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Abstract: This study presents a method that is based on the three-stage network Data Envelopment 

Analysis (DEA) to evaluate the sustainability of packaging systems for a product. This method 

facilitates the selection of better product packaging alternatives from an environmentally friendly 

point of view and it comprises the following four steps: (i) the definition of packaging sustainability 

indicator (PSI) based on environmental efficiency and impact indicator of three-stage in packaging 

life cycle, (ii) modeling a three-stage Network DEA model for a packaging system, (iii) computing 

PSI based on the DEA model, and (iv) result analysis. An empirical test has been progressed to prove 

the feasibility of the proposed method by selecting the three types of milk packaging systems. The 

results indicated that the PSI value of PrePack is the maximum and the Tetra Pak minimum. 

According to these results, the study provides an environmentally friendly evaluation method for 

product packaging systems, which is more intuitive than Life Cycle Assessment (LCA). 

Keywords: packaging; sustainability; environmental efficiency; three-stage network DEA model; 

packaging sustainability indicator (PSI) 

 

1. Introduction 

The packages, one of the significant elements in the development of economic and social, 

provide great convenience to consumers. At the same time, packaging wastes have a significant 

impact on the natural environment. The quantity of packages continues to surge, and the problems 

of excessive resource consumption and mounting environmental pollution have become increasingly 

acute. Therefore, how to choose a more environmentally friendly and sustainable packaging system 

for the goods has become an unshakable responsibility for packaging designers. The development of 

practical packaging system environmental impact assessment technology is very urgent. 

Packaging is a system for preserving the safety and quality of commercial products throughout 

the distribution chain to the consumer. The packaging system is a multi-level, multi-stage, multi-

objective integrated system. There are interactions impacts and mutual coupling relationships 

between stages or departments on the sustainability evaluation for a packaging system. These 

potential impacts cannot be ignored for the evaluation of packaging systems. The sustainability 

evaluation methods of packaging system can be classified into the qualitative and quantitative 

method. The former mainly uses includes questionnaire or interview inquiry [1,2], and the latter 

mainly includes Life Cycle Assessment (LCA) or Analytic Hierarchy Process (AHP) [3]. LCA is 

playing an important role in quantitative assessing the environmental performance of the product 

packaging system [4–8]. Riccardo Accorsi et al. [4] used the LCA methodology to determine the 

environmental impacts categories on the bottled EVOO life cycle, and focused attention on packaging 



Appl. Sci. 2019, 9, 246 2 of 16 

decisions. Yahya Saleh [5] used life cycle assessment (LCA) methodology to assess and compare the 

potential environmental impacts of some packaging materials used in beverage packages, such as 

glass, aluminum (Al), and polyethylene terephthalate (PET). Zhang Hai et al. [6] used the LCA 

methodology to compare the environmental life cycle impacts on three packaging films incorporating 

different active agents, such as silver nanoparticles, titanium dioxide nanoparticles, and a mixture of 

both. Zhang Hai et al. [7] conducted an LCA of the overall environmental performance of the food 

and packaging system and considered the effect of food loss reduction by using active packaging. 

Another study by Jay Singh et al. [8] discussed the environmental performance of transport 

packaging of liquid milk by the LCA method and compared the impact of different packaging 

systems. Although LCA quantifies the environmental efficiency of packaging systems in a more or 

less credible way, and the improved method of LCA is ongoing, it does not directly give a definite 

answer as to whether a packaging system is sustainable [9]. The other two obvious limitations of LCA 

methodology are that the accuracy of the evaluation results highly depended on the completeness of 

the data sets, and assumed that each stage of the packaging system is independent. 

Data envelopment analysis (DEA) is a non-parametric technique for measuring the performance 

of decision-making units (DMUs) that use multiple inputs to produce multiple outputs. The principle 

is to evaluate the PSI of multiple packaging systems by approaching and fitting method (near the 

envelope surface). DMU is considered to be efficient when no other DMUs can produce more outputs 

with less or equal amounts of inputs. The underlying mathematical model is linear programming to 

determine the relative efficiencies of a set of functionally similar DMUs. Charnes et al. [10] originally 

proposed the first DEA model, known as the Charnes, Cooper and Rhoades (CCR) model. Ma Fei et 

al. [11] applied a Super-SBM DEA considering the undesirable outputs to measure the integrated 

transport efficiency (ITE) of 31 provinces in China during the period of 2009–2016. Fu Hai-ling et al. 

[12] studied the scale and efficiency of cassava planting using the output-oriented DEA model. 

However, conventional DEA deals with one-stage production processes, where the internal structure 

of the DMUs is not taken into account and each DMU as a “black box” by considering only the inputs 

consumed and outputs produced [13]. The Network DEA (NDEA) paradigm refers to multi-stage 

processes, where the underlying structure, which indicates the flow of the intermediate measures 

among the stages, plays a key role in the efficiency assessment [14–16]. 

