basis van strategische 
overwegingen zolang deze maar duidelijk gebaseerd zijn op de huidige situatie 
zonder dat er behoefte is aan het kwantificeren van waarde in alle 
omstandigheden.  Voor hen is het belangrijk dat er een duidelijke samenhang is 
tussen de verschillende aspecten van duurzaamheid en zakelijke prioriteiten.  LCA 
is een meetinstrument voor milieueffecten dat gebruikt kan worden om inzicht te 
geven in huidige en mogelijke milieueffecten. Het management kan daardoor 
bepaalde beslissingen vermijden.  Door het tonen van het causale mechanisme 
tussen de verschillende drijfveren, het LCA onderzoek en haar resultaten, 
zakelijke beslissingen die op grond hiervan genomen worden, de antwoorden van 
potentieel belanghebbende en de hieruit voortvloeiende duurzame waarde, 
kunnen we duurzaamheid door LCA in de verschillende afdelingen van een bedrijf 
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integreren en zo duurzame waarde creëren . Deze op LCA gepaseerde aanpak om 
waarde te creeeren kan worden als drivers- LCA metrics- business decisions-
stakeholder responses-value creation opportunities” geduid worden. Hiermee is 
onderzoeksvraag 1 beantwoord. 

De tweede onderzoeksvraag: “Hoe kunnen bedrijven verschillende 
toepassingen van LCA inkaderen en duurzame waarde creëren?”  wordt 
behandeld in hoofdstuk 6. In dit hoofdstuk wordt een duurzaam waarde kader 
geïntroduceerd. Ook worden verschillende strategieën voor duurzaam 
ondernemen getoond die rekening houden met drijfveren van interne en externe 
belanghebbenden. Deze strategieën worden in verband gebracht met 
mogelijkheden om waarde te vermeerderen. Voor elk van de strategieën worden 
verschillende toepassingen van LCA beschreven aan de hand van voorbeelden uit 
de literatuur. Er worden drie case studies van verschillende chemische industrieën 
gepresenteerd die de strategie “opnieuw uitvinden van processen, producten en 
bedrijfsmodellen” hebben ingezet. De bedrijven DSM, SABIC en Teijn Aramid 
hebben LCA gebruikt om effecten van hun producten te meten en om 
weloverwogen keuzes te maken waardoor de waarde is vergroot.  DSM 
ontwikkelde op biomassa gebaseerde materialen, SABIC heeft de 
materiaalkringlopen gesloten door het ontwikkelen van gerecycled harsen en 
daaraan verbonden technologie en Teijn  Aramid heeft klanten eco-efficiënte 
oplossingen geboden.  Daarnaast worden ook barrières en moeilijkheden (zie 
hoofdstuk 6), die ervaren zijn tijdens het proces van het creëren van waarde met 
behulp van LCA aangetoond. Verder worden een aantal benaderingen 
gedemonstreerd die deze bedrijven gevolgd hebben om de moeilijkheden te 
overwinnen. Voorbeelden van deze moeilijkheden zijn de samenwerking tussen 
partners binnen een waardeketen om innovaties op het gebied van duurzaamheid 
te bewerkstelligen, het communiceren van duurzaamheid naar verschillende 
onderdelen van het bedrijf, de kortetermijnfocus van bedrijven en het 
harmonizeren van verschillende LCA methodes.  Tot slot wordt een eenvoudige 
toegepaste procedure voorgesteld om LCA’s uit te voeren door vanaf het begin 
relevante afdelingen bij het proces te betrekken. Hierdoor wordt het creëren van 
waarde mogelijk  omdat er cross-functioneel samengewerkt wordt en omdat 
ecologische duurzaamheid door middel van LCA in de kernbeslissingen van een 
bedrijf wordt geïntegreerd. Een voorbeeld hiervan is de casestudy naar 
membranen (sectie 7.4.1): de afdeling inkoop moet de goede leveranciers kiezen 
en de R&D afdeling moet de producten verbeteren. De marketingafdeling moet 
de milieuprestaties van de producten naar de klanten communiceren, en de 
wensen van de klanten terugkoppelen naar de R&D afdeling voor de ontwikkeling 
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van nieuwe producten. Deze gecombineerde inspanning zal ertoe leiden dat de 
milieuprestaties van het product verbeteren,  

De bijdrage van dit proefschrift aan duurzaamheid van bedrijven en 
producten is drieledig. Ten eerste toont het een manier waarop LCA ingebed kan 
worden in bedrijven en op een lijn kan worden gebracht met zakelijke 
prioriteiten. Ten tweede toont dit proefschrift hoe met de op LCA gebaseerde 
methode voor waardecreatie (zie Figuur 1) verschillende aspecten op een 
coherente manier, samengebracht en gecommuniceerd kunnen worden en hoe 
resultaten van LCA aan managers van verschillende afdelingen gepresenteerd 
kunnen worden. Ten derde worden verschillende toepassingen van LCA 
gepresenteerd die verschillende strategieën, drijfveren en waarde bestrijken (zie 
hoofdstuk 6). 

