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Abstract 

Growing pressure on the packaging design to enhance the environmental and logistics 
performance of a packaging system stresses the packaging designers to search new 
design strategies that not only fulfill logistics requirements in the supply chain, but also 
reduce the CO2 emissions during the packaging life cycle. 

This thesis focuses on the packaging design process and suggests some improvements 
by considering its logistics performance and CO2 emissions. A Green packaging 
development model was proposed for corrugated box design to explore the inter-
dependencies that exist among compressive strength, waste and CO2 emissions.  

The verification of the proposed model unveils the significance of a holistic view of the 
packaging system in the packaging design process and reveals the importance of 
packaging design decisions on the logistics performance and CO2 emissions. The thesis 
finally concluded that the packaging logistics performance should be considered in a 
packaging design process to explore the Green packaging design solution. 

 

Key words: Packaging, Design, Corrugated Box, Logistics Performance, Compressive 
Strength, Supply Chain, CO2 emissions  
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Summary 

Growing pressure on packaging design for waste reduction emphasizes the packaging 
designers to use minimum weight and volume of packaging material. However it 
accompanies a detrimental effect on its basic function i.e. product protection, 
consequently causing increased product losses in the supply chain. Moreover poor 
logistics performance of a packaging design during its interactions with agents and 
logistics processes also increases product losses leading to a highly in-efficient and 
environmental unfriendly supply chain. Therefore it is strongly needed to explore new 
design strategies that not only fulfill logistics requirements in supply chain but also 
reduce CO2 emissions in packaging life cycle. 

The models and relationships used today to estimate the compressive strength of a 
corrugated box put focus only on compressive strength and overlook its dependencies 
on logistics performance and the supply chain. Similarly packaging logistics 
performance model enlightens the performance requirements in the supply chain that 
evolve in packaging interaction with agents and logistics process but fail to quantify 
these requirements in engineering fashion. The Life Cycle Assessment explains 
environmental impact of a packaging system but is unable to assess the environmental 
impact related to different design attributes and logistics performance requirements. 
The proposed Green packaging development model deals with these shortcomings by 
considering environmental and logistics performance of a corrugated box and 
contributes to the sustainable environmental.  

The transport packaging design of RBS-6202 reveals that 6 kg of packaging material 
cause to produce 389.92 ton CO2e during its life cycle with a small fraction produced 
during material production. For instance the CO2 discharged during transportation of 
packaging raw material of European origin to south Asia was more than 200 times than 
the CO2 released during material production. The results show that up to 7% decrease 
in BCT approximately decreases the packaging material by 1 kg during packaging 
design and drops the CO2 emissions by more than 20 %. In addition the change of 
transportation mode for raw material reduces CO2 emission by 94%. Similarly CO2 
emissions can be reduced to 391 kg CO2e per box by employing other strategies.   

The results and analysis of existing packaging design enlighten the significance of 
holistic view of packaging system during packaging design process to search new 
design strategies that reduce the CO2 emissions and waste of a packaging system. 
Additionally it helps to avoid sub-optimization in the packaging system caused by 
Innventia model.  

The results also highlight the gap between packaging design decisions and packaging 
logistics decisions that cause to increases the life cycle CO2 emissions. Moreover these 
results emphasize the information gaps between upstream packaging designers and 
downstream packaging users and conclude that packaging logistics performance is 
essential in design process to fill these gaps. However increased knowledge of 
packaging supply chain plays a vital role in search of optimum design solution. Finally, 
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it was concluded that packaging logistics performance must be taken into account with 
CO2 emissions during design process to explore the Green packaging design solution.  
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Chapter 1 Introduction 

The packaging consumption is rapidly growing in the supply chain from initial sourcing 
of raw material to consumer product disposal due to the ever-increasing global trade. 
This growing trend of packaging use can also be observed in our daily life. Solid waste 
management statistics in Western Europe, reveal that packaging have major share in 
municipal solid waste [1] . This growing use of packaging is a source to increase its 
environmental impact by creating more waste at the end of useful life.  

The pressure on packaging design dramatically increased in the past few years to 
reduce waste at the end of packaging life. Furthermore, the European legislative 
framework [2] also stresses the packaging designers to use minimum of material in 
their design. However, any decrease in packaging material badly affects its 
fundamental function, i.e. to protect the product, in the supply chain and consequently 
affects the environment by increasing product losses. On the other hand, packaging 
plays a vital role in distribution of products in its perfect conditions from source to end 
user by performing a variety of functions to fulfill the demands that exist in the supply 
chain. A well performing packaging design not only successfully satisfies these 
functional requirements, but also creates performance value in the supply chain by 
contributing to efficient distribution, warehousing and handling. A poorly performing 
packaging design leads to a highly in-efficient supply chain that greatly affects the 
environment.  

For packaging design extensive testing and trials are conducted to search the optimal 
design solution without exploring the actual performance requirements that exist in 
the supply chain. This thesis will consider these requirements and will suggest a green 
packaging development model that considers logistics performance and CO2 emissions 
of a packaging system. The term ‘Green’ has its focus on packaging logistics 
performance criteria and reducing CO2 emissions. Therefore ‘Green’ incorporates the 
packaging logistics efficiency and CO2 emissions in the packaging design process. Such 
a design contributes to the efficiency and effectiveness of a supply chain and creates 
differentiation in a competitive market. This proposed model will be used in future 
product development processes to explore the Green packaging design solutions.  

1.1 Innventia Model 

Product protection is the prime objective of packaging from packer/filler to end user. 
In [3] research was conducted to establish the relationship between product 
protection and environment. A model known as Innventia Model was proposed. This 
model explains that a good packaging design usually uses a minimum amount of 
material to perform its basic function, i.e. protect the product, until an optimum point 
is reached as shown in Figure 1. Beyond this point, any further reduction in packaging 
material raises the product losses in the supply chain. Further research [Ibid] shows 
that the environmental consequences of product losses caused by excessive reduction 
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in packaging material are much greater than adequate product protection by excessive 
material usage.  

 

Figure 1:  Innventia Model for Optimum Packaging Design  [3]  

1.2 Problem Definition 

Packaging designers are striving to use minimum weight and volume of packaging 
materials to minimize the environmental impact. As shown in the Figure 1, any 
reduction in packaging material affects its basic function: product protection which 
increases product losses in the supply chain and leads to under-designed packaging.  

In fact, product losses severely impact the environment than the packaging itself as all 
the primary resources and related services are lost. The environmental impact 
associated with product loss is estimated to 10-100 times more severe compared to 
the packaging [4] . These losses further depend on degree of damage and type of 
product. In order to minimize product losses, more material needs to be added in the 
packaging design to enhance the product protection capability. However more 
material in packaging leads to more waste at the end of packaging life and is 
considered as over-designed packaging. 

In the supply chain, packaging interacts with several agents and logistics processes. 
These interactions evolve complex demands and expectations related to 
transportation, handling and warehousing. A good packaging design support packaging 
in performing a variety of functions to fulfill these complex demands and contribute to 
an efficient supply chain. 

The Innventia model elaborates the environmental aspects of a packaging design in 
terms of the optimum packaging design that has a tradeoff between packaging 
material and product losses. However, packaging design also contributes to the 
efficiency of a packaging system in the supply chain. Then the question arises, how to 
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find a Green packaging design that is not only material efficient and reduces CO2 
emissions in the life cycle but also contribute to the efficiency of a packaging system 
and the supply chain.  

1.3 Research questions 

The question that arises in the problem definition is wide and complex. To make the 
question more manageable it has been approached by several sub-questions. 

 How can we increase product protection and decrease the waste by 

considering compressive strength of a packaging within the supply chain? 

 How Green Packaging Development contributes to enhance packaging logistics 

performance within the supply chain and reduces CO2 emissions? 

 How can we incorporate the CO2 emissions with packaging logistics efficiency 

during packaging design process? 

1.4 Delimitations 

In order to manage the complexity involved in the given multidisciplinary problem, the 
following limits are defined. 

 There are several performance indicators that help to analyze the packaging 

logistics performance in the supply chain. Product protection is a key 

performance indicator among them. In this thesis, focus is put on maximum 

product protection to analyze the packaging logistics performance. 

 There are several design parameters, which lead to a well performing 

packaging design in the supply chain. Size, shape, side to side strength and top 

to bottom compressive strength are some of them. Top-to-bottom compressive 

strength is most significant due to its relation to the maximum product 

protection capability. In this thesis, the analysis was limited to top-to-bottom 

compressive strength. 

 In contrast to primary packaging, transport packaging directly interacts with 

different agents (packer, distributor, and retailer) and logistics processes 

(handling, transportation, storage and reverse handling) in the supply chain. 

Therefore this type of packaging is exposed to comparative sever and harsh 

environment in the supply chain. Since the majority of transport packaging 

used today consist of corrugated boxes, this study focus on corrugated box as a 

transport packaging to explore the optimum compressive strength. 

 There are several environmental impact indicators that will help to analyze the 

total impact of product/process on environment like primary energy demand, 

global warming potential (GWP). GWP is a globally recognized environment 

impact indicator that is based on emission of different green house gases 



 

4 
 

(GHG). CO2 is the biggest culprit for global warming among all GHG. In this 

thesis, environmental performance of packaging is estimated by analyzing the 

total CO2 emissions in the whole life cycle of a corrugated box. 

1.5 Objectives 

The aim of this project is to develop a model to find optimum solutions with focus on 
its design, CO2 emissions and logistics performance. In order to achieve this goal, the 
thesis is divided into the following main objectives  

 To investigate the optimum compressive strength of transport packaging to 

minimize the life cycle CO2 emissions and waste. 

 To explore the optimum packaging design solution for transport packaging that 

will not only enhance packaging logistics performance but also reduce life cycle 

CO2 emissions and waste. 

 To explore the effects of packaging design decisions on packaging logistics 

performance and environment by considering waste and life cycle CO2 

emissions. 

The developed model will be used in future packaging development processes to 
select suitable packaging design solutions that will not only improve the efficiency and 
effectiveness in the supply chain, but also reduce overall waste and life cycle CO2 

emissions. 

1.6 Scope 

The focus of this thesis is in-depth understanding of the packaging design processes. 
Further improvement may be suggested by studying different performance models to 
briefly understand the demands put on packaging design by the packaging life cycle.  

Although, this study is based on life cycle assessment of packaging, key focus for this 
study is the packaging designers. Therefore, this assessment is not adequately 
quantifying CO2 emissions during the whole life cycle of packaging, which restricts its 
use to packaging design primarily. 
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Chapter 2 Methodology 

The research path that was followed in the course of this thesis work was based on an 
abductive approach. This approach is very useful if one’s objective is to discover new 
variable and relationships. It also creates fruitful cross-fertilization where new 
combinations are developed through a mixture of established theoretical models and 
new concepts derived from the confrontation with reality [57] .  