The network DEA method is widely used in various fields. Ding man et al. [17] studied the 

efficiency of China’s listed commercial banks based on a three-stage process where the number of 

workers, operating expenses, and fixed assets are used to generate deposits and deposit taking of 

interbank in the first stage, and then the investment securities, loans, and due from banks are 

produced in the second stage by using the intermediate premiums as a resource. Those second stage 

outputs are then used as third stage input resources to output the net profit and normal loan rate. 

Wang Song ji et al. [18] measured the efficiency of supporting agriculture of China’s Rural Credit 

Cooperatives based on a two-stage process. In their paper, the first stage is called the operating 

activities process, which uses inputs of the number of workers and total assets to produce outputs of 

the balance of loans relating to agricultural supporting. Those first stage outputs are then used as 

second stage input resources to output the added value of primary industry and township enterprises, 

and rural per capita net income. Yang Guo-liang et al. [19] applied the two-stage Network DEA to 64 

Chinese research universities and their evolution over the period of 2010–2013. However, An Qing-

xian et al. [20] indicated that resource sharing exists, not only among multiple entities, but also among 

various stages of a single network structure system. They integrate cooperative game theory with 

network data envelopment analysis (DEA) to explore the payoff allocation problem in a three-stage 

system. Li Feng et al. [21] improved the two-stage network DEA methodology to determine the 

relative efficiency while taking the internal structure and possible allocated costs into account. 

Recently, some further studies of DEA method have begun to involve sustainability. The same two-

stage process has been applied in environmental sustainability evaluation contexts (Reza Kiani Mavi 

[22]; Chen Lei [23]; Alireza Tajbakhsh [24]; and, many others). More detailed reviews of DEA method 

applying in sustainability can be seen in Haibo Zhou et al. [25]. 
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Packaging systems have multi-stage characteristics throughout the overall life cycle, so that the 

conventional DEA has poor applicability to the packaging system. In this paper, first, the overall 

packaging system life cycle has been divided into three stages. Subsequently, a three-stage NDEA 

model is constructed to compute the PSI. The PSIs have been used to evaluate the environmentally 

friendly of the packaging system in its overall life cycle, and the ideal results are obtained. Finally, 

we use the PSI to make an empirical study on the environmental performance of three types of milk 

packaging system and obtain satisfactory results. 

2. Terminology 

2.1. Packaging Sustainability Indicator (PSI) 

In fact, PSI includes three aspects: social sustainability, economic sustainability, as well as 

environmental sustainability. The impact of social and economic sustainability is an important part 

of the PSI, but it is difficult to quantify the social sustainability index and some economic 

sustainability index of packaging system directly. Accordingly, in this study, we do not consider the 

social and economic sustainability implications, just verifying the feasibility of the three-stage 

Network DEA model by evaluating environmental sustainability, and future research will increase 

the impact of social and economic sustainability. 

In terms of environmental sustainability, PSI represents the level of resource consumption and 

environmental emissions throughout the packaging life cycle, which measures how well three-stage 

inputs (consumption of resource and energy as well as environmental emissions) and outputs 

(recycling rate, etc.). In our study, PSI will be defined as the sum of environmental efficiency weighted 

for each stage in the packaging life cycle, 
3

1

  p p
p

PSI w E (stage p = 1, 2, 3). 

2.2. Environmental Efficiency 

In our study, environmental efficiency, which is a key measure to compare the environmental 

performance in a single-stage, demonstrates the level of multiple resources and energy consumption 

and environmental emissions at each stage of the packaging system to reflect the environmental 

score. Ep is denoted as environmental efficiency in stage p, where p = 1, 2, 3. 

2.3. Impact Weight 

The environmental impacts of packaging system were divided into two parts, one of which is 

the consumption of resources and energy and the other is the environmental discharge during the 

entire life process. The impact weight refers to the ratio of single-stage environmental impact to the 

overall life cycle environmental impact. In this paper, the production of packaging materials, the 

manufacturing of the packaging system, and the final treatment of packaging wastes after 

consumption are considered. In the final stage, the three treatments, landfill, incineration, and 

recycling, are also taken into account. Weights of post-consumption materials (used packages) for 

recycling and reusing are also included in this stage, as outlined in Figure 1. 

 

Figure 1. The system boundary of three-stage for packaging system. 



Appl. Sci. 2019, 9, 246 4 of 16 

Here, wp (stage p = 1, 2, 3) represents the impact weight of each stage and computed by the ratio 

of the input and unintended output (environmental emissions) in each stage to the total value of the 

entire system, including the input and unintended output (environmental emissions). 

3. Modeling 

3.1. Nomenclatures 

We use the following notation to describe the three-stage Network DEA model. Suppose that 

there are n DMUs denoted by DMUj (j = 1,…, k,…, n; DMUk is denoted as the kth unit to be evaluated, 

kϵj), and that for each DMUj: 

In the stage 1, there are i1 (i1 = 1,…, m1) relevant resource consumes as inputs, denoted by 
1i j

x  = 

(
11 j

x ,
12 j

x ,…, 
1m j

x )T, product d1 (d1 = 1,…, D1) desirable outputs as intermediate variable, denoted by 

1d j
z  = (

11 j
z , 

12 j
z ,…, 

1D j
z )T and 1

r  ( 1
r  = 1,…, 1

q ) environmental emission as undesirable outputs, 

denoted by ��
�� �

 =(��
���

, ��
���

,…, ��
���

)T.  