Tijdens dit onderzoek zijn de volgende inzichten naar voren gekomen.  
Duurzaamheid moet gezien worden als een cross-functionele inspanning en alle 
afdelingen moeten betrokken worden bij de integratie van duurzaamheid om 
waarde te creëren. Elke afdeling heeft verschillende soorten gegevens nodig die 
begrepen moeten worden door specifieke mensen en aansluiten bij hun 
specifieke behoeften. Het afleiden van gegevens over duurzaamheid hangt samen 
met het begrijpen van zakelijke processen en van de verwachtingen van 
belanghebbenden. Door deze aanpak kunnen bedrijven mogelijkheden voor 
waardevermeerdering creëren door middel van innovatie van nieuwe producten, 
processen, bedrijfsmodellen en het beheer van risico's. LCA als instrument heeft 
holistische inzichten verschaft, en hielp afdelingen verbinding aan te gaan met 
elkaar en samen te werken met klanten en partners in de toeleveringsketen. LCA 
is een krachtig hulpmiddel, ondanks zijn beperkingen qua methodologie en 
onzekerheden (zie hoofdstuk 6). LCA kan fungeren als een middel om superieure 
producten, diensten en bedrijfsmodellen te ontwikkelen, zolang de beoefenaars 
en belanghebbenden randvoorwaarden voor het welslagen ervan creëren. 

Wij geloven dat dit proefschrift een pragmatische aanpak presenteert en 
bedrijven kan helpen om middelen, zoals budget en mankracht, toe te wijzen om 
LCA te gebruiken en zo duurzaamheid in hun beslissingen te verankeren. Dit komt 
door de afstemming van zakelijke prioriteiten en het scheppen van duidelijkheid 
over hoe de verschillende aspecten te combineren. Door deze aanpak kan LCA 
fungeren als een middel om het doel te bereiken, dat wil zeggen om ecologische-
duurzaamheid in het bedrijfsleven te integreren en duurzaamheid in bedrijven te 
implementeren. Door het verleggen van de focus van de effecten naar zakelijke 
beslissingen kan LCA fungeren als middel om het doel te bereiken. Duurzaamheid 
kan zo in het bedrijfsleven geïntegreerd worden. 
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Komen we tot een aantal aanbevelingen om de ecologische duurzaamheid te 
integreren in de kernactiviteiten en het met succes implementeren van 
duurzaamheid in bedrijven. In dit proefschrift hebben we gewerkt met een aantal 
business to business (B2B) bedrijven in een aantal sectoren. Professionals in 
duurzaamheidsvraagstukken moeten de bedrijfsprocessen van de verschillende 
industrieën in zowel business to business begrijpen als in – en dit is nog 
belangrijker – business to consumer (B2C) begrijpen. Dit vanwege de complexiteit 
die het gevolg zijn van de breedte van hun productportfolio en van de vele 
leveranciers. Geschikte instrumenten en meeteenheden moeten worden 
ontwikkeld die passen bij de omstandigheden. Veel van deze veranderingen 
hebben inspanning van het topmanagement nodig en de juiste prikkels om 
duurzaamheid te verankeren in core business van bedrijven. Om bepaalde 
beslissingen te steunen, moeten gegevens specifiek voor de leveringsketen 
worden ontwikkeld. Duurzam waarde creatie heeft cross-functionele 
samenwerking binnen de bedrijven en ook tussen de partners in de hele 
waardeketen nodig. De mogelijkheden tot waarde creatie moeten geïdentificeerd 
worden voor  verschillende belanghebbenden in de waardeketen, om ze te 
betrekken bij samenwerking en duurzaamheidsvraagstukken. Er moet een gelijk 
speelveld gecreërd worden, waar bedrijven met elkaar kunnen concurreren op 
basis van gestroomlijnde en wetenschappelijk solide methodologieen. Daarnaast 
moet de vraag vanuit de markt naar milieubewuste producten gestimuleerd 
worden (zowel voor B2C bedrijven en eindgebruikers).  Overheden, organisaties 
en NGO's moeten daarom harmonisering van methodologieen ondersteunen en 
mechanismen creëren voor het beïnvloeden van het gedrag van consumenten. 
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