Initially, the objective was set to reduce the waste and maximize the compressive 
strength, but after some literature review, it was realized that the environmental 
performance of packaging design may be investigated by calculation of life cycle CO2 
instead of waste although both are inter-related. Further understanding of recent 
models and relationships used today for packaging design, revealed the complexity 
involved in the problem. This complexity restricted the boundaries of this research 
work to some manageable level. 

The method used to explore the optimum packaging design solution consists of the 
steps illustrated in Figure 2. 

 

Figure 2:  Schematic diagram of the work process used 
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2.1 Redefining the problem 

Initially, the problem was explored to identify the involved discipline and their 
respective models.  

The Innventia Model, which summarizes the relationship between packaging design 
and environment, focuses on two dimensions to explain the optimum design, the 
engineering packaging design and environment aspects. 

Packaging logistics theory explains the relationship among packaging, logistics and 
supply chain. Packaging design supports packaging in performing a variety of functions 
in supply chain, which introduces a third dimension “packaging logistics performance” 
in to the problem. 

2.2 Literature Review 

A broad literature review is important when dealing with such a multidisciplinary 
problem. During the literature survey in this thesis work, each involved discipline was 
sourced with respect to its discipline, and then critically analyzed to draw some 
conclusions of importance for their contribution to the present objectives 

A comprehensive literature review was conducted in the field of packaging engineering 
design, packaging logistics and environmental management to cover all three primary 
involved dimensions. The objective of this literature review was to identify the sources 
covering each dimension in the problem and to find cases related to this work.  

2.3 Model Development 

In the literature review, some conclusions were drawn after critically analyzing the 
available models. These conclusions provided the baseline for further model 
development. Different approaches were adapted to establish inter dependencies 
among all existing models. Finally, a model evolved, which helps to explain the 
interdependencies among all involved models. Furthermore, this model also helps to 
explore the way to achieve the goal of an optimum packaging design solution. 

Finally, a case study was conducted to verify the model and help to achieve the goals 
of optimum packaging design. 
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Chapter 3 Frame of Reference 

The objective of this literature review was to determine models available in packaging 
design, packaging logistics and environment management to achieve the objective of 
this thesis. Different models previously used to estimate compressive strength, CO2 
emissions and packaging logistics performance were identified. These models were 
used as guides to the most important factors that affect the Packaging design, its 
logistics and environmental performance in the supply chain. Further information was 
sourced to establish their inter-dependencies. 

3.1 Compression Strength Models 

McKee et al. [5] develop two semi-empirical equations to predict the compression 
strength of corrugated boxes known as McKee’s equations. Similar relationships are 
found by Shick and Chari [6] to work for double-wall corrugated boxes. Wolf [7] , 
Batelka and Smith [8] , and Challas et al. [9] find it important to include additional 
terms to account for the box geometry.  

Mark et al. [10] modify the constants and components of McKee’s equation to predict 
the box compression strength for C-flute corrugated boxes. Kawanishi [11] also 
develops an empirical relation to predict the box compression strength of wrap around 
and RSC boxes. Kellicut and Landt [12] predict the box compression strength based on 
box design parameters and the overall ring crush strength of liner board. Sprague et al. 
[13] , Seth [14]  and Markström [15] also present similar equations to predict the 
corrugated board compression strength from the compression strength of linerboard 
and fluting medium. 

In order to achieve optimal box design, Johnson et al. [16] reveal the material 
reduction by balancing the linerboard and corrugating medium properties, which 
enables packaging engineers to determine the lowest cost combination of paperboards 
to produce the required corrugated board grades. Furthermore, Markström [15] 
explains the physical meaning of the constants used in McKee’s equation and suggests 
that deviations in McKee’s equation are mainly due to manufacturing variations and 
the processing equipment used 

Creep experiments by Urbanik and Lee [17] and Urbanik [18] provide novel criteria for 
understanding the combined effects of cyclic humidity and long duration loading on 
compressive strength of corrugated boxes in physical environments. Urbanik and 
Saliklis [19] and Rahman et al. [20] uncover the advantages and limitations of finite 
element calculations in box compression analysis. 

The literature survey of existing models also anticipated that some companies and 
research institutes have developed more accurate mathematical models to capture 
product and process specific parameters for estimation of corrugated box compression 
strength. These models are usually kept as a trade secret and not generally available in 
the scientific literature. 
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3.1.1 Finite Element Method 

Introduction of this technique in packaging industry is slower than in many other 
engineering branches, for example the automotive industry. Some authors [[19] , [21] 
[19] believe that it is because of the complex mechanical behavior of corrugated board 
and its component papers or the advanced FE-techniques required. However, recent 
development in composite material and composite sandwich structures, which exhibit 
similarities relevant to corrugated board, leads to a growing use of this method in the 
packaging design process [21] . 

This approach is also considered as a possible way to predict the box compression 
strength. Many authors [21] [22] [23] [19] [24] demonstrate that the finite element 
method predicts box compression strength more accurately than the other semi-
empirical relationships. However, one has to make several assumptions related to the 
box design and material to get these results [20] . These assumptions along with cost 
associated with the introduction of these methods still limits its use in the packaging 
industry. 

Several authors [19]  [21]  [24] reveal the advantages of the finite element method in 
box compression analysis. The main advantage is the accuracy of the results for the 
box compression strength. Moreover, it can also supplement costly experiments 
performed during the packaging design and development process. 

3.1.2 McKee’s Equation 

McKee´s equation [5]  reads 

          -    √         -      -           (Eq. 3-I) 

 where  BCT  Box compression strength [N]  
    ECT  Edge crush strength [N/m]  

α, β Empirical constants 
Dx, Dy Flexural stiffnesses of corrugated board in the machine 

direction and cross machine directions [Nm], respectively  
    P Inside box perimeter [m]  

Equation (3-1) is limited to RSC boxes with perimeter to width ratio less than 7. In spite 
of the different constraints present in this equation, it is still valid for a statistically 
guaranteed number of boxes of different size and manufactured from different 
corrugated boards [25] .  

Several authors [7] [8] [9] [12] [25]  briefly discuss the constraint and empirical 
constants involved in Equation (3-1). They report different values for the involved 
empirical constants. A literature search revealed that there are several factors that 
cause the variation in results. Some of these factors are related to manufacturing 
processes, box design and structural properties. Furthermore, it gives a good 
prediction of the maximum load a box can sustain, but it fails to predict the 
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deformation of the box which might be helpful to estimate the degree of product 
damage. 

In spite of the different constraints and limitations of McKee’s Equation, it is still 
quoted in recent published literature and used in industry as a mean to predict the box 
compression strength.  

3.1.3 European Version of McKee’s Equation 

The most widely adopted formula in the industry for predicting box compression 
strength is the European version of McKee’s equation. The original McKee’s equation 
involved flexural stiffness and reads as. 

                       √                       (Eq. 3-II) 

Since flexural stiffness is not frequently performed test in the industry so corrugated 
board thickness is substituted which further yields simplified version of McKee’s 
equation. 

                                (Eq. 3-III) 

where BCT  box compression strength [N] 
ECT edge crush strength [N/m] 
Dx, Dy  flexural stiffness of corrugated board in machine direction 

and cross machine direction [Nm]  
    BP  inside box perimeter [m]  
    T  corrugated board thickness [m]  

3.1.4 BCT Test Methods 

There are a number of test methods available today to measure the BCT of corrugated 
box including FEFCO Test no. 50 and TAPPI T804 [26] . In these tests, maximum load 
and deflection at failure is reported, which helps to analyze the box design. These tests 
are conducted in a controlled environment of 50 % RH and 23 °C. 

3.1.5 Maltenfort Equation 

Seth [27] developed a theoretical model to relate the compressive strength of 
corrugated board and its constituents. This, so called Maltenfort equation, sums up the 
compressive strength of linerboard and medium to estimate the compressive strength 
of corrugated board and reads 

          
  
    

     α  
  
 .       (Eq. 3-IV) 

In Equation (3-II) L1 L2,   and F1 are the compression strengths of linerboards and 

medium, respectively, used for the construction of the corrugated board while α is 
the profile and plant specific flute take-up factor and k is a dimensionless variable 
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related to testing errors, testing method  and manufacturing variables at the 
corrugated plant. 

This model gives good predictive accuracy to analyze the compressive strength of 
corrugated board with respect to its constituents [15] [28] and it is widely used in 
industry to relate the corrugated board properties to the paperboard properties. 

3.1.6 Paperboard Compression Strength Test Method 

There are two dominant techniques to measure the compression strength of the 
paperboard used in corrugated board, the Short-span Compression Test (SCT) and the 
Ring Crush Test (RCT). 

These techniques are widely used in practice. Many authors, including Seth [29] , 
Whitsitt [30] , Rennie [31] , Batelka [32] and Frank [33] highlight the pros and cons of 
each technique.  It is concluded that 

 the results from the two test methods are not interchangeable, 

 SCT is simple, more accurate and have more advantages, 

 the failure modes are not same in the two tests, 

 there is no simple relationship between SCT and RCT as they depend on furnish 

and type of forming equipment used, and 

 RCT is more complex than SCT due to its ring-shaped geometry 

3.1.7 Dynamic Compression Strength in the Supply Chain 

The stacking strength of a corrugated box during its life cycle is significantly impacted 
by the conditions that it encounters from packer/filler to retailer in the supply chain. 
These conditions along with the involved logistics processes cause reduction in the 
compressive strength during the life cycle. It is estimated that only 25-30 % of the 
measured BCT can be used reliably during distribution and transportation [15] . 
Therefore a safety factor (usually ranging from 3-5) is required to incorporate these 
compression strength reduction factors in the supply chain. Even higher safety factor 
may be employed when the corrugated box is subjected to several reloading during 
transportation and long storage time with varying climatic conditions [34]  

There is no direct method to measure the conditions that influences the compressive 
strength of corrugated boxes in the supply chain [34]  but one can reduce the 
compressive strength determined by laboratory testing or empirical equations by 
generally accepted multipliers to estimate the maximum compressive strength 
throughout the life cycle. This reduced compression strength, after interacting with 
several agents and logistics processes in the supply chain, is denoted the dynamic 
compression strength. 
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There are different approaches published in the literature to estimate the dynamic 
compressive strength. The most common technique, generally practiced in industry, is 
based on Equations (3-V) and (3-VI), [34]   

                           ,             (Eq. 3-V) 

where      Laboratory compression strength [N] 
      Box Compression Strength [N] 
     Shape factor 

     Length to width ratio factor 

     Horizontal flute factor 

     Box printing factor 

 
                                              (Eq. 3-VI) 

where          Dynamic Compression Strength in supply chain [N] 

     Flap gap factor 

     Humidity factor 

     Storage time factor 

     Pallet spacing factor 

     Stacking pattern factor 

     Overhang factor 

    Product support 

3.2 Environmental Performance Model 

There are several environmental impact indicators that help to analyze the 
environmental performance of a product/process [58] , such as 

 Primary Energy Demand 

 Global Warming Potential  

 Waste generation 

 Eco-indicator score  

Several methods and tools have been developed to analyze the environmental aspects 
of a product/process. These developed methods and tools can be used in different 
type of decisions related to that product/process. In recent years, many papers have 
been published in the literature to understand the packaging life cycle and its 
environmental performance. Such studies are based on life cycle assessment (LCA) 
which is the most common approach to analyze the environmental impact of a 
product/process.  