In the stage 2, the desirable outputs 
1
jdz from stage 1 are applied into the stage 2 sub-DMU as 

internal inputs, with i2 (i2 =1,…, m2) external inputs 
2i j

x =(
12 j

x ,
22 j

x ,…, 
2m j

x )T to obtain d2 (d2 = 1,…, 

D2) desirable outputs, denoted by
2d j

z  = (
12 j

z , 
22 j

z ,…,
2D j

z )T and 2
r  ( 2

r  = 1,…, 2
q ) undesirable 

outputs, denoted by ��
���

 = (��
���

, ��
���

,…, ��
���

)T. 

In the stage 3, the desirable outputs 
2d j

z  from stage 2 were served as internal input resources 

in the stage 3 sub-DMU to obtain 3
r  ( 3

r  = 1,…, 3
q ) undesirable outputs, denoted by ��

���
 = (��

���
, 

��
���

,…, ��
���

)T, and r (r = 1,…, s) desirable outputs denoted by 
r j

y  = (
1j

y , 
2 j

y ,…, 
sj

y )T, which go 

back to the circulation of the packaging system. 

3.2. Three-Stage Network DEA Model 

In this section, the dual-role factors of the resource consumption and environmental emissions 

in packaging systems are incorporated into the additive network DEA model proposed by I.M. 

Premachandra and Joe Zhu. (2016) [26]. Consider the structure illustrated in Figure 2. 

 

Figure 2. The three-stage Network data envelopment analysis (DEA) model for the evaluation 

packaging systems. 

The above Figure 2 illustrates a three-stage network process situation of the packaging system, 

where each DMU is composed of three sub-DMUs in cascades, and the undesirable environmental 

emissions from three sub-DMUs are converted into inputs as the resources consumption in another 

form. According to the characteristics of the packaging system, the external resources inputs are 

added in stage 2 sub-DMU. Subsequently, we build the output-oriented additive three-stage 

Network DEA model (multiplier model) that aims to maximize the level of PSI given the current level 

of resource consumes. 
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3.3. Additive Three-Stage Network DEA Model 

In this section, we will discuss the environmental efficiency of the sub-DMUs in the three stages. 

Thus, we propose to combine the three stages in a weighted sum of efficiency scores of stages 1, 2, 

and 3 as the PSI of the three stages under a constant return to the scale (CRS), which can be written 

as follows: 

Main function: (computing the maximum PSI) 

1 2 31 2 3
max      PSI w w wE E E  (1) 

where, w1, w2, and w3 denote the impact weights of sub-DMUs in the first, second, and third stages, 

respectively, such that w1 + w2 + w1 = 1. E1, E2, and E3 denote the environmental efficiency of the sub-

DMUs in stages 1, 2, and 3, respectively. 

Environmental efficiency: (Ep in stage 1, 2, 3) 

�� =
∑ ���

��� �

��
����

∑ ���
��� �

+ ∑ ��
��

��
�� �

��
����

��
����

≤ 1 (2) 

Here, relevant enterprises or departments should pay for environmental emissions in the overall 

life cycle of the packaging system. Since the subsequent treatment of environmental emissions has 

little impact on the packaging system, it is not included within the system boundaries of the 

packaging system. Thus, all environmental emissions of DMUk being assessed are converted into 

input metrics as the consumption in another form of stage 1 sub-DMU. 

�� =
∑ ���

����

��
����

∑ ���
����

��
���� + ∑ ���

��� �
+ ∑ ��

��
��

�� �

��
����

��
����

≤ 1 (3) 

As above, all environmental emissions of DMUk being assessed are converted into input indexes 

as the consumption in another form of stage 2 sub-DMU. The process output indexes of stage 1 sub-

DMU are also used as internal input indexes for stage 2 sub-DMU and are recorded as intermediate 

variables. 

�� =
∑ �����

�
���

∑ ���
��� �

+ ∑ ��
��

��
���

��
����

��
����

≤ 1 (4) 

Similarly, all environmental emissions of DMUk being assessed are converted into input indexes 

as the consumption in another form of stage 3 sub-DMU, and the process output indexes of stage 2 

sub-DMU are also used as internal input indexes for stage 3 sub-DMU, which are recorded as 

intermediate variables. 

Where:  

In the above model, 
1i

v (i1 = 1,…, m1), 
2i

v (i2 = 1,…, m2) ≥ 0: are unknown relative weights attached 

to external inputs 
1i j

x , 
2i j

x , respectively. 

��
��

 ( 1
r  = 1,…, 1

q ), ��
��

 ( 2
r  = 1,…, 2

q ),��
��

  ( 3
r  = 1,…, 3

q ) ≥ 0: are unknown relative 

weights attached to undesirable outputs ��
�� �

, ��
���

, ��
���

, respectively. 

