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Abstract

Background: Labeling of carbon foot-prints (CFPs) for products and services is regarded as a convenient and effective
method for reducing greenhouse gas (GHG) emissions. Life cycle analysis (LCA) is a useful tool for examine CFP of
relevant products and services. However, the corresponding standards for CFP of products and services can hardly
be satisfactorily adopted. Also, most of the previous studies were based on an individual indicator, which can
hardly reflect multiple dimensions of sustainable implications of products and services.

Results: Thus, in this research, a hybrid life cycle analysis (LCA) and multi-criteria decision analysis (MCDA) method
was proposed for helping evaluate CFP of products and services under multiple environmental indicators. The
results indicated: (a) Air pollution caused by coal consumption was the primary environmental impact in China’s
paper-production industry, and (b) in printing industry, air pollution caused by VOC was the primary environmental
impact in China. At the same time, CFP of 1,000 kg copying paper was 1,415.39 kg CO2e based on LCI data of a
paper factory in China. CFP of printing services was varied from each printing activity.

Conclusions: When purchasing copying paper, consumers should pay attention on coal consumption of the
product. In printing industry, VOC of printing services should be taken serious consideration in China.
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Background
In the past decades, global market is becoming sensitive
and responsive to environment-friendly technologies and
services (Pineda-Henson et al. 2002). Accompanying with
global endeavor to meet international commitments to re-
duce greenhouse gas (GHG) emissions, many consumers
are eager to adopt an environmentally responsible living
style to make a contribution to GHG emission reductions.
Generally, it is not convenient for consumers to identify
and single out products and services with reduced en-
vironmental impacts and GHG emissions. Therefore,
propose of effective tools for helping consumers evaluate
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environmental impacts and carbon credits of relevant
products and services are desired.
Previously, many efforts were undertaken for estimating

carbon foot-prints (CFPs) of products by the methods of
LCA. For example, Zhao et al. (2011) established a CFPs
analysis model based on energy consumption, and esti-
mated the amount of carbon emissions due to the con-
sumptions of fossil energy in many regions of China.
Yuttitham et al. (2011) estimated CFPs for sugar produc-
tion from sugarcane in eastern Thailand. Namy Espinoza-
Orias et al. (2011) estimated CFPs of breads that were
produced and consumed in UK. Also, a number of pa-
pers presented the quantification of the uncertainties in
estimating CFPs of a food product (Röös et al. 2010),
plastic trays (Dormer et al. 2013) and shopping bags
(Muthu et al. 2011). Among them, according to the
Publicly Available Specification 2050 (i.e., PAS 2050)
advanced by British Standards Institution (BSI 2008) in
2008, it was recommended that the method of life cycle
analysis (LCA) be effective in evaluating CFPs of
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Table 1 Activity emission factor

Activity emission factor

China Southern Power Grid 0.9787 kg CO2/kwh

Coal 0.974 kg CO2/kwh

Diesel oil 0.8733 kg CO2/kwh

Natural gas 0.9538 kg CO2/kg
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products and services. However, in the previous studies,
CFP was merely adopted as an individual indicator
which can hardly reflect multiple dimensions of sustain-
able implications of products and services (Schmoldt
2001; Schmidt 2009). There is a growing need for adopt-
ing effective tools that can be used to evaluate CFP of
products and services considering multiple environ-
mental indicators such as water pollution, air pol-
lution, energy and resource consumption. To remedy
this shortage, the Society for Environmental Toxi-
cology and Chemistry (SETAC) favored the adoption
of many Multi-Criteria Decision Making (MCDM)
models (Pineda-Henson et al. 2002). It was recognized
as an important tool in facilitating environmental deci-
sion making for formalizing and addressing the prob-
lem of competing decision objectives (Yatsalo et al.
2007; Regan et al. 2007; Linkov et al. 2006; Lahdelma
et al. 2000). Among many MCDM methods, Analytic
Hierarchy Process (AHP) was widely used by many re-
searchers (Kaya and Kahraman 2011). However, there
was a lack of studies that could hybrid AHP with LCA
to help evaluate CFPs of products and services.
Therefore, in this paper, a hybrid LCA and AHP ap-

proach will be advanced for evaluating overall environ-
mental impacts and CFPs of paper production and
printing services in China. Firstly, AHP will be adopted
to help rank environmental impacts of this industry and
the relevant services, which will give an overall assess-
ment on environmental impacts. The method of LCA
will be used to estimate the detailed CFPs.