3.2.1 Life Cycle Assessment 

LCA is a multi-criteria methodology [35] to quantify the environmental impacts 
associated with the life-cycle of a product/process, from the extraction of the raw 
material of the product to its final disposal after usage. In this mass and energy flow 
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analysis all life cycle emissions, resource consumptions and other environmental 
aspects related to a specific product are assessed, which provide a full picture of its 
environmental performance. 

A standardized framework to perform an LCA is provided by ISO [36]  This mass and 
energy flow analysis can be performed in following three steps. 

 Inventory Analysis: Collection of inventory for relevant inputs and outputs of a 
system 

 Impact Assessment:  Potential impacts of these inputs and outputs are assessed 
on the basis of inventory collected in the inventory analysis 

 Interpretation: Results are interpreted in relation to objectives 

In life cycle studies, LCA will cover the use of material and energy and all emissions 
related to the product/process in the cradle-to-grave perspective. Assessment can be 
made by processing the qualitative or quantitative information of emissions, material 
and energy used during the life cycle [37]  

3.2.1.1 Functional Unit 
The focus of an LCA may be either on product or on function like transportation. 
However, it is always based on a functional unit which is a measure of the function of 
the studied product/process. This unit provides a reference to which the inputs and 
outputs can be related, which enables the comparison of two different 
products/processes. For example, the functional unit for a paint system may be 
defined as the unit surface protected for ten years. A comparison of the environmental 
impact of two different paint systems with the same functional unit is therefore 
possible. However, such a comparison gives a relative indication of expected 
environmental damage during the life cycle. 

3.2.1.2 System Boundaries 
The system boundaries determine which unit processes to be included in the LCA. 
Defining system boundaries is partly based on a subjective choice made during the 
scope phase when the boundaries are initially set. The following boundaries can be 
considered:  

 Boundaries between the technological system and nature.  

 Geography plays a crucial role in most LCA studies, e.g. electricity production, 
waste management and transport systems, varies from one region to another. 

 Boundaries must be set not only in space, but also in time. 

 Boundaries between the current life cycle and related life cycles of other 
technical systems must be defined. 

3.2.1.3 Data Quality Requirement 
Reliability of the results from LCA studies strongly depends on the extent to which data 
quality requirements are met. The following parameters should be taken into account:  

 Time-related coverage. 

 Geographical coverage. 
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 Technology coverage. 

 Precision, completeness and representativeness of the data. 

 Consistency and reproducibility of the methods used throughout the data 
collection. 

 Uncertainty of the information and data gaps. 

3.2.2 LCA of Corrugated Board by FEFCO 

FEFCO [38] in conjunction with CEPI and other organizations have thoroughly studied 
the emissions associated with production of corrugated board within the European 
paper industry. This study covers life cycle assessment of corrugated board from 
forestry to paperboard production, corrugation and conversion. This study of the 
packaging material life cycle is a valuable support for environmental decisions like 
improvement in paperboard production processes, eco labeling, procurement 
decisions, but it cannot support the analysis of a packaging design from an 
environmental perspective.  

3.2.3 Carbon Foot Print 

Carbon foot print as defined by Carbon Trust [39] is a simplified technique to identify 
and measure the individual greenhouse gas (GHG) emissions from each activity within 
the supply chain. It is a direct measure of GHG emissions associated with the 
product/process life cycle. 

Carbon foot print is the technique most used in practice to measure the GHG emission 
associated with the life cycle of a product/function. The boundaries of the 
measurement may vary from hard boundaries, like raw material sourcing, to soft 
boundaries between different life cycles. The boundaries may be extended to include 
product attributes like handling and use of the product. The obtained results can be 
used to compare the environmental performance of a product with environmental 
performance of other products with the same function. 

The unit of measure for the carbon foot print is the equivalent mass of carbon dioxide 
per item measured and usually denoted as g CO2e. 

Carbon foot printing is an indexing mechanism which reflects the relative damage to 
environment caused by different GHG. CO2 is a common GHG, emitted by burning of 
fossil fuels, and is the base of this index. It provides a single value, measuring the 
environmental impact by assuming that all emissions are CO2.   

In recent years, the increasing popularity for this technique has resulted in the creation 
of tools for calculation of the carbon foot print. There are plenty of such tools available 
online [39] that can calculate the carbon foot prints for daily life activities to 
production of some specific product. 
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3.3 Packaging Logistics Performance Model 

The purpose of packaging logistics is to develop packaging and packaging systems that 
support the logistics process and meet demands of the user-agents. A well-functioning 
packaging system creates time, place, form and ownership benefits. 

Packaging and product are integrated with requirements such as to protect the 
product from internal and external environment and to distribute the product to the 
end consumer in its perfect condition [40]  These requirements lead to the packaging 
functions in the supply chain. A packaging has to perform a variety of functions at 
different agents/logistics processes, such as to contain the product at the filler agent. 

In the supply chain, a packaging interacts with multiple agents and logistics processes. 
Every agent put a specific set of requirements and expectations in each interaction. 
These requirements are usually related to transportation, handling and warehousing. 
However, each set of requirements and expectations may vary from agent to agent as 
every agent following a specific goal. Complexity emerges when one sums up these 
varieties of demands that exist in the supply chain [41]  These complex demands along 
with the complexity of the supply chain create an information gap between upstream 
packaging designer and downstream packaging users. 

It is also noticed that all the logistics performance criteria rarely interact at the same 
time during the packaging life cycle in the supply chain [41]  which further creates 
irregularity in the packaging design process and leads to approximations in 
understanding the performance requirements. These approximations in understanding 
the requirements create over- or under-packaging designs. However, acceptable 
balance in all performance indicators leads to efficient packaging designs [41] that will 
consistently meet all the requirements of agents in an efficient and effective way. 

A good packaging design provides optimal efficiency in distribution, storage, sale and 
waste management. It greatly affects the handling in terms of stability, stackability and 
compatibility with different type of handling equipments. A well performing packaging 
design supports packaging to fulfill the requirements and expectations of agents in an 
efficient and effective manner, which further enhances the efficiency of the supply 
chain. Efficient and effective agents use minimum resources for the involved logistics 
processes, which dramatically reduce product loss and waste. In this way, an efficient 
and effective packaging design leads to an efficient supply chain with minimum CO2 
emissions. 

3.3.1 Packaging Levels 

There are three packaging levels which are handled among the agents and the logistics 
processes in the supply chain. A well optimized design at each level plays a significant 
role in efficient logistics [41]  which further improve packaging environmental 
performance.  

Figure 3 shows the interaction of the different packaging levels with different agents 
and logistics processes in the supply chain. 



 

15 
 

 

Figure 3:  Interaction of different packaging levels with agents and logistics processes 

The fundamental objective of primary packaging is to protect and preserve the 
packaging from the internal/external environment. This packaging directly interacts 
with filler, end-user and product. The purpose of secondary packaging is to enhance 
the handling of an appropriate number of products in the supply chain. This type of 
packaging interacts directly with all involved agents and logistics processes in the 
supply chain.  The prime objective of tertiary packaging is to support the logistics 
processes like transportation and warehousing.  

3.3.2 Logistics Performance Indicators 

Dominic [41] identified sixteen performance indicators that help to evaluate the 
logistics performance of a packaging system. There are three aspects of packaging 
logistics performance; technological performance, business performance and user-
interaction performance, which are further elaborated in Table 1. 

Table 1:  Packaging Logistics Performance Indicators, [41]. 

Technological perspective Business perspective User-interaction perspective 

Product protection Right amount and size Ease of handling 

Stackability Packaging cost Ease to discard 

Flow of Information Selling capability Security 

Space and weight efficiency 
Minimum amount of 

waste 
Reverse packaging  

management 

Machinability Product information  

Resource utilization   

Minimum amount of toxic   

Tertiary 

Secondary 

Primary 

Packer/Filler Distributor Retailer 

Lead Time 
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n
g 
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ve

l Transportation 
Handling 
Storage 
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substances 

A well performing packaging design efficiently fulfills all the performance criteria 
indorsed by the agents and logistics processes in the supply chain. However, the 
significance of performance indicators may vary with different agents and logistics 
processes [41]  For example, machinability is a significant requirement at filler agents 
and cubic efficiency is a key demand during transportation and warehousing. 

3.3.3 Performance Measuring Tools 

There is no direct method to evaluate the variety of demands and expectations put on 
the packaging design in the supply chain. However, packaging logistics performance 
gives a way to measure the degree of fulfillment of the performance value at a specific 
agent [41] . The tool Packaperforma is developed to measure the packaging logistics 
performance in the supply chain [42]  This tool is widely used to understand the variety 
of requirements and measure the performance of packaging at different points within 
the supply chain. It does not only measure the average performance of a packaging 
system, but also gives information about the importance of each criterion for a specific 
agent. Such information is vital for efficiency and effectiveness of a packaging design in 
the supply chain. 
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Chapter 4 Model Development 

Models used to estimate compressive strength, environmental performance and 
packaging logistics performance were identified in the literature review. These models 
provide a guide to the most important factors that significantly affect the packaging 
design. These factors were used as building blocks in the proposed model. 
Furthermore, an integrated approach along with a Complex Adaptive System (CAS) 
approach was adopted to establish a model for optimum packaging design. 

4.1 Critical Analysis of Existing Models 

The literature review of all existing models used today revealed some findings of 
particular importance for the intended modeling work. These findings are presented in 
detail in this section.  

4.1.1 Compression Strength Model 

The equations and models presented in Section 3.1 provide a guideline to understand 
the important factors that will affect the compression strength of corrugated boxes 
and contribute to maximum product protection in the supply chain.  