1d
 (d1 = 1,…, D1), 

2d
 (d2 = 1,…, D2) ≥ 0: are unknown relative weights attached to intermediate 

variables 
1d j

z , 
2d j

z , respectively. 

r
u (r = 1,…, s) ≥ 0: are unknown relative weights attached to desirable outputs 

r j
y . 

Impact weight: (wp in stage 1, 2, 3) 

We use w1, w2, and w3 to represent the relative importance or contribution of the efficiency of 

each stage to the overall sustainability of the given DMU in the whole process. 

w1: The ratio of the sum of resource consumption and environmental emissions in stage 1 sub-
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DMU to the sum of the total inputs of the three stages (including all the resource consumption, 

environmental emissions, and intermediate variables) is denoted as the impact weight of stage 1 sub-

DMU. 

�� =
∑ ���

����
+ ∑ ��

��
��

�� �

��
����

��
����

��
 (5) 

where TI represents the total amounts of input resources consumed by the whole packaging systems, 

which can be denoted by 

�� = � ���
��� �

��

����

+ � ���
��� �

��

����

+ � ���
��� �

+ � ���
��� �

��

����

+ � ��
��

��
�� �

��

����

+ � ��
��

��
���

��

����

��

����

+ � ��
��

��
���

��

����

 

(6) 

w2: That the ratio of the sum of resource consumption, environmental emissions, and 

intermediate variables (from stage 1 sub-DMU to stage 2 sub-DMU) in stage 2 sub-DMU to the sum 

of the total inputs of the three stages (including all the resource consumption, environmental 

emissions, and intermediate variables) is denoted as the impact weight of stage 2 sub-DMU. 

�� =
∑ ���

����

��
���� + ∑ ���

����
+ ∑ ��

��
��

�� �

��
����

��
����

��
 (7) 

w3: That the ratio of the sum of all inputs (including all the resource consumption, environmental 

emissions, and the intermediate variables from stage 2 sub-DMU) in stage 3 sub-DMU to the sum of 

the total inputs of the three stages (including all the resource consumption, environmental emissions, 

and intermediate variables) is denoted as the impact weight of stage 3 sub-DMU. 

�� =
∑ ���

����
+ ∑ ��

��
��

���

��
����

��
����

��
 (8) 

Substituting Equations (2)–(4) of Ep and Equations (5)–(7) of wp into Equation (1) for 

simplification to obtain fractional model (9) of PSI. Equation (10) is all the restrictions to compute the 

PSI, also is the restrictions to compute Ep of each stage (p = 1, 2, 3), as follows: 

��� � �� =
∑ ���

����

��
���� + ∑ ���

����

��
���� + ∑ �����

�
���

��
 (9) 

s.t       
∑ �������

��
����

∑ ���
����

�∑ ��
����

���

��
����

��
����

≤ 1 

∑ ���
����

��
����

∑ ���
����

��
���� + ∑ ���

����
+ ∑ ��

��
��

���

��
����

��
����

≤ 1 

∑ �����
�
���

∑ ���
����

+ ∑ ��
��

��
���

��
����

��
����

≤ 1 

(10) 

Boundary constraints in Equation (9–10): 

���
, ���

, ���
, ���

, ��, ��
��

, ��
��

, ��
��

≥ 0; � = 1,2,⋅⋅⋅, �  

The above model is a nonlinear program, and we need to transform it into a standard linear 

program by applying the Charnes–Cooper transformation, let 

� =
1

∑ ���
����

��

���� + ∑ ���
��� �

��

���� + ∑ ���
��� �

��
���� + ∑ ���

��� �
+ ∑ ��

��
��

���

��
���� + ∑ ��

��
��

�� �

��
���� + ∑ ��

��
��

���

��

����
��
����

 

t  , �� = ���,  tu , tv   

(11) 

The above fractional model (9) and (10) can be transformed into the following linear model (12) 
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and (13) based on Equation (11), the result is as follows:  

1 2

1 1 2 2

1 21 1 1

max
D D s

d d k d d k r rk
d d r

PSI z z y  
  

       

By simplifying Equation (11), we can get: 

� ���
��� �

��

����

+ � ���
��� �

��

����

+ � ��
��

��
���

��

����

+ � ��
��

��
���

��

����

+ � ��
��

��
���

��

����

+ � ���
���� +

��

����

� ���
����

��

����

= 1 
(112

) 

� ���
���� −

��

����

� ���
����

��

����

− � ��
��

��
���

��

����

≤ 0  

� ���
����

��

����

− � ���
����

��

����

− � ���
���� − � ��

��
��

���

��

����

��

����

≤ 0 12 

� �����

�

���

− � ��
��

��
���

��

����

− � ���
����

��

����

≤ 0 (13) 

Boundary constraints in Equation (12–13): 