Overview of copying-paper production in China
Pulp and paper making, a wastewater discharge intensive
sector, has long been among the major water polluters
in China. In 2009, for example, this sector discharged
18.8%, 28.9%, and 11.2% of national industrial wastewater,
Table 2 Life cycle inventories of producing 1000 kg copying p

Technological process

Pulping Beating

Resource consumption

Coal- kg — 7.58E + 0

Crude oil- kg — —

Diesel oil- kg 6.99 —

Natural gas- m3 1.43E + 01 —

Timber- kg 4.20E + 02 1.32E + 0
COD, and NH3-N emission loadings, respectively (NBS
and MEP 2010). These values are partially attributable
to the fact that paper consumption has been soaring
with China's rapid economic growth over the last dec-
ade. Gross consumption of paper and paper board, for
example, increased from 35.75 million tons in 2000
to 110.11 million tons in 2011, with an average an-
nual growth rate of 6.1% (Zhang et al. 2012; NBS
2012). More recently, a greater number of studies
highlighted energy consumption and greenhouse gas
(GHG) emissions from the pulp and paper sector at
global or national levels because of increasing concern on
climate change (Zhang et al. 2012; Szabóa et al. 2009;
Möllersten et al. 2003; Kallio et al. 2004; Davidsdottir and
Ruth 2004).

Results and discussion
CFP of copying paper and printing services

1) Activity emission factor

According to relevant research result from IPCC
(IPCC 2006), Ecoinvent databases and Chen S (Sha
et al. 2012), the activity emission factors were listed
in Table 1.

2) CFP of copying paper in China
Using the model described in Section 2.2, the
cradle-to-grave CFP of 1000 kg of copying paper was
found to be 1415.39 kg CO2e. The contribution of
the various life cycle inventories were showed in
Table 2.

3) CFP of Printing services in China
Using the model described in Section 2.2, the
cradle-to-grave CFP of printing services for one book
was found to be 5.249 kg CO2e. The contribution of
the various life cycle inventories were showed in
Table 3, and CFP of services for printing a book was
showed in Table 4.

AHP of paper and printing industries
The hierarchy tree was presented in Figures 1 and 2.
The goal, which was ranking environmental impacts of
paper and printing industries, was given at the first level
(level 1). There were four main criteria presented in level
2 of the hierarchy, which were water pollution, air
aper in a paper-making factory of China

Total

Forming & pressing Treating wastewater

1 6.20E + 02 1.27E + 01 7.76E + 02

— — 4.38E + 01

— — 7.11E + 00

— — 1.43E + 01

3 — — 1.74E + 03



Table 3 Life cycle inventory of electricity printing services in a printing factory of China

Technological process Quantity Unit Functional unit

Pre-press

Designing China Southern power grid 0.571 kwh 1 piece of printing plate

Diesel generator of the factory itself 8.16E-04 kwh

Plate-making China Southern power grid 0.715 kwh

Diesel generator of the factory itself 2.77E-03 kwh

Printing
China Southern power grid 0.0302 kwh

1 sheet for printing paper
Diesel generator of the factory itself 8.47E-05 kwh

Post-press

Bookbinding China Southern power grid 2.13E-03 kwh

1 sheet for printing paperDiesel generator of the factory itself 1.13E-05 kwh

Storage China Southern power grid 1.01E-04 kg

Table 4 CFP of printing services taking a book as an example

Stage CE of 1
functional
unit

Functional unit Unit: kg CO2e

CE of a book

Pre-press 2.450 1 sheet of plate 26.95

Printing 0.339 1 sheet of paper 3.729

Post-press 0.0207 1 sheet of paper 0.2277

Total 5.249
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Figure 1 Hierarchy tree for environmental impact assessment of printing industry.
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Figure 2 Hierarchy tree for environmental impact assessment of paper-making industry.
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Table 5 Pair-wise evaluation of level 2 of paper-making
industry

A B1 B2 B3 B4 W′ Priorities

B1 1 3 0.5 0.33 0.84 0.155

B2 0.33 1.00 0.17 0.11 0.37 0.068

B3 2.00 6.00 1.00 0.67 1.68 0.311

B4 3.00 9.00 1.50 1.00 2.52 0.466

λmax = 4.25, CI = 0.08, RI = 0.9, CR = 0.09.

Table 6 Pair-wise evaluation of level 3 of paper-making
industry (1)

B1 C1 C2 C9 W′ Priorities

C1 1.00 0.60 3.00 1.22 0.33

C2 1.67 1 5 2.03 0.56

C9 0.33 0.20 1 0.41 0.11

λmax = 3, CI = 0, RI = 0.58, CR = 0.