There are several methods to predict the compression strength of corrugated boxes. 
Some of these involve more complexities in order to capture all important structural 
and paperboard characteristics. These models are useful in detailed research and 
development work, but not necessarily suitable for practical use due to these 
complexities. 

However, all these equations independently focus on the compression strength and 
neglect its inter-dependence with other performance requirements such as stability, 
waste and overhang. An acceptable balance of these performance requirements do 
not only reduce the factors that affect the compressive strength, but also contribute to 
an efficient supply chain. For example, an unstable packaging design requires extensive 
handling in the distribution environment and poor handling at any stage contributes to 
a net loss of compressive strength in the supply chain. 

It is also observed that these models estimate the compression strength without 
considering some important performance requirements that actually exist in the 
supply chain. These performance requirements are related to stacking, stability and 
handling that evolve in the supply chain during interactions of the packaging with its 
users. 

The approximations that exist in the compression strength models can lead to poor 
design in the supply chain due to an uneven balance of different performance 
requirements. Such a design usually fails to meet the set of specific performance 
requirements at agents which in turn not only increase the product damages, but also 
affects the efficiency of the supply chain. 
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4.1.2 Packaging Logistics Performance Model 

The packaging logistics performance model presents the agent perspective of the 
requirements that exist in the supply chain, but it fails to translate these requirements 
in an engineering fashion. The model may successfully explain the relative importance 
of compression strength within the set of requirements at a specific agent, but it fails 
to quantify this requirement in an engineering way. However, the information related 
to performance requirements at a specific agent is significant to enlighten the weak 
areas in the packaging design. 

The model elaborates the packaging design performance in a social context. It 
successfully analyzes how a packaging is performing to fulfill the specific demands of 
an agent in the supply chain. Complexity emerges when one assess the technological 
aspects of the packaging design in the supply chain using this model. The complexity in 
the system leads to information barriers between upstream packaging designers and 
downstream packaging users. 

4.1.3 Environment Management Model 

LCA is a very useful approach to assess the environmental performance of a product 
from an environmental management perspective. However, it independently focuses 
on the material and energy flow during packaging life cycle without considering its 
design and logistics performance requirements. LCA provides the detailed 
environmental impact of corrugated board during its life cycle, but fail to explain how 
different design parameters, for example paperboard thickness, affect its 
environmental performance. It also fails to assess the environmental impact of 
compromises made on performance requirements in the supply chain. It is also 
observed that the LCA approach is very useful to analyze the specific environmental 
impact of a product, but unsuccessful to provide a solution for reduction of the specific 
environmental impact.  

The LCA study of corrugated board by FEFCO [38]  gives a detailed picture of the CO2 
emission related to material production. However, it fails to capture the CO2 emissions 
related to material use during the life cycle. Such a study is a valuable support for 
environmental decisions like improvement in paperboard production processes, eco 
labeling and procurement decisions, but it cannot support an analysis of the packaging 
design from an environmental perspective. 

4.1.4 Innventia Model 

The Innventia model establishes a linear relationship between packaging material and 
packaging environmental performance either considering cost or waste as a 
performance indicator. It reveals the significance of material efficiency for a packaging 
design and considers it as a single strategy to enhance packaging environmental 
performance. However, there are many strategies beside material reduction, which 
are significant for reduction of environmental impact [1]  These strategies range from 
improved packaging design to efficient supply chain. 
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The Innventia model assesses the environmental performance of packaging design on 
the basis of waste, which is a complex environmental indicator with respect to other 
indicators as it includes packaging waste as well as product waste. The literature shows 
that environmental impact associated with product waste is much larger than 
packaging waste [4]  which also explains the complex and inter-related behavior of 
waste in the system. 

The Innventia model assumes a linear transformation of waste from packaging to 
product at the optimal point. However, product waste in general has much larger 
environmental consequences than packaging waste, which restrict this transformation. 
In this way, environmental consequences of packaging waste never meet the product 
waste at the same point. 

Finally, the Innventia model elaborates a linear relationship of waste with 
environment. However, in reality waste behaves non-linearly with environment. Waste 
reduction in one stage of the packaging life cycle may increase the product waste in 
another stage by affecting packaging performance in the supply chain.  

4.2 From Modular Design to Integrated Design 

After critical analysis of established practices and relationships used for packaging 
design, one can conclude that these models are based on a modular design approach 
to satisfy the requirements and expectations from one side and lacks the holistic view 
of the packaging system. Their existence and performance do not influence one 
another, but in real life there are couplings between the performances from all three 
disciplines. For example, in the case of engineering design, focus is set to calculate the 
compressive strength of corrugated box and neglects its logistics and environmental 
performance. These models analyze and synthesize the requirements and objectives 
independently, which restrict interactions between the models. These restrictions on 
interactions create gaps between the models and also skin the actual requirements 
and expectations put on packaging design in the supply chain. For example, a well 
performing design based on a compressive strength model may over or under perform 
for logistics and environment. Focus is usually set on minimum amount of material and 
maximum compressive strength without considering their inter-dependence on 
logistics and environmental performance. 

An Integrated approach fills this gap by introduction of multi dimensional performance 
and establishes a link between involved disciplines. This approach integrates the 
design objectives with logistics and environmental performance indicators. 
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Figure 4:  Integrated approach for packaging design 

An integrated approach establishes couplings between all models. These coupled 
models interact and influence one another and need to be solved simultaneously.  

An integrated approach also evolves the holistic view of a packaging system to support 
the system theory in which different agents interact with each other [41]   and also 
with the packaging design in the supply chain. However, Dominic [41] warns that 
complexities emerges in a system with complex interaction of different agents that are 
simultaneously persuading multiple goals and put conflicting demands on the 
packaging design. 

4.3 Complex Adaptive System Approach 

Complexity emerges in the system when technological aspects of packaging i.e. design 
parameters are put into a social context, i.e. expectations of agents. Furthermore, 
complexity arises in the system due to conflicting demands that exist in the supply 
chain. 

In order to capture such complexities involved in the packaging system, a complex 
adaptive system (CAS) approach is very useful [41]   

This approach interlinks multiple elements in a packaging system, i.e. packaging 
designer, converting agent, retailer agent etc. These elements form the components of 
the system and interact and connect with each other in an unpredictable way. These 
agents further moves towards an unknown destination in order to sustain both 
continuity and transformation. Collective identities emerge from disorder towards 
order, through a spontaneous process of self-organizing without pre-determined 
proposals [41]  In this system, during the transformation process, the content of the 
input is expected to fit the conversion mechanism so that the output is highly 
satisfactory. In this way, the packaging system has the capacity to change and learn 
from experience.  
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Figure 5:  Complex Adaptive System approach for Green packaging development 

Adaptation of a CAS approach for packaging development helps, according to Dominic 
[41]  to assess the agents and their responses with respect to interaction in the 
packaging design. This information may evolve new packaging solutions capable of 
adaptation according to existing requirements in the supply chain. Such a design 
solution based on information of agents will ultimately leads to an optimal packaging 
design. 

A CAS approach bridges the gap that exists among upstream packaging designer and 
downstream packaging users by directly interacting with supply chain agents regarding 
their requirements and interactions. In this way, packaging designer can directly 
connect with supply chain agents to assess the actual demands that exist in the supply 
chain. 

A CAS approach also facilitates the packaging designers to overview the logistics 
performance of a specific design solution along with its environmental performance 
during the packaging life cycle. This coupled view of multidimensional packaging 
performance will help to explore the opportunities available for reduction of specific 
environmental impact and ultimately evolve the optimum packaging design solution. 

There are many potential benefits in adapting these coupled approaches in packaging 
design processes. Perhaps the most significant advantage is to examine the number of 
design scenarios in the supply chain. Another potential benefit is the reduction of 
design cycles to satisfy the design requirements. 

4.4 Green Packaging Development Model 

The methodology discussed in Sections 4.2 and 4.3 was implemented to develop a 
model for analyzing the environmental and logistics performance of a corrugated box 
design. Top-to-bottom compressive strength was selected as a design parameter to 
provide maximum product protection in the supply chain. However, some limitations 
were introduced on different performance requirements to reduce the complexity to a 
manageable level. Waste and CO2 emissions were considered as performance 
indicators. The developed model is known as Green packaging development model 
because it incorporated the environmental and logistics consideration into packaging 
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design and ultimately contributes to the efficiency of a packaging system. Moreover it 
also contributes to the efficiency and effectiveness of the supply chain and creates 
product differentiation in a competitive environment.   

In the model developed here, initially, the design criterion for corrugated boxes was 
integrated with the material flow in the life cycle of corrugated boxes in a gate-to-gate 
perspective as shown in Figure 6. Simplified LCA was used to calculate waste and CO2 
emissions of a corrugated box while McKee’s Equation gives good predictions of the 
compressive strength. In this way, compressive strength and CO2 emissions can be 
analyzed in every stage of material flow from paperboard to corrugated box. Further 
integration of the design criterion for a unit load along with the product itself in the 
supply chain creates opportunity to observe the packaging system holistically. The 
waste and CO2 emissions are traced along the material flow till end of useful life and 
give an overall picture of the life cycle CO2 in the packaging system. Now, any change 
in compressive strength can be traced to subsequent change in quantity of waste and 
CO2 emission. Meanwhile, simultaneous calculations of the compressive strength in 
the supply chain evolve the dynamic compressive strength of corrugated boxes. 
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Figure 6:  Model for green packaging development 

 

The proposed model consists of four soft steps, which include paperboard, corrugated 
board, corrugated box and unit load. These soft steps are input for the transformation 
in the packaging system and provide opportunities for packaging designer to optimize 
the compressive strength by reducing waste and CO2 emission. Two hard steps, which 
include the supply chain and waste management, represent the output of the 
transformation. These hard steps provide opportunities to analyze the performance 
requirements in the supply chain. The packaging design processes create efficiency in 
the system, while analysis of input and output for the transformations leads to an 
effective system. All the information collected in the life cycle of a packaging will 
ultimately single out the related product in the competitive market. 

A mixed model holistically analyzes the packaging system for optimization. For 
example, a decrease in CO2 emission at one stage may lead to increase in CO2 emission 
at other stages so the whole life cycle of the corrugated box needs to be considered. It 
also avoids independent calculations for compressive strength and CO2 emissions at a 
single stage and consequently eliminates sub-optimization in the system.  