���
, ���

, ���
, ���

, ��, ��
��

, ��
��

, ��
��

≥ 0; � = 1,2 ⋅⋅⋅, �  

By simplifying Equation (6) based on Equation (11), we can also get the new TI (TIn): 

��� = � ���
��� �

��

����

+ � ���
��� �

��

����

+ � ��
��

��
���

��

����

+ � ��
��

��
���

��

����

+ � ��
��

��
���

��

����

+ � ���
���� +

��

����

� ���
����

��

����

 

(14) 

Once we obtain an optimal solution to linear model (12) and (13), the PSI for the three-stage 

network processes can be calculated accordingly. However, because of the linear systems Equations 

(12) and (13) has multiple unknown variables, so the linear model may have multiple optimal 

solutions, the respective Ep of the sub-DMUs may not be unique. Therefore, we can choose a set of 

multipliers based on three sub-DMUs that produce the highest first or second or third stage Ep while 

maintaining the PSI of the whole network processes. In addition, minimizing the efficiency gap 

between the three sub-DMUs in the three stages is also a standard strategy for choosing multipliers 

[27]. 

There is the environmental efficiency in stage 1, 2, and 3, respectively (Ep in stage 1, 2, 3): simplify 

by the Charnes–Cooper transformation, we also can get Equations (13) and (15) in Stage 1 sub-DMU: 

1

1 1

1 1
1
=max

D

d d k
d

E z

  

� ���
��� �

��

����

+ � ��
��

��
���

��

����

=1 

(15) 

As above, we also can get Equations (13) and (16) in Stage 2 sub-DMU: 

2

2 2

2

2
1

max
D

d d k
d

E z


   

� ���
��� �

��

����

+ � ��
��

��
���

+ � ���
����

��

����

��

����

=1 

(16) 

Similarly, we can get Equations (13) and (17) in Stage 3 sub-DMU: 
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3
1

max
s

r rk
r

E y


   

� ��
��

��
���

��

����

+ � ���
����

��

����

= 1 

(17) 

The common constraint condition of all the environmental efficiency (Ep in stage 1, 2, 3): 

1 2

1 1 2 2

1 21 1 1

D D s

d d k d d k r rk
d d r

n

z z y

PSI
TI

  
  

 



  
 

(18) 

3.4. Solving the Model 

The above the three-stage Network DEA model (multiplier model) was solved using Matlab 

programming and implemented in MATLAB R2015b (free trial version). The programming flow 

chart is shown in Figure 3. 

 

Figure 3. The programing flows chart of three-stage network DEA (NDEA) model in MATLAB 

R2015b. 

In Figure 3, input x is including resource consumes (
1i j

x , 
2i j

x ) and the environmental emission 

(
1r j

y , 
2r j

y , and 
3r j

y ); output y is including the desirable outputs of the packaging system rj
y ; 

intermediate variable z is including the desirable outputs of stage 1 and stage 2 
1d j

z  and 
2d j

z , which 

also be served as the internal inputs of stage 2 and stage 3, respectively. 

We can give the ranking of all the packaging systems based on the result of additive three-stage 

Network DEA. The higher the PSI value, the more sustainability of the packaging system. The wp can 

give us the information as to how much contribution does each sub-DMU make for the PSI, which 

can help the managers making the measures and suggestions specifically and accurately to improve 

the PSI of packaging system. The result analysis of the three-stage Network DEA model is as follows: 

If PSI = 1, then the evaluated unit “k” (DMUk) is sustainability efficiency DMU; If PSI < 1, then 

the evaluated unit “k” (DMUk) is sustainability inefficiency DMU, and PSI = w1∙E1+ w2∙E2 + w3∙E3, only 
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if Ep is effective (Ep = 1, stage p = 1, 2, 3) in each stage lead to the PSI being effective in the whole 

packaging system (Impact weights: w1 + w2 + w3 = 1). 

4. Empirical Tests 

In this section, we perform empirical tests to demonstrate the applications of our model. In order 

to test the feasibility of the proposed model, the three-stage Network DEA model is employed to 

evaluate the relative-to-best environmental efficiency of five alternatives milk packaging system. In 

the section that follows, we will demonstrate the applications of our analytical model in evaluating 

the SPI for packaging systems. 

4.1. Materials 

In these empirical tests, assumed that there is 1000 L milk that needs packaging, and the DMUs 

are as follows (see Figure 4): 

   
(a) (b) (c) 

Figure 4. The pictures of three types of packaging system come from China. (a) Composite box, (b) 

PrePack, (c) Tetra Pak. 

Figure 4a shows the picture of the real products of composite box. The packaging materials of 

composite box is consisted of cardboard made in China, low density polyethylene (LDPE made in 

China), and auxiliary materials, and the structure is three-layers composite structure (print 

layer/cardboard/LDPE). Packaging 1000 L of milk needs 4000 stand-up composite box of 250 mL 

each. The primary data was based on the study carried out by Chinese researcher Qin et al. [28] and 

the CLCD-China-ECER 0.8 database. All the above these data represent average cardboard and 

LDPE industry information. 