Table 7 Pair-wise evaluation of level 3 of paper-making
industry (2)

B2 C3 C4 C5 C6 C10 W′ Priorities

C3 1.00 1.00 0.33 0.20 0.14 0.394 0.059

C4 1.00 1.00 0.33 0.20 0.14 0.394 0.059

C5 3.00 3.00 1.00 0.60 0.43 1.183 0.177

C6 5.00 5.00 1.67 1.00 0.71 1.971 0.294

C10 7.00 7.00 2.33 1.40 1.00 2.760 0.412

λmax = 5.001, CI = 0.0003, RI = 1.12, CR = 0.00028.

Table 8 Pair-wise evaluation of level 3 of paper-making
industry (3)

B3 C6 C7 C8 W′ Priorities

C6 1.00 1.67 5.00 2.027 0.555

C7 0.60 1.00 3.00 1.216 0.333

C8 0.20 0.33 1.00 0.405 0.111

λmax = 3, CI = 0, RI = 0.58, CR = 0.

Table 9 Pair-wise evaluation of level 3 of paper-making
industry (4)

B4 C6 C7 C8 C9 C10 W′ Priorities

C6 1.00 1.67 5.00 0.83 0.71 1.38 0.23

C7 0.60 1.00 3.00 0.50 0.43 0.83 0.14

C8 0.20 0.33 1.00 0.17 0.14 0.28 0.05

C9 1.20 2.00 6.00 1.00 0.86 1.65 0.27

C10 1.40 2.33 7.00 1.17 1.00 1.93 0.32

λmax = 5.001, CI = 0, RI = 1.12, CR = 0.

Table 10 Pair-wise evaluation of level 2 of printing
industry

a B1 B2 B3 B4 W′ Priorities

B1 1 0.60 3.00 0.43 0.94 0.19

B2 1.67 1.00 5.00 0.71 1.56 0.31

B3 0.33 0.20 1.00 0.14 0.31 0.06

B4 2.33 1.40 7.00 1.00 2.19 0.44

λmax = 4, CI = 0, RI = 0.9, CR = 0.

Table 11 Pair-wise evaluation of level 3 of printing
industry (1)

B1 C1 C2 C3 W′ Priorities

C1 1.00 1.67 5.00 2.03 0.56

C2 0.60 1.00 3.00 1.22 0.33

C3 0.20 0.33 1.00 0.41 0.11

λmax = 3, CI = 0, RI = 0.58, CR = 0.

Table 12 Pair-wise evaluation of level 3 of printing
industry (2)

B2 C4 C5 C6 W′ Priorities

C4 1.00 2.33 7.00 2.537 0.636

C5 0.43 1.00 3.00 1.087 0.273

C6 0.14 0.33 1.00 0.362 0.091

λmax = 3, CI = 0, RI = 0.58, CR = 0.

Table 13 Pair-wise evaluation of level 3 of printing
industry (3)

B3 C4 C5 C6 W1 Priorities

C4 1.00 4.00 1.33 1.747161 0.518445

C5 0.25 1.00 0.33 0.43679 0.129611

C6 0.75 3.00 1.00 1.310371 0.388834

λmax = 3.003, CI = 0.002, RI = 0.58, CR = 0.003.

Table 14 Pair-wise evaluation of level 3 of printing
industry (4)

B4 C2 C3 C8 C10 W′ Priorities

C2 1.00 1.67 5.00 3.00 2.24 0.51

C3 0.60 1.00 3.00 1.00 1.16 0.26

C8 0.20 0.33 1.00 1.00 0.51 0.12

C10 0.20 0.33 1.00 1.00 0.51 0.12

λmax = 4.2, CI = 0.07, RI = 0.9, CR = 0.07.
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Table 15 Weighs of environmental factors of paper-making industry

Factor
Water pollution Air pollution Energy consumption Resource consumption

Priorities
0.155 0.068 0.311 0.466

Eutrophication 0.33 - - - 0.051

AOX 0.56 - - - 0.087

NOx - 0.059 - - 0.004

CO - 0.059 - - 0.004

SO2 - 0.177 - - 0.012

Coal - 0.294 0.556 0.23 0.300

natural gas - - 0.333 0.14 0.169

diesel oil - - 0.111 0.05 0.058

Wood - 0.412 - 0.32 0.177

Water 0.11 - - 0.27 0.143
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pollution, energy consumption and resource consump-
tion of paper-making industry and water pollution, air
pollution, energy consumption and hazardous waste of
printing industry. Level 2 of the hierarchy were further di-
vided into several sub-criteria, which were showed in level
3. The results of comparison of level 2 in paper-making
industry are shown in Table 5. Also, the results of level 3 in
paper-making industry are shown in Tables 6 to 9. Moreover,
the results of comparison of level 2 in printing industry
are shown in Table 10. Correspondingly, the results of
level 3 in printing industry are shown in Tables 11 to 14.
After pair-wise comparisons between elements at each

level, the weights of environmental factors can be calculated
(see Tables 15 and 16). Results of AHP of paper-making
and printing industries in China were: (a) Air pollution
caused by coal consumption was the primary environmen-
tal impact in China’s paper-production industry, and (b) in
printing industry, air pollution caused by VOC was the
primary environmental impact in China.