4.4.1 Constraints and Assumptions 

In order to achieve the objective of this thesis work, certain assumptions were made 
during the development of the proposed model. The major assumptions are listed 
below: 

 The compressive strength of corrugated box was considered as a single 

performance requirement in the supply chain. This assumption avoids further 

integration of performance measurement tools, such as Packaperforma, in the 

existing model to assess the logistics performance of the packaging design in 

the supply chain. 

 In the material flow analysis, materials and processes were selected on the 

basis of their environmental impact. These selected materials and processes 

helped to avoid in depth calculations for packaging waste and CO2 emissions in 

the packaging life cycle. 

 Waste is a multi-dimensional complex performance indicator in a packaging 

system. Here, only waste produced at end of packaging life was considered in 

the model. All other waste along the material flow including the product were 

neglected to simplify the calculations for waste and CO2. 

 Direct emissions of CO2 related to packaging material and logistics processes 

were considered in the calculations to assess the direct impact on environment. 

Indirect CO2 emissions by different processes in the life cycle of corrugated box 

were neglected. 
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Chapter 5 Packaging Design Decisions 

Proper decision making during the packaging design process greatly impact its logistics 
performance [41]  Poor decisions made during packaging design process regarding 
selection of material, packaging design or packaging system design directly affect the 
packaging functions during its interactions with different agents and logistics processes 
in the supply chain. A poor performing packaging design also affects efficiency of the 
agents, which leads to an inefficient supply chain and increases the waste in the 
system. An inefficient supply chain along with waste greatly increases the 
environmental impact.  

The decisions above are also vital for utilization of resources [41]  Material efficient 
packaging design not only simplifies recycling but also provides efficient 
transportation, handling and warehousing which contribute to efficient logistics and 
also to minimize the environmental impact. 

During the packaging design and development phase several decisions are made. 
These decisions directly or indirectly affect the compressive strength of packaging as 
well as life cycle CO2 emissions. Some of these decisions are discussed here to 
understand their effects on compressive strength, waste and CO2 emissions.   

5.1 Paperboard Selection 

Selection of paperboard for liner and medium of corrugated board has great impact on 
the performance of corrugated board in the supply chain as well as on waste and CO2 
emissions. The main factors which should be considered during the paperboard 
selection process are illustrated in Figure 7. 

 

Figure 7:  Factors affecting paperboard selection 

5.1.1 Type of Fiber and Method of Pulping 

Type of fiber directly affects the performance of corrugated box as well as CO2 

emissions. Linerboard produced from 100 % recycled fibers results in significantly 
lower emission of CO2 than those produce from virgin fibers [43]  and process related 
emissions are also significantly lower for recycled fibers. A medium produced from 100 
% recycled fibers also consumes less energy and emit less CO2 compared to medium 
produced using a semi-chemical process [43]  
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Recycled fibers typically consist of short fibers which get shorter, weaker and limper 
each time they are processed and substantially more material (by weight) is needed to 
get paperboard with the same strength properties as virgin fibers. In case of virgin 
fibers, they are usually longer and strong, which are ideal for recycling and they have 
good strength to weight ratio and less material is required for equivalent strength. In 
Figures 8 and 9, respectively, the use of recycled and virgin fibers is compared for liner 
board and medium. 

 

Figure 8:  Comparison of fibers for liner board [43]  

 

Figure 9:  Comparison of fibers for medium [43]  

The pulping method also significantly affects the environmental as well as mechanical 
properties of the fibers. The pulping process for recovered fibers has a lower emission 
of CO2 than unbleached kraft pulping and semi-chemical pulping [44]  
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The total amount of energy consumed to produce an oven-dried ton of recovered fiber 
pulp is lower than the total energy consumption to produce an oven-dried ton of 
unbleached kraft pulp for linerboard [43]  Similarly, the total energy consumed in 
production of semichemical pulp is higher than that consumed in production of pulp 
from recovered fibers [44]  

5.1.2 Paperboard Grammage 

Paperboard grammage is a measure of the amount of fibers per unit area of 
paperboard. More fibers will in general give a denser paperboard with good structural 
properties. The grammage of paperboard used for corrugated board also affects the 
environment by increasing waste at the end of useful life. However, modern fiber 
materials based on low grammage have potential to significantly reduce CO2 emissions 
[45]  

5.2 Corrugated Board Selection 

The performance of a corrugated box design in the supply chain directly depends on 
the corrugated board used. Poor decision making in the selection of the corrugated 
board either leads to over-pack or under-pack designs. The product design, logistics 
performance requirements in the supply chain and structural properties of the 
corrugated board play a vital role in proper decision making, which in turn leads to an 
efficient box design with minimum environmental impact. The main factors which, 
should be considered during decision making are illustrated in Figure 10. 

 

Figure 10:  Factors affecting corrugated board selection 

5.2.1 Product Design and the Supply Chain 

A packaging ideally provides a protective interface between a fragile product and the 
harmful environment in the supply chain. A good packaging design consists of a 
product of known ruggedness and a package which together provide sufficient 
resistance to damage in the supply chain without over-packaging. Figure 11 
demonstrate the relationship between product ruggedness, packaging and degree of 
severity of the supply chain environment.  
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Figure 11:  Optimum Product/Package system[46]  

The relationship shown in Figure 11 can be expressed as 

                  (Eq. 5-I) 

where      Physical Environment of the supply chain 
    Product Ruggednes 
   Cushion provided by the packaging 

Figure 11 also dictates the significance of the accurate quantification of the 
requirements that exist in the supply chain. These requirements might be 
temperature, pressure changes, humidity, compression strength, mechanical shock, 
vibrations and others. Any approximation in understanding the demands leads to 
either over-pack design or under-pack design, and may also increase product damages. 

5.2.2 Medium Type 

Corrugated board is a sandwich structure and consists of medium and liner. The 
medium have an arc profile and contributes to the bending stiffness of the board as 
well as to the transverse shear stiffness. Beside the structural stiffness properties, this 
profile also provides a cushioning effect for side-to-side impact. In addition to other 
properties, it also offers insulation against sudden temperature change that is very 
beneficial during warehousing and in cold storage applications. 

There are four main types of flutes configuration used in corrugated board, which 
leads to different mechanical and physical properties. These are designated by letters: 
A-flute, B-flute, C-flute and E-flute. Table 2 summarizes the differences among various 
types of medium.  
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Table 2:  Comparison of corrugated board properties based on different medium[34]  

Property A-Flute 
B-

Flute 
C-

Flute 
E-

Flute 

Compressive 
strength  

Best Fair Good Poor 

Material waste Most Fair Good Least 

Printing  Poor Good Fair Best 

Die Cutting  Poor Good Fair Best 

Puncture  Good Fair Best Poor 

Storage space Most Good Fair Least 

Score/bend Poor Good Fair Best 

Cushioning Best Fair Good Poor 

Flat crush Poor Good Fair Fair 

C-Flute is the most efficient medium and provides about 10 % better stacking strength 
than the same board grammage in B-flute [34]  It is slightly thinner than A-flute, but 
the environmental performance is better than A-flute. A study conducted by RENGO 
shows that if all A-flute based corrugated board used in Japan is replaced by C-flute, 
the CO2 emissions would be reduced by 110,000 ton per annum [47] .  

Table 3:  Effect of type of medium on CO2 emissions [47] 

Type of Flute CO2 emission (g CO2 /m2) %-age 

Conventional A-Flute 268 100% 

C-flute + light weight corrugated box 238 89% 

5.3 Corrugated Box Design 

A packaging design supports packaging in performing a variety of functions to fulfill the 
performance requirements that exist in the supply chain. The corrugated box design 
directly interacts with the external climate and agents in the supply chain. Decisions 
made during this stage greatly affect the logistics as well as the environmental 
performance in the supply chain.  The effects of corrugated box design on the logistics 
and environmental performance is in general discussed in previous chapters. Some of 
the factors that greatly influence the compressive strength, waste and CO2 emissions 
are illustrated in Figure 12. 
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Figure 12:  Factors affecting corrugated box design 

5.3.1 Box Type 

The most common box type used in transport packaging is Regular Slotted Container 
(RSC). This type of box carries more compressive strength than die cutting boxes at the 
same corrugated board thickness [34] which leads to less material waste. However, die 
cutting boxes are dimensionally more stable than RSC boxes [34] and material added in 
the load direction can be justified by high compression strength as well as other useful 
packaging functions. On the other hand, the manufacturing process for RCS boxes is 
very simple compared to other types of boxes. 

Bliss boxes which are tray boxes made of three sheets, have much higher compressive 
strength than RSC [34]  This type of design allows lighter materials for the core and 
heavier materials for the panels to yield maximum compressive strength with 
minimum amount of material.  

5.3.2 Shape and size of box 

The length to width to height ratio of a corrugated box is an important parameter. 
Some shapes are more stable during transportation while some of them have 
advantages in compression strength and cubic efficiency. Small adjustment in the size 
of a box can have major impact on the efficiency of a packaging system. 

 

Figure 13:  Effect of box shape on waste[49]  

The boxes in Figure 13 have the same cube content, but have different wastage factor 
P due to different degrees of overlapping and flap arrangements. The most economical 
box shape with maximum cube utilization and minimum board area can be achieved by 
2:1:2 [49]. 
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5.3.3 Printing 

During printing, reduction in corrugated board thickness can lead to significant 
decrease in compressive strength. Oil-based solid printing is considered to reduce the 
compression strength by about 40% [11]  However, preprinted linerboards degrade the 
liner slightly, but maintain the compressive strength of the corrugated box.  

The printing ink also degrades the environment. Vegetable and water based inks are 
easy to recycle and have almost zero volatile organic compounds. They are also 
beneficial for recycling of paper as they are easy to de-ink. However, oil-based ink is 
difficult to recycle. 

5.4 Unit Load Design 

Unit load is an efficient way to transport the product from packer/filler to retailer in 
the supply chain. The unit load design directly interacts with several agents and 
logistics processes. Proper decisions making during this stage greatly affect the 
packaging logistics and environmental performance and contribute to efficiency of the 
system. Poor decision making not only increases product damages but also leads to an 
in-efficient supply chain. There are several factors that should be considered during 
the design process. Some of the major factors are shown in Figure 14.  

 

Figure 14:  Factors affecting unit load design 

5.4.1 Stability and Stacking Pattern 

Stability and stacking pattern of a unit load are also important logistics criteria in the 
distribution environment. In transportation, storage and handling operations, high 
stability of the unit load is required. Caps, trays and tier sheet made of corrugated 
board are usually used to enhance stability of a unit load. The added material in unit 
the load can be justified by improved compressive strength and even distribution of 
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the load. Unstable loads demand extensive handling and are a cause to increased 
product damages in the supply chain. 