Figure 4b shows the picture of the real products of PrePack. The packaging materials of PrePack 

are made by LDPE film co-extrusion (made in China), and the structure is a three-layers composite 

structure. Packaging 1000 L of milk needs 5000 pouched PrePack of 200 mL each. The weight of the 

PrePack was measured and found 3.55 g and required 17.75 kg of polyethylene packaging in total. 

The primary data of PrePack was based on the study that was carried out by Chinese researcher Xie 

et al. [29] and Xie et al. [30]. These data represent average LDPE film industry information. 

Figure 4c shows the picture of the real products of Tetra Pak. The packaging materials of Tetra 

Pak is consisted of cardboard (made in China), LDPE (made in China) and aluminum laminate (Al 

made in China). The structure is a six-layers composite structure (PE/cardboard-PE-Al-PE/PE). 

Packaging 1000 L of milk needs 1000 stand-up Tetra Pak, 1000 mL each. The weight of the Tetra Pak 

was measured and found to be 28.56. The 1000 L of milk required 28.56 kg of cardboard -PE-Al 

laminate and cardboard-PE-Al laminate was made from 21.93 kg cardboard, 5.29 kg polyethylene, 

and 1.34 kg aluminum foil. The primary data of Tetra Pak was also based on the study carried out by 

Chinese researcher Xie et al. [29] and Xie et al. [30]. All the above these data represent the average 

industry level. The detailed information of three types of packaging systems are shown in Table 1. 

Table 1. The basic information about decision-making units (DMUs). 



Appl. Sci. 2019, 9, 246 10 of 16 

DMU Material Origin 
Layers of 

Composite  

Structure of 

Composite  
Capacity 

Number 

of Pieces 

PrePack 
LDPE (low density 

polyethylene) 
China 3 PE/PE/PE 200 mL 

5000 

pouches 

Composite 

box 

cardboard, LDPE 

and auxiliary 
China 3 PA/cardboard/PE 250 mL 

4000 

stand-ups 

Tetra Pak 

cardboard LDPE 

(low density 

polyethylene) 

Al (aluminum 

laminate) 

Sweden 

6 
PE/cardboard-PE-

Al-PE/PE 
1000 mL 

1000 

stand-ups 

Japan 

China 

In this section, we constructed two virtual DMUs using the cubic-Hermite interpolation 

function. The purposes are dual. On the one hand, when the number of DMUs is insufficient, adding 

virtual units can improve the accuracy of the model calculation and reduce errors. On the other hand, 

the evaluation results of virtual DMUs can provide directions for how to improve the inefficient 

DMU. The reason for choosing the cubic-Hermite interpolation function method is that it not only 

satisfies the same function value of the interpolation polynomial as the original function value, but 

also satisfies the derivative value at the node which is equal to the derivative value of the original 

function. The function of cubic-Hermite interpolation for n nodes (x1, x2,…, xn) is as follows [31]: 

 3
'

k k k k
H x y a y    

 k k
y y x ,  ' '

k k
y y x , 

2

1 2
j k

k

k j j k

x x x x
a

x x x x

   
   
     

,  
2

j

k k

k j

x x
x x

x x


 
  
  

 

(19) 

where k and j are the two nodes. 

4.2. Input Data 

The indexes of input and output of each stage as follows are selected based on the related study 

in the LCA method [28–30,32]. 

External input: 

In the first stage, crude oil consumption is denoted as 
11 j

x  (j = 1, 2, 3, 4, 5), natural gas 

consumption is denoted as 
12 j

x  (j = 1, 2, 3, 4, 5); 

In the second stage (external input), coal consumption is denoted as 
21 j

x  (j = 1, 2, 3, 4, 5), the 

electricity consumption of packaging technology equipment (die cutting and blow molding) is 

denoted as 
22 j

x  (j = 1, 2, 3, 4, 5); the origin data of each index are shown in Table 2: 
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Table 2. The indexes and origin data of external input. 

DMU 

Stage 1 Stage 2 Note (Data Sources) 

Crude Oil Natural Gas Coal Electricity 
References 

11
/x g  

1

2

2
/x m  

21
/x kg  

22
/x kw h  

PrePack (DMU1) 15.071 1.09 6.87 17.7 [29,30] 

Composite box (DMU3) 3.74 5.98 1.53 10.12 * [28] 

Tetra Pak (DMU5) 6.7 4.87 2.24 6.175 [29,30] 

* Data from CLCD-China-ECER 0.8 database. 

4.3. Output Data 

Undesired output (environmental emissions): 

In first phase, CO2 emissions is denoted as ��
���

 (j = 1, 2, 3, 4, 5); 

In second phase, CO2 emissions is denoted as ��
���

 (j = 1, 2, 3, 4, 5); 

In third phase, CO2 emissions is denoted as ��
���

 (j = 1, 2, 3, 4, 5); 

Desired output: In third phase, recycled materials is denoted as 
3 j

y  (j = 1, 2, 3, 4, 5); the origin 

data of each index are shown in Table 3: 

Table 3. The indexes and origin data of desired output and undesired output. 