Conclusions
This study demonstrated that the integrated LCA and
MCDA approach provided a structured and comprehensive
Table 16 Weighs of environmental factors of printing service

Factor Water
pollution

Air
pollution

0.190 0.310

heavy metal 0.560 -

Cyanide 0.330 -

silver-containing waste water 0.110 -

VOC - 0.636

natural gas - 0.273

Coal - 0.091

waste-ink - -

waste-blanket - -
methodology for impact analysis and environmental de-
cision making. In the background of growing concerns
over global warming, carbon emission became an im-
portant factor. Carbon footprint, however, should not
be merely one element in decision-making. The devel-
oped method could thus improve previous studies in
comprehensive assessment on carbon footprints of
products and service on multiple issues. The developed
method was then applied to copying paper and printing
services of China. The application indicated that the hy-
brid MCDA-LCA method can provide a structured and
comprehensive methodology for accounting CFP as well
as assessing environmental impacts of products and
services. The results indicated that the most emergent
environmental impacts caused by paper production and
printing services were resource consumption and haz-
ardous waste. At the same time, due to a lack of life-
cycle inventory data of planting trees, carbon storage
was not included in system boundary of copying paper.
The next study would be furthered in detailed carbon
emission of paper-making industry. Moreover, when
purchasing copying paper, consumers should pay atten-
tion on coal consumption of the product. In printing
s

Energy
consumption

Hazardous Priorities

Waste

0.060 0.440

- - 0.106

- 0.250 0.173

- 0.200 0.109

0.500 - 0.227

0.125 - 0.092

0.375 - 0.051

- 0.500 0.220

- 0.090 0.040



Figure 3 LCA phases of copying paper and printing services.
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industry, VOC of printing services should be taken
serious consideration in China.

Methods
This study was performed by a methodological frame-
work based on hybrid LCA and AHP.

Life cycle assessment
Life-cycle assessment (LCA) is a method that builds on
factual information and models of natural processes
(Hertwich and Hammitt 2001). LCA is an increasingly
important tool for environmental policy, and even for
industry (Ayres 1995). The Society of Environmental
Toxicology and Chemistry and the International Orga-
nization for Standardization developed the LCA metho-
dology in the 1990s. The methodology is included under
the international standards ISO 14040 series (Nanaki and
Koroneos 2012), which are list in the following.

(1) ISO 14040:2006 Environmental management – Life
cycle assessment – Principles and framework;

(2) ISO 14044:2006 Environmental management – Life
cycle assessment – Requirements and guidelines;
Table 17 Functional units of printing services

Phases Functional unit

Pre-press 1 piece of printing plate

Printing 1 sheet for printing paper

Post-press 1 sheet for printing paper
(3) ISO/TR 14047:2003 Environmental management –
Life cycle impact assessment – Examples of
application of ISO 14042;

(4) ISO/TS 14048:2002 Environmental management –
Life cycle assessment – Data documentation format

There have also been developments on the standard-
ization on the application of LCA-based methods for de-
sign purposes (Regan et al. 2007; ISO 2006). The Society
of Environmental Toxicology and Chemistry’s (SETAC)
"Code of practice" originally distinguished four methodo-
logical components within LCA: goal and scope definition,
life cycle inventory analysis, life cycle impact assessment,
and life cycle improvement assessment. In ISO14040 (ISO
1997) life cycle improvement assessment is no longer
regarded as a phase on its own, but rather as having an
influence throughout the whole LCA methodology. In
addition, life cycle interpretation has been introduced.
This is a phase that interacts with all other phases in the
LCA procedure, as illustrated in Figure 2.
Along with the increasing concerns over global warm-

ing, greenhouse gas (GHG) emissions arising from prod-
ucts (goods and services) are assessed by the help of life
cycle assessment (LCA). Publicly Available Specification
2050:2008, Specification for the assessment of the life cycle
greenhouse gas emissions of goods and services (BSI 2008)
is regarded as a mechanism for simplifying and standard-
izing the methods for assessing the carbon footprint of
products and services (Sinden 2009).
According to ISO 14044 (ISO 2006) and PAS2050,

LCA phases of copying paper and printing service are
divided into four phases: goal and scope definition,
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Figure 4 System boundary of copying paper.
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inventory analysis, impact assessment and interpretation
(see Figure 3).