The arrangement of the primary packaging in unit the load, have substantial effect on 
stability, cubic efficiency and compressive strength. Column stacking give maximum 
compressive strength with least stability, while interlock pattern provide more stable 
loads with less compressive strength.  

5.4.2 Cubic Efficiency 

Cube utilization is an overall volumetric measure of the packaging design efficiency and 
it is a demanding logistics criterion in transportation and warehousing. The impact of 
cube and area utilization can be critical from a cost, logistics and environmental 
perspective. Proper design of the corrugated box substantially enhances cube 
utilization. In order to illustrate the environmental effects of cube utilization, data was 
collected from GaBi inventory database [59] and plotted in Figure 15.  

 

Figure 15:  Effect of cubic efficiency on CO2 emissions 

Any increase in cubic efficiency leads to  

 Reductions in the packaging materials used  

 Fewer truck loads will be required for transportation that will substantially 

decrease transport related CO2 emissions. 

 Fewer unit loads will be used that will enhance handling and substantially reduce 

product damages. 

5.4.3 Pallet Selection 

A pallet provides a platform to unitize the load. It greatly affects the logistics and 
environmental performance of a packaging system. Pallets and related issues are 
responsible for about half of all observed product damages [34]  About half of these 
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damages are caused by poor pallet stability and 35 % are attributed to pallet overhang 
[34]   

There are several factors that should be considered during selection of a pallet. Type of 
pallets has great impact on cost, durability and environment. Wooden pallets have 
some benefits over plastic pallets. Wooden pallets are made from renewable 
resources and manufactured through a simple process. However plastic pallets last 
longer than wooden pallets and they have a lower weight than wooden pallets. 
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Chapter 6 Case Study 

Case study is a useful method to test the theoretical models in a physical world. A 
verification study of Green Packaging Development model was conducted by adapting 
this method. Initially, packaging design of RTK-106 was studied as a test case and after 
that RBS-6202 was selected as a case study. Furthermore, a sensitivity analysis was 
performed to achieve different design objectives.  

6.1 Test Case 

The unit load design of Ericsson RTK-106 was selected to conduct the verification 
study. The design of the unit load consists of eight half slotted corrugated boxes, 
placed on a wooden pallet. A multiply wooden sheet is used as a top cap to enhance 
the stability and to make the load distribution uniform. The sheet was fixed to the 
boxes by means of clamps. Figure 16 illustrates the design of the unit load for RTK-106. 

 

Figure 16:  Unit load design of Ericsson RTK-106 

First the top-to-bottom compressive strength of the corrugated boxes was calculated 
by different available tools generally used for packaging design and analysis. These 
tools, which include CapePack [50]  ModelPACK [51] and Billerud Box Design [52]  
required material data to extract the mechanical properties of the paperboard for 
calculation of the compressive strength. The paperboard material data was collected 
from SCA [53]  Furthermore, calculations were performed using the European version 
of McKee’s equation (see Appendix 1) to predict the box compression strength. 
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6.1.1 Results and Analysis 

The calculations performed by the commercial tools and McKee’s equation revealed 
following results. 

 Each tool performs calculations for the compressive strength using the 

European version of McKee’s equation. However, there are variations in the 

constants in McKee’s equation for the different tools, which further lead to 

variations in the BCT results.  

 ModelPACK has limited options for corrugated box design. It covers single wall 

corrugated boxes and a common fruit tray design. However, introduction of 

board creep data in BCT calculations help to evaluate the long time 

performance of corrugated board in humid environment. 

 The Billerud Box Design is more accurate than others and predicts BCT more 

close to the European version of McKee’s Equation. The tool is capable of 

calculating the BCT for a wide variety of corrugated boxes and has a small built-

in material library that helps designers to get instant results. 

 CapePack proved to be the most unreliable tool for calculation of the BCT-

value. The variation in the results is very high and it sometimes even predicts 

false results. However, the tool is useful for design of the primary packaging 

and the unit load.  

 Furthermore, the study reveals all tools inability to accurately predict the 

dynamic compressive strength of corrugated box in the supply chain by 

considering all compression strength reduction factors.    

The test case was discarded for further studies due to unavailability of supply chain 
data, carbon factors and mechanical properties of related materials. However, it 
provided a good insight into different tools for packaging design. This study also 
enlightened the limitations of the tools with respect to calculations of dynamic 
compression strength, waste and CO2 emissions.  

6.1.2 Green Box Design Tool 

The test case uncovered the significance of a new box design tool to analyze the 
environmental and logistics performance of a corrugated box. A design tool based on 
the proposed model was developed in Microsoft Excel to calculate the dynamic 
compressive strength and the life cycle CO2 emissions of a corrugated box. This tool 
can be used for simultaneous calculation of compressive strength and CO2 emissions at 
each stage of material flow. It also provides a basis for comparison of different design 
scenarios.  
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Figure 17:  Overview of Green box design tool 

6.1.2.1 Paperboard stage 
Paperboard SCT data provides basis for comparison of the compressive strength of 
selected paperboards while the weight of the paperboards helps to estimate total CO2 
emissions at this stage. Total weight of paperboard used for liner and medium give 
total CO2 emissions for one box. 

EPB = WL1 x CL1 + WF1 x CF1 + WL2 x CL2 + WF2 x CF2 + WL3 x CL3   (Eq. 6-I) 

where EPB CO2 emission per box [g CO2 e] 
WL1 Weight of outer liner per box [g] 
WF1 Weight of medium per box [g] 
CF1 Carbon factor for medium [g CO2 e/g paperboard used] 
CL1 Carbon factor for liner [g CO2 e/g paperboard used] 

6.1.2.2 Corrugated board stage  
Maltenfort equation (Eq. 3-IV) is used to estimate the ECT of a corrugated board. The 
bending stiffness is calculated by the EUPS bending stiffness calculator [54] At this 
stage CO2 emissions related to corrugation process, printing process and binding 
material give total CO2 emissions.  

ECB = EPB + WST x CST + µ x WCB x CCB + Aprint x Cprint   (Eq. 6-II ) 

where ECB  CO2 Emission at corrugated board stage per box [g CO2 e] 
 APrint  Area of printing per box [m2] 

WST Weight of starch consumed per box [g] 
WCB Weight of corrugated board blank used per box [g] 
µ Corrugators efficiency 
CST Carbon factor for corrugation [g CO2 e/g starch used] 
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CCB Carbon factor for corrugated board [g CO2 e/g corrugated 
board used] 

Cprint Carbon factor for printing [g CO2 e/m2] 

6.1.2.3 Corrugated box stage 
The European version of McKee’s equation (Eq. 3-II) is used to calculate the BCT of the 
corrugated box. Furthermore, calculations of the laboratory compression strength 
were performed by using equation Eq. (3-V). CO2 emissions related to converting 
process, corrugated waste, cushion material and barrier material give total CO2 
emissions. 

EBOX= ECB + WCUSH x CCUSH + WBARR x CBARR + ή x WCB x CCONV + (1-ή) x WCB x CCB  
 (Eq. 6-III) 

where EBOX  CO2 Emission at corrugated board stage per box [g CO2 e]
 WCUSH Weight of cushion material used per box [g] 

WBARR Weight of barrier material used per box [g] 
 ή % age of corrugated board blank area used per box 

CCUSH Carbon factor for cushion material [g CO2 e/g material used] 
CBARR Carbon factor for cushion material [g CO2 e/g material used] 

6.1.2.4 Unit load stage 
At this stage, Eq. (3-VI) is used to calculate the dynamic compression strength. CO2 
emissions calculated by considering pallet and any other material used to build the 
unit load. 

EUL = [n x EBOX + WPALLET x CPALLET + WSR x CSR + WSUP x CCB + WSTRAP x CSTRAP]/(1000 x n)
 (Eq. 6-IV) 

where EUL CO2 Emission at unit load stage per box [kg CO2 e] 
n No. of corrugated boxes used for one Unit Load 
WPALLET Weight of pallet [g] 
WSR Weight of shrink wrap material [g] 
WSUP Total weight of support material [g] 
WSTRAP Total weight of strap material [g] 
CPALLET Carbon factor for pallet material [g CO2 e/g material used] 
CSR Carbon factor for shrink wrap used [g CO2 e/g material used] 
CSTRAP Carbon factor for strap material [g CO2 e/g material used] 

6.1.2.5 Supply chain stage  
All logistics processes involved in the supply chain (internal transportation for handling 
in warehousing, external transportation for distribution etc.) give the total CO2 
emissions during this stage. 
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ESC= [(TROAD x CROAD-λ + TAIR x CAIR-λ + TSEA x CSEA-λ) x WUL + TINT x CINT]/n  (Eq. 6-V) 

where 
ESC  Total CO2 Emission at the supply chain stage per box [kg CO2 e]  
WUL Total weight of a unit load [kg] 
λ Fill rate [50 %, 75 %, 100 %] 
TAIR Total distance covered by air cargo [km] 
TSEA Total distance covered by sea cargo [km] 
TROAD Total distance covered by road cargo [km] 
TINT Total hours consumed to handle a unit load [hr] 
CAIR Carbon factor for air cargo [kg CO2 e/kg km] 
CSEA Carbon factor for sea cargo [kg CO2 e/kg km] 
CROAD Carbon factor for road cargo [kg CO2 e/kg km] 
CINT Carbon factor for handling of a unit load [kg CO2 e/hr] 

6.1.2.6 Waste management stage 
Different waste management scenarios lead to different environmental impact. 
Considering specific waste management scenarios for recycling, energy recovery and 
landfill give the overall picture of CO2 emissions in this stage. 