DMU 

Stage1 Stage2 Stage3 Desired Output Note (Data Sources)  

CO2 CO2 CO2 Recycled Materials 
References 

��
��

/�� ��
��

/�� ��
��

/�� 
3

/y kg  

PrePack (DMU1) 30.142 18.1 7.37 6.2125 ** [29,30] 

Composite box (DMU3) 43.6 12.31 39.6 * 4.38 ** [28] 

Tetra Pak (DMU5) 47.13 8.751 39.8 * 13.423 ** [29,30] 

* Data from CLCD-China-ECER 0.8 database. ** 
3 j

y = the production of packaging materials * the 

recycle rate. The recycle rate of PrePack, Composite box and Tetra Pak are 35%, 20% and 47%, 

respectively. 

4.4. Intermediate Variable 

The intermediate variable: the intermediate variable from the first stage to the second stage is 

the packaging materials output, denoted as 
11 j

z  (j = 1, 2, 3, 4, 5), and the intermediate variable from 

the second stage to the third stage is the package quantity, denoted as 
21 j

z  (j = 1, 2, 3, 4, 5); the origin 

data of each index are shown in Table 4: 

Table 4. The indexes and origin data of intermediate variable. 

DMU 

Stage 1 Stage 2 Note (Data Sources) 

Packaging Materials Package Quantity 
References 

11
/z kg  

21
/z piece  

PrePack (DMU1) 17.75 5000 [29] 

Composite box (DMU3) 21.9 4000 [28] 

Tetra Pak (DMU5) 28.56 1000 [29] 

4.5. Data Collection and Computation 

In this section, the proposed methodology is applied to evaluate the environmental 

sustainability of milk packages, the data of which has been collected from the published article and 

CLCD-China-ECER 0.8 database. The data used for packaging sustainability indicator model based 

on the three-stage Network DEA method are given in Table 5. 
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Table 5. The original data of five types of DMUs in the three-stage Network DEA model. 

DMU 
PrePack 

DMU1 

Interpolation 

DMU2 

Composite 

Box 

DMU3 

Interpolation 

DMU4 

Tetra 

Pak 

DMU5 

Stage 1 

crude oil 
11
/ gx  15.071 7.096 3.74 4.11 6.7 

natural 

gas 1

2

2
/x m  1.09 4.52 5.98 5.84 4.87 

CO2 ��
��

/�� 30.142 38.47 43.6 46.06 47.13 

Intermediate variable 
11

/z kg  17.75 19.548 21.9 24.88 28.56 

Stage 2 

coal 
21

/x kg  6.87 3.154 1.53 1.62 2.24 

electricity 
22

/x k w h  17.7 13.384 10.12 * 7.765 6.175 

CO2 ��
��

/�� 18.1 14.89 12.3 * 10.28 8.75 * 

Intermediate variable 
21

/z piece  5000 4687.5 4000 2812.5 1000 

Stage 3 

CO2 ��
��

/�� 7.37 29.47 39.6 * 39.75 39.8* 

recycled 

materials 3
/y kg  

6.2125 

** 
4.609 4.38 ** 7.091 

13.423 

** 

Note (data 

Sources) 
References [29,30] 

cubic-Hermite 

interpolation 
[28] 

cubic-Hermite 

interpolation 
[29,30] 

* Data from CLCD-China-ECER 0.8 database. ** 
3 j

y = the production of packaging materials * the 

recycle rate. The recycle rate of PrePack, Composite box and Tetra Pak are 35%, 20% and 47%, 

respectively. 

This research uses MATLAB R2015b (free trial version) to program. The computed results 

are shown in Tables 6 and 7. 

Table 6. The results of impact weight (wp) about five types of DMUs. 

Stage w1 w2 w3 

PrePack (DMU1) 0.2224 0.2985 0.4791 

Interpolation (DMU2) 0.3429 0.3285 0.3286 

Composite box (DMU3) 0.2823 0.3588 0.3589 

Interpolation (DMU4) 0.3220 0.4162 0.2618 

Tetra Pak (DMU5) 0.0001 0.1233 0.8766 

Table 7. The results of packaging sustainability indicator (PSI) and Ep about five types of DMUs. 

Stage PSI E1 E2 E3 

PrePack (DMU1) 1 1 1 1 

Interpolation (DMU2) 0.64 0.8385 1 0.0733 

Composite box (DMU3) 0.66 0.9673 1 0.0816 

Interpolation (DMU4) 0.63 1 0.6291 0.1878 

Tetra Pak (DMU5) 0.93 1 0.4097 1 

5. Result and Discussion 

Table 6 shows the results of impact weight (wp) about five types of DMUs. The value of wp 

indicates the contribution level of Ep for PSI. In Table 6, the contribution level of Ep for PSI will 

increase with the wp increase. 