Goal and scope of the study
The main aim of this study is to estimate the carbon foot-
print and identify the hot spots in the life cycle of copying
paper and printing services in China. Products of copying
paper and printing services of study are presented. The func-
tional unit of copying paper is 1000 kg. There are some dif-
ferences between products and services in functional units.
The functional units of services are not single and fixed.
In another word, the functional units of services are chan-
ged along with the phases of services. In this paper, there
are two functional units in printing services (see Table 17).
Production of 
printing ink

Stage of raw 
Material 

production

Production 
stage

Pre-press Printing Post-press

Design Printing

Production
of book
block 

Production of glue Proofing Cutting
Cover

decoration

Plate
-making

Figure 5 System boundary of printing services.
System boundaries and system definition
The system boundaries of copying paper, showed in
Figure 4, include the following parts:

(1) Production of pulp
(2) Transport pulp to paper mills
(3) Paper-making process, including repulping,

furnishing, forming and pressing, (1) (4) cutting
and packing

(4) Waste water treatment
(5) Energy production
(6) Chemicals production
(7) Transport of copying paper to sellers
Recycling and 
treating of hazardous 

waste
Distribution

Waste ink, waste 
water in printing 

process, etc.

Recycling and 
harmless treatment

Packing

Storage

Sellers

System boundary

: Transportation
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As shown in Figure 5, the following stages are included
within the system boundary:

(1)Raw materials: producing printing ink and glue
(2)Processing: pre-press, printing and post-press stages

in printing process
(3)Distribution stage: packing, storage, proofing and

transporting to sellers
(4)Recycling and treating of hazardous waste

CFP calculation
The CFP of an activity is calculated by multiplying the
activity data and the emission factor together (BSI 2008).
The total CFP is calculated by then summing the indi-
vidual CFPs for all activities within the specified life
cycle as outlined in Eq. (1):

Carbon footprint ¼
X

Activity data

� Activity emission factor ð1Þ

Analytic hierarchy process
The Analytic Hierarchy Process (AHP) is a general theory
for measurement (Saaty 1987). The method of AHP is
designed for multiple-criteria decisions (Schmoldt 2001).
Three important components of AHP are: (1) the struc-
turing of a problem into a hierarchy, which consisting of a
goal and subordinate features (decomposition), (2) pair-
wise comparisons between elements at each level (evalu-
ation) and (3) propagation of level-specific, local priorities
to global priorities (synthesis) (Schmoldt 2001). In methods
of AHP, the elements in each level are compared pair wise
with respect to their importance in making the decision
that is under consideration (Dey 2002). The scale of inte-
gers in the range 1–9 is used for comparison (Schmoldt
2001; Saaty 1990). From the set of pair wise comparisons
of the elements, a judgment matrix is generated with n
rows and n columns, where n is the number of elements
being considered (Pineda-Henson et al. 2002). In the matrix
αij indicates how much more important row heading is
than column heading j (Schmoldt 2001):

Wi′ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiYn
i¼1

αij
n

s
i ¼ 1; 2;…; nð Þ ð2Þ

Wi ¼ W ′
iXn

i¼1

W ′
i

ð3Þ

The measure of consistency of an AHP judgment matrix
is determined by considering the judgment matrix with n
rows and n columns where αij ¼ 1

αji
, all αij ≥ 0, and pi as

the corresponding AHP priorities Ruby PH et al. (Pineda-
Henson et al. 2002)provides an approximate way of calcu-
lating the maximum eigenvalue λmax:

λmax ¼ W1

Xn
i¼1

αi1 þW2

Xn
i¼1

αi2 þ ⋅⋅⋅þW n

Xn
i¼1

αin

ð4Þ
The judgment matrix has an eigenvalue equal to n if

the comparisons are perfectly consistent. The largest
eigenvalue, λmax, is greater than n if the comparisons are
not perfectly consistent. The difference between λmax

and n is expressed by Saaty (2001) as the consistency
index (CI), which is computed as:

CI ¼ λmax‐nð Þ= n‐1ð Þ ð5Þ
The CI is compared to the corresponding random

consistency indices (RI) developed by Saaty (2001). The
consistency ratio (CR) is computed from:

CR ¼ CI=RI ð6Þ
Saaty (Saaty 1990) recommends that the ratings from

the experts may be accepted if the consistency ratio of the
pair-wise comparison matrix is less than or equal to 0.10
(i.e., 90% consistent or 10% inconsistent). Otherwise, it is
recommended that the pair-wise comparisons be revised
to improve the consistency of these comparisons.
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