ESW= WCB(CRCB x RCB + CICB x RICB + CLCB x RLCB) + [WSPLAST(CRPLAST x RPLAST + CIPLAST x 
RIPLAST + CLPLAST x RLPLAST)]/n    (Eq. 6-VI) 

where 

ESW  Total CO2 Emission at the waste management stage per box [kg CO2 e] 
WSPLAST Total weight of plastic waste from a unit load [kg] 
WSWD Total weight of wood waste from a unit load [kg] 
RPLAST Recycling rate for plastic 
RCB Recycling rate for corrugated board 
RIPLAST Recycling rate for plastic 
RICB Recycling rate for corrugated board 
RLPLAST Recycling rate for plastic 
RLCB Recycling rate for corrugated board 
CRCB Carbon factor for recycling of corrugated board [kg CO2 e/kg] 
CICB Carbon factor for incineration of corrugated board [kg CO2 e/kg] 
CLCB Carbon factor for landfill of corrugated board [kg CO2 e/kg] 
CRCB Carbon factor for recycling of plastic [kg CO2 e/kg] 
CICB Carbon factor for incineration of plastic [kg CO2 e/kg] 
CLCB Carbon factor for landfill of plastic [kg CO2 e/kg] 

6.1.2.7 Life Cycle CO2 Emissions 
Summation of CO2 emissions of unit load stage gives life cycle CO2 emissions. 

ELC = (EUL + ESC + EWM) n  (Eq. 6-VII) 

Where ELC  Total CO2 Emission in a packaging life cycle [kg CO2 e] 
n No. of corrugated boxes used for one Unit Load 
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6.2 Ericsson’s RBS-6202 

After analyzing the test case, design of RBS-6202 packaging was selected for further 
verification of the proposed model. RBS-6202 is a Radio Base Station used for 
communication purposes. The weight of the product is 83 kg. Packaging design of the 
product consists of a half-slotted corrugated box with a plastic pallet. The boxes are 
tied together by means of two plastic strips. These strips enhance the packaging 
stability during handling and transportation. Cushion material was used to absorb the 
shock and vibrations produced during the logistics processes. The plastic pallet was 
used to provide a platform for unit load as well as to enhance the cushioning affect. 

 

Figure 18:  Unit Load of RBS-6202 

6.2.1 Packaging Design Data 

Required data were collected from several sources to analyze the design performance 
of the existing packaging. A transport test report provided basic design data for the 
corrugated box and unit load. Meanwhile, the corrugated material data sheet from 
SCA [53] provided the necessary material properties of the corrugated board. Table 4, 
5 and 6 briefly explains the data related to the packaging design and material 
properties. 

Table 4:  Corrugated material data for RBS-6202 

Packaging Material Data 

Corrugated board quality SCA 480-BC 

Board type Double Wall-BC 

Corrugated board thickness 7.6 mm 

Corrugated board grammage 1722 g/m2 

ECT 22.4 kN/m 

Bending Stiffness (MD) 85.90 Nm 

Bending Stiffness (CD) 42.67 Nm 

Recycled Fiber contents  40% 
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Table 5:  Corrugated box design data for RBS-6202 

Box Design Data 

Box Type HSC, 0201/0501/00 

Box Dimensions (Internal) 690 x 590 x 503 mm 

Box weight  4 kg 

Max staking strength required for Vehicle 
Stacking 

10.5 kN 

Barrier Material No 

Cushioning Material EPP (Expanded Poly Propylene) 

Table 6:  Unit load design data for RBS-6202 

Unit Load 

Product packaged weight 89 kg 

Product packaged dimension (external) 740 x 640 x 680 mm 

Max stacking height 2.7 m 

Pallet material EPP (Expanded Poly Propylene) 

Pallet weight  2kg 

Strap material PP (Poly Propylene) 

Strap weight and quantity 2x65 g 

6.2.2 Packaging supply chain Data 

Further information was collected to understand the supply chain of the packaging 
system. This information was used as a source to characterize the important factors 
that have direct influence on compressive strength and CO2 emissions during the 
packaging life cycle. Solid waste management data was also collected to understand 
the end of life scenario of the packaging system. Table 7 and 8 briefly explains 
collected data related to the supply chain. 

Table 7:  Data related to packaging supply chain of RBS-6202 

Supply Chain 

 
Storage Time 60 days 

Relative Humidity RH 50 % 

Mode of Transportation and Distances 

Material Producer to Converter Air Cargo 10,000 km 

Converter to Packer/Filler By road 50 km 

Packer/Filler to Distributor Air Cargo 600 km 

Distributor to End user By road 1300 km 

Table 8:  Data related to packaging waste management 

SCA Packaging AB, 
Stockholm, 

Sweden 

•Material Producer 

ABC,  

Haryana, India 

•Converter 

Ericsson India 
LTD. Haryana, 

India 

•Packer/Filler 

Ericsson Pak. LTD. 
Islamabad, 

Paksitan 

•Distributor 

ABC, Haiderabad, 
Pakistan 

•End User 
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End of Life Scenario in Indo-Pak 

Recycling 70 % 

Landfill 30 % 

Energy recovery 0 % 

6.2.3 Data sources and assumptions 

A complete data set is required to perform simultaneous calculations of compressive 
strength and CO2 emissions by using the Green Box Design tool. The missing data was 
either collected from sources within Innventia or from online resources, such as: 

 Data related to mechanical properties of paperboard was collected from SCA 

material database [53]  See appendix A for more details. 

 Carbon factors for the paperboard, corrugated board, conversion process, 

corrugation process and transportation was sourced from the GaBi life cycle 

inventory database [55] at Innventia. 

 Carbon factors for the plastic materials were collected from the online material 

database Matbase [56]  

 Compression reduction multipliers to calculate the dynamic compressive 

strength were taken from Handbook of Packaging Technology [34]   

6.2.4 Results 

After gathering the required information and data, the dynamic compressive strength 
and life cycle CO2 emissions were calculated using the Green Box Design tool. Initially, 
the calculation was performed for the existing packaging design of RBS 6202. The 
results of the calculations could be used as a reference for further improvements in 
the packaging design. Table 9 illustrates the results obtained from the Green Box 
Design tool for the existing packaging design. 

Table 9:  Results for the existing packaging design of RBS-6202.  

BCT 17.5 kN 

Safety factor  5 

Max. dynamic strength 9.9 kN 

CO2 
emissions 

Corrugated box stage 9.9 kg CO2 e 

Unit load stage 16.8 kg CO2 e 

The supply chain stage 389.90 ton CO2 e 

Waste management stage 2.37 kg CO2 e 

Life cycle 389.92 ton CO2 e 

Waste collected at end of useful life 3.2 kg 

6.3 Sensitivity Analysis 

A higher safety factor (larger than 5) in the existing corrugated box design revealed 
potential opportunities to use material in a more efficient manner. However, higher 
life cycle CO2 emissions indicated poor environmental performance of the packaging 
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system. A sensitivity analysis was performed to analyze different design objectives. 
This analysis provided a set of design solutions by considering different design 
scenarios. 

6.3.1 Minimizing the waste 

Firstly, the objective was to minimize the packaging waste. Several combinations of 
paperboard were selected to perform the calculation for BCT, dynamic compressive 
strength and life cycle CO2 emissions. The result of this analysis is presented in Table 
10. 

Table 10:  Sensitivity analysis results for minimizing packaging waste 

# Type of Board 
Weight 

(kg) 
BCT 
(kN) 

CO2 Emission 
(Kg CO2e /box) 

Life Cycle CO2 
(ton CO2e) 

1 KL440/Well 160  3.9  17.3  9.8  391.3  

2 KL440/Well 150  3.8  17.7  9.7  385.1  

3 KL440/SCF125  3.7  17.1  9.4  369.6  

4 KL400/Well 160  3.6  16.2  9.2  364.4  

5 KL400/Well 150  3.5  16.7  9.0  358.6  

6 KL280/SCF200  3.1  16.1  7.8  310.0  

 Total reduction ~1 kg 7% 20.4% 20.7% 

These results explain that a net reduction of  1 kg of corrugated board leads to a 
reduction in box compression strength by 7 % and a reduction in life cycle CO2 
emission by 20.7 %. 

6.3.2 Minimizing the CO2 emissions 

Secondly, the objective was to minimize CO2 emissions in the packaging life cycle. The 
results of this analysis are summarized in Table 11. 

Table 11:  Sensitivity analysis results for minimizing CO2 emissions 

 
Existing 
Design 

Improve 
Design 

Net 
reduction 

Mode of transportation  
from raw material producer to 

convertor 

Air Cargo Sea Cargo 

94% 
389.9 

(ton CO2e) 
22.7 

(ton CO2e) 

Mode of Transportation  
from packer to distributor (75 % fill) 

Air Cargo By road 
98% 22.7 

(ton CO2e) 
474.8 

(kg CO2 e) 

Cube Efficiency 
75% 100% 

18% 474.8 
(kg CO2 e) 

391.4 
(kg CO2 e) 
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Pallet material substitution 
EPP 

Corrugated 
Board 

42% 
6.9 

(kg CO2 e) 
4.0 

(kg CO2 e) 

Total Reduction 
389.9 

(ton CO2e) 
391.4 

(kg CO2 e) 
99.87% 

The results show that transportation of raw material is a major contributor to the CO2 

emissions in the packaging life cycle. The CO2 emissions related to transportation are 

more than 200 times higher than the emissions from the material itself. 
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Chapter 7 Discussion 

In this chapter, the case study results are briefly discussed in order to draw some 
conclusions. 

It is observed from the supply chain that the paperboard was produced by SCA in 
Sweden and transported to Haryana, India by air cargo. Material transportation by air 
cargo contributes to enormous amounts of CO2 as compared to other modes of 
transportation, such as sea or road. A change of transportation mode from air cargo to 
sea dramatically decreases the life cycle CO2 emissions of the packaging system.  

Similarly, a change of raw material origin from Sweden to China or India also 
contributes to enormous reductions in life cycle CO2 emissions. However, one then has 
to compromise on quality of material that might lead to reduction in compressive 
strength and logistics performance of the corrugated board. 

7.1 Significance of Holistic View of Packaging System 

In a packaging design process focus is set to quantify the design variables that directly 
affect the packaging design, i.e. temperature, mechanical shock, vibrations etc. The 
packaging designers usually overlook the agents and logistics processes.  However, the 
agents and logistics processes in the supply chain are vital to observe the logistics and 
environmental performance of a packaging design. The results of the present case 
study, in general, explain the importance of agents and logistics processes to achieve 
specific design objectives, i.e. to minimize CO2 emissions. Holistic view of a packaging 
system enlightens all involved agents, logistics processes and their interactions with 
packaging. 

Any effort to explore the optimum design solution without considering the holistic 
view will lead to a sub-optimized design. For example, in case study, material efficiency 
during packaging design process leads to a sub-optimized solution for reduction of CO2 
emissions. Analyzing the packaging system holistically explains that CO2 emissions 
related to transportation of raw material is more than 200 times the material itself. So, 
holistic view of packaging system is essential to avoid sub-optimization by considering 
each agent, logistics process and stage in packaging life cycle.    

Hence, a holistic view of the packaging system is critical during the packaging design 
process to explore the optimum packaging design solution. Furthermore, it is 
beneficial not only for packaging designers but for the efficiency of all agents in the 
supply chain. 