Table 7 shows the results of packaging sustainability indicator and environmental efficiency of 

five packaging systems in the three-stage Network DEA model. The packaging sustainability 

indicator of PrePack (DMU1) is the largest, up to 1, while the Tetra Pak (DMU5) come second after 

PrePack (DMU1), whereas the Composite box (DMU3) is found to have the lowest PSI, just 0.66. When 

compared with LCA method, the evaluation results of the three-stage Network DEA model and the 

ranking are consistent [28,29]. 
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For plastic packaging, the fossil fuels category presents the largest contribution by the raw 

material from crude oil. Approximately 99% of the plastics produced today are petroleum-based, and 

the packaging industry alone consumes over 38% of these plastics [33]. However, PrePack has less 

demand for resources and energy. The production technology of PrePack is simple by three-layer 

low-density polyethylene coextrusion. Therefore, PrePack is the more sustainable one compared to 

other packaging systems. As we all know, there needs a fixed cost for a series of packaging production 

equipment to normal work. 

For Tetra Pak, the application widely and large batch production made lower resource 

consumption of unit package relative to other packaging systems. For the Composite box (DMU3), it 

is usually on a small scale, resulting in a higher resource consumption per unit package relative to 

other packaging systems. Tetra Pak and composite box are multi-layer (PE/cardboard-PE-Al-PE/PE 

and PA/cardboard/PE) composite materials and complexity production technology, but the recycle 

rate of Tetra Pak is up to 47%, causing the environmental burden to be reduced in packaging wastes 

treatment. 

In terms of environmental efficiency, E3 of the Composite box (DMU3) equals 0.0816 in the stage 

of packaging wastes treatment. E2 of Tetra Pak (DMU5) equals 0.4097 in packaging system 

manufacturing, less than 1(inefficient). We can base on interpolation DMU4 to improve the inefficient 

DMU3, by adding the recycling rate of DMU3 and reducing CO2 emission, while based on 

interpolation DMU4 to improve the Tetra Pak (DMU5), by reducing the weight of single layer and the 

number of layers. They imply that the main sources of inefficiency are excessive resource 

consumption, CO2 emissions in the stage of packaging wastes treatment, and the rate of recycling 

and reusing shortfalls in the packaging system. An effective packaging waste management system is 

needed, since this waste not only uses up valuable resources but it also increases environmental 

pollution. As shown in Table 3, the weight of packaging wastes treatment is the largest in the three 

stages of the packaging systems. 

Secondly, most manufacturers are quite capable of fulfilling engineering specifications to 

achieve satisfactory levels of packaging materials production and packaging system manufacturing 

at the first stage and second stage. However, many of them are less capable of utilizing the 

combinations of packaging recycling and cyclic utilization to reduce environmental impacts with 

good practical performances at the third stage (final treatment: recycling). Accordingly, the waste 

recycling managing level of government should be raised to a larger extent. Inside the government, 

the responsibilities of various departments should be defined. It is better to set an effective recycling 

facility in public. Outside the government, the policy makers should set up a series of incentives, 

listen to the advice from citizens and enterprises frequently, and finally achieve the information 

exchanging between the government and the public. It means that environmental sustainability plays 

a significant role in packaging system evaluation. 

From the above, when compared with LCA method, the evaluation results and the ranking of 

three-stage Network DEA model are consistent. However, the three-stage Network DEA method 

proposed by us considers the interaction and coupling between sub-DMU. The proposed model does 

not have strict requirements on data volume, and the evaluation results are very intuitive. What is 

more, we can get the information about which sub-DMU needs improvement clearly. 

6. Conclusions 

In this paper, PSI, a new indicator of packaging sustainability, is proposed to evaluate the 

environmental friendliness of the product packaging system. It normalizes the environmental 

efficiency of three stages into an index that made the evaluation result more intuitive to display the 

sustainability level of the packaging system. A three-stage Network DEA model was employed to 

assess the greenness level of the whole life cycle of packaging. The results of the empirical tests of 

three milk packaging show the feasibility of this method. In addition, the interpolation method is 

used to increase the data set of virtual DMU, which enhances the processing ability of the network 

DEA model under the condition of the insufficient data set. 
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Future work integrating more attributes and indicators will be explored to increase the scope of 

greenness capturing within the green packaging assessment process as well as expanding the 

applicability and accuracy of the proposed approach. 
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Abbreviation 

DEA Data Envelopment Analysis; 

PSI Packaging Sustainability Indicator; 

LCA Life Cycle Assessment; 

AHP Analytic Hierarchy Process; 

Al aluminum laminate; 

PET polyethylene terephthalate; 

DMUs decision-making units; 

CCR Charnes, Cooper and Rhoades; 

NDEA Network DEA; 

Ep environmental efficiency (stage p = 1, 2, 3); 

wp impact weight (stage p = 1, 2, 3); 

CRS constant return to the scale; 

TI the total amounts of input resources consumed by the whole packaging systems; 

LDPE low density polyethylene; 

PE polyethylene; 

the nomenclature of three-stage Network DEA model are listed in Section 3 in detail. 
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