7.2 Significance of Packaging Logistics Performance 

The models discussed in chapter 3 focuses their objective independently and neglect 
their inter-dependencies that cause to create a gap between packaging design 
decisions and packaging logistics decisions and consequently increase the 
environmental impact of a packaging system. Packaging logistics performance is 
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essential in packaging design process to bridge this gap. The results of the case study 
indicate such gaps. The packaging raw material is produced in Sweden and consumed 
in the Indo-Pak region. Selection of locally produce packaging material enormously 
decreases CO2 emission in its life cycle with some sacrifice of compressive strength. 

Packaging logistics performance is also vital to explore the optimum packaging design 
solution. It bridges the information gap between the upstream packaging designer and 
the downstream packaging users by sharing downstream information related to the 
actual packaging design performance rather than the expected. Such information is 
significant in finding optimum packaging solution for an efficient supply chain. 

7.3 Increased knowledge of the Packaging Supply Chain 

Packaging designers usually overlook the packaging supply chain. However, the case 
study reveals the significance of more understanding of the packaging supply chain. 
Increased knowledge of interactions between packaging and all agents help the 
packaging designer to assess the logistics and environmental performance of a 
packaging system and contribute to the efficiency of the packaging system. 

The knowledge of the packaging supply chain also plays a vital role in quantifying the 
actual requirements that exist in the supply chain. Increased knowledge enlightens the 
packaging interactions with different agents and logistics processes. Actual 
performance requirements related to packaging design and logistics evolve during 
these interactions, which further leads to optimum packaging solutions for the supply 
chain. 

7.4 Effects of Packaging Design Decisions on Environment 

The case study also enlightened the effects of packaging design decisions on the 
environment.  It is observed that a minor change in the packaging system contribute to 
a major performance outcome as a whole. For example, change of transportation 
mode for the raw material considerably improves environmental performance of the 
packaging system. Proper decision making in the packaging design process greatly 
contribute to enhance packaging environmental and logistics performance and further 
leads to an efficient and effective packaging system.  

7.5 Innventia Model 

The Innventia model establishes a linear relation between material efficiency and 
product losses. However, there are several other performance requirements that 
contribute to the product losses i.e. cube utilization, flow of information etc.  

The Innventia model that evolves a one-dimensional model based on material 
efficiency lacks the holistic view of a packaging system. This approach might reduce 
environmental impact at one stage but fail to capture the overall effects on the system 
and leads to sub-optimization in the system as observed in the case study. To avoid the 
sub-optimization, focus must be put on each stage in packaging life cycle that leads to 
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holistic view of the system.  It is also suggested that integration of different logistics 
and environmental performance indicators might be useful to further study the 
complex behavior of product losses and waste.  
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Chapter 8 Conclusions 

  From the discussion in Chapter 7 the following conclusions can be drawn.  

 The results show that by applying the Green Packaging Development model 

increases the product protection and decreases the CO2 emissions and also 

contribute to the efficiency of a packaging system and the supply chain.  

 This thesis work contribute to improve the packaging design by bridging the 

gap between packaging design decisions and packaging logistics performance 

and shares the downstream information with packaging designers. 

 In packaging design process, a holistic view of a packaging system helps to 

search the optimum design solutions. It also helps to explore new strategies for 

reduction of the CO2 emissions in packaging life cycle. 

 The Green Packaging Development model provided workable output to the 

case study regarding packaging development. To put the model in practice 

more model validation is required. 

8.1 Future Research 

The Green Packaging Development model establishes relations between compressive 
strength and CO2 emissions. In future research, integration of other design and 
logistics performance requirements might be helpful for increased knowledge of their 
interdependencies. This task could be completed in the future by further integration of 
the logistics performance tool such as Packaperforma. 

Downstream information is vital for an optimum design solution. Further investigation 
is required to deeply understand these requirements. Future research on the 
development of a mathematical model might be helpful to transform this information 
into packaging design parameters. 

An in-depth understanding of the complex behavior of the product damages might be 
beneficial to define an acceptance criterion for product losses in the packaging design 
process. 

The Innventia model leads to sub-optimization in a packaging system. Future work is 
required to redevelop the model by considering packaging logistics and environmental 
performance in the supply chain. 
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Appendix A – Paperboard material data 

# 
Name of Paperboard 

Type of 
paperboard Type of Fiber Grammage SCT 

Tensile 
Stiffness Thickness Carbon Factor 

       g/m2 kN/m kN/m Um g CO2 
         CD MD CD MD    /kg board 
1  White Top Kraft liner Kraft Liner Virgin Fiber 125 2.40    4.30    460 1200 140 680 
2  White Top Kraft liner Kraft Liner Virgin Fiber 135 2.60    4.70    500 1300 150 680 
3  White Top Kraft liner Kraft Liner Virgin Fiber 175 3.30    5.70    620 1570 200 680 
4  White Top Kraft liner Kraft Liner Virgin Fiber 200 3.70    6.50    700 1840 240 680 
5  White Top Test liner  Test Liner Recycled Fiber  140 2.40    4.00    570 1270 175 565 
6  White Top Test liner  Test Liner Recycled Fiber  190 3.30    5.50    700 1780 225 565 
7  White Top Test liner  Test Liner Recycled Fiber  135 2.00    3.30    490 1160 170 565 
8  Kraft liner  Kraft Liner Virgin Fiber 100 2.00    3.20    390 970 130 680 
9  Kraftliner  Kraft Liner Virgin Fiber 115 2.30    3.70    440 1080 150 680 
10  Kraftliner  Kraft Liner Virgin Fiber 125 2.50    4.10    480 1150 165 680 
11  Kraftliner  Kraft Liner Virgin Fiber 135 2.80    4.60    530 1240 175 680 
12  Kraftliner  Kraft Liner Virgin Fiber 170 3.30    5.60    620 1510 220 680 
13  Kraftliner  Kraft Liner Virgin Fiber 175 3.30    5.70    620 1540 220 680 
14  Kraftliner  Kraft Liner Virgin Fiber 186 3.40    6.10    650 1630 230 680 
15  Kraftliner  Kraft Liner Virgin Fiber 200 3.60    6.40    690 1780 245 680 
16  Kraftliner  Kraft Liner Virgin Fiber 250 4.40    7.70    870 2040 310 680 
17  Kraftliner  Kraft Liner Virgin Fiber 280 5.00    8.50    960 2210 350 680 
18  Kraftliner  Kraft Liner Virgin Fiber 400 7.00    11.30    1250 3040 480 680 
19  Kraftliner  Kraft Liner Virgin Fiber 440 7.60    12.50    1400 3280 530 680 
20  Kraftliner  Kraft Liner Virgin Fiber 440 8.50    12.70    1500 3380 530 680 
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21  Eurokraft  Kraft Liner mixed2 100 1.90    3.00    360 850 135 544 
22  Eurokraft  Kraft Liner mixed2 125 2.30    3.80    440 1010 165 544 
23  Eurokraft  Kraft Liner mixed2 135 2.50    4.10    460 1080 175 544 
24  Eurokraft  Kraft Liner mixed2 140 2.60    4.20    480 1120 180 544 
25  Eurokraft  Kraft Liner mixed2 165 3.00    5.00    550 1310 215 544 
26  Eurokraft  Kraft Liner mixed2 180 3.30    5.40    590 1420 235 544 
27  Eurokraft  Kraft Liner mixed2 200 3.60    6.00    640 1590 260 544 
28  Testliner  Test Liner Recycled Fiber  120 2.40    4.30    552 1272 180 565 
29  Testliner  Test Liner Recycled Fiber  145 3.00    4.70    652 1479 215 565 
30  Testliner  Test Liner Recycled Fiber  175 3.30    5.60    805 1732 250 565 
31  Testliner  Test Liner Recycled Fiber  200 3.50    6.40    860 1900 250 565 
32  Testliner  Test Liner Recycled Fiber  100 1.70    2.90    200 750 160 565 
33  Testliner  Test Liner Recycled Fiber  110 1.80    3.00    220 840 180 565 
34  Testliner  Test Liner Recycled Fiber  115 1.90    3.30    250 843 180 565 
35  Testliner  Test Liner Recycled Fiber  120 1.90    3.40    300 880 187 565 
36  Testliner  Test Liner Recycled Fiber  135 2.10    3.80    325 1000 210 565 
37  Testliner  Test Liner Recycled Fiber  170 2.70    4.60    390 1200 263 565 
38  Testliner  Test Liner Recycled Fiber  190 3.00    5.00    434 1335 287 565 
39  Testliner  Test Liner Recycled Fiber  220 3.40    5.60    720 1620 330 565 
40  Eurotest  Test Liner Recycled Fiber  115 1.70    3.10    425 954 190 565 
41  Eurotest  Test Liner Recycled Fiber  125 1.90    3.20    437 1125 200 565 
42  Eurotest  Test Liner Recycled Fiber  135 2.00    3.50    500 1174 215 565 
43  Eurotest  Test Liner Recycled Fiber  150 2.20    3.90    510 1410 230 565 
44  Eurotest  Test Liner Recycled Fiber  175 2.50    4.30    577 1540 270 565 
45  Eurotest  Test Liner Recycled Fiber  185 2.70    4.70    629 1683 290 565 
46  Herculight Wellenstoff Recycled Fiber  80 1.40    2.80    280 650 135 600 
47  Herculight Wellenstoff Recycled Fiber  90 1.60    3.10    350 740 145 600 
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48  Medium HP SCF Virgin Fiber 125 2.50    4.10    378 840 193 680 
49  Medium HP SCF Virgin Fiber 135 2.70    4.50    402 910 206 680 
50  Medium HP SCF Virgin Fiber 150 3.00    5.30    425 1084 225 680 
51  Medium HP SCF Virgin Fiber 170 3.40    6.00    760 1450 250 680 
52  Medium HP SCF Virgin Fiber 200 3.90    6.20    900 1750 300 680 
53  Medium  Wellenstoff Recycled Fiber  100 1.80    2.70    310 680 170 600 
54  Medium  Wellenstoff Recycled Fiber  105 1.80    2.80    330 700 175 600 
55  Medium  Wellenstoff Recycled Fiber  110 1.90    3.00    345 750 190 600 
56  Medium  Wellenstoff Recycled Fiber  140 2.30    3.60    350 990 220 600 
57  Medium  Wellenstoff Recycled Fiber  160 2.50    4.50    480 1220 245 600 
58  Kemionda Extra Wellenstoff Recycled Fiber  120 2.40    3.70    492 1116 190 600 
59  Kemionda Extra Wellenstoff Recycled Fiber  127 2.40    3.70    533 1168 195 600 
60  Kemionda Extra Wellenstoff Recycled Fiber  140 2.50    4.00    588 1246 220 600 
61  Kemionda Extra Wellenstoff Recycled Fiber  150 2.70    4.20    630 1320 230 600 
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