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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

Science-based-targets (SBTs) have been introduced to guide companies to reduce their Greenhouse Gas emissions in line with the 
level of decarbonization required to keep average global atmospheric temperature increase well below 2°C compared to pre-
industrial levels. SBTs seeks to decouple economic growth and emissions to achieve the greenhouse gas emission target of zero by 
2050. This paper first investigates the eco−efficiency improvement required for various product technologies to achieve SBTs, 
considering market growth. Afterwards, it investigates the eco−efficiency limits of these product technologies and identifies where 
system innovation is required to achieve the required emission reduction while providing product functionality.  
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1. Introduction 

    Life Cycle Engineering (LCE) applies technological and 
scientific principles to protect and conserve the environment 
and resources for a Sustainable Development (SD) [1]. 
Eco−efficiency is one of the LCE concepts, which promotes the 
development of "products with more functionality per caused 
environmental impact" as it is formulated below [2]. 

Eco−efficiency =  𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝑐𝑐𝑣𝑣𝑐𝑐 𝑜𝑜𝑐𝑐 𝑓𝑓𝑣𝑣𝑓𝑓𝑐𝑐𝑐𝑐𝑓𝑓𝑜𝑜𝑓𝑓𝑣𝑣𝑣𝑣𝑓𝑓𝑐𝑐𝑓𝑓 𝑝𝑝𝑐𝑐𝑜𝑜𝑣𝑣𝑓𝑓𝑐𝑐𝑣𝑣𝑐𝑐 
𝑣𝑣𝑓𝑓𝑣𝑣𝑓𝑓𝑐𝑐𝑜𝑜𝑓𝑓𝑒𝑒𝑣𝑣𝑓𝑓𝑐𝑐𝑣𝑣𝑣𝑣 𝑓𝑓𝑒𝑒𝑝𝑝𝑣𝑣𝑐𝑐𝑐𝑐 𝑐𝑐𝑣𝑣𝑣𝑣𝑐𝑐𝑣𝑣𝑐𝑐          (1) 

Despite dramatic eco−efficiency improvement of products, 
the environmental impact of human activities has increased 
exponentially. The increase in population and consumption has 
neutralized the eco−efficiency improvements (volume effect) 
[3]. The IPAT equation demonstrates the key contributors in the 

environmental impact of human activities by formulating the 
environmental impact (I) as a product of P = Population, A = 
human Affluence, T = the environmental intensity of 
Technology[4] (Equation 2). 

 
I = P*A*T                                                                            (2) 
 
Thomas Malthus observed that the exponential growth of 

human population and the Earth's finite natural resources might 
lead to "overshoot and collapse" of the world [5]. Furthermore, 
Rockström, Steffen and colleagues introduced nine absolute 
planetary environmental boundaries (planetary boundaries) to 
delineate a "safe operating space for humanity" to act within 
[6]. Therefore, relative eco−efficiency improvements or 
relative perspective on sustainability might not be enough to 
reduce the environmental impact of human activities, and this 
has led to the introduction of the concept of absolute 
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Despite dramatic eco−efficiency improvement of products, 
the environmental impact of human activities has increased 
exponentially. The increase in population and consumption has 
neutralized the eco−efficiency improvements (volume effect) 
[3]. The IPAT equation demonstrates the key contributors in the 

environmental impact of human activities by formulating the 
environmental impact (I) as a product of P = Population, A = 
human Affluence, T = the environmental intensity of 
Technology[4] (Equation 2). 
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Thomas Malthus observed that the exponential growth of 

human population and the Earth's finite natural resources might 
lead to "overshoot and collapse" of the world [5]. Furthermore, 
Rockström, Steffen and colleagues introduced nine absolute 
planetary environmental boundaries (planetary boundaries) to 
delineate a "safe operating space for humanity" to act within 
[6]. Therefore, relative eco−efficiency improvements or 
relative perspective on sustainability might not be enough to 
reduce the environmental impact of human activities, and this 
has led to the introduction of the concept of absolute 
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sustainability [7]. Absolute sustainability considers the 
technology factor in the IPAT equation alongside population 
and consumption simultaneously to reduce the environmental 
impact to a predefined environmentally sustainable level [3]. 
To ensure that we can operate within planetary boundaries, the 
current focus on eco−efficiency and relative sustainability 
might need to move towards eco-effectiveness and absolute 
sustainability. Eco−efficiency and eco-effectiveness should be 
considered complementary as eco-effectiveness sets targets for 
companies, and eco−efficiency provides the means to reach the 
targets [4]. In support of an eco-effectiveness perspective, 
Bjørn and colleagues introduced how planetary boundaries can 
be applied at the company or even individual product level [8]. 

The existence of planetary boundaries and absolute 
perspective on sustainability has been adapted scientifically and 
politically [4, 9]. Based on the Paris Agreement, national 
governments have committed to limit the global temperature 
rise to well-below 2°C or close to 1.5°C above the pre-industrial 
level. Accordingly, the Science-Based-Targets (SBTs) 
initiative presents a scientifically-informed method for 
companies to set required reduction targets for Greenhouse 
Gases (GHGs) emissions aligned with the Paris Agreement [5]. 

Science-based approaches allocate the 2°C Carbon budget to 
sectors while considering sectorial differences in terms of, e.g. 
the mitigation potential, the growth rate of each sector relative 
to national economic growth, and population growth within 
each sector (market share growth). Accordingly, SBTs will be 
allocated to companies based on different factors, such as "their 
relative contribution to the total sector activity" (market share 
growth). Therefore, SBTs provide sector-specific pathways and 
targeted emission pathways for companies based on the 
company's base year emissions, projected activity growth, and 
sectoral budgets [10, 11]. 

In the light of limited research activity on how to implement 
SBTs by defining required eco−efficiency improvements at the 
product family level considering market growth changes, this 
paper aims to investigate the required eco−efficiency 
improvements for meeting SBTs while considering market 
growth changes of product families.  

The remaining of the paper proceeds as follows: in section 
2, the methodology is explained. Section 3 offers a case study 
to demonstrate the proposed methodology application, and the 
findings are discussed, and conclusions drawn in section 4. 

2. Methodology 

Eco−efficiency is a well-developed concept in LCE. 
Companies can improve the eco−efficiency of product families 
by increasing the value created or functionality provided by 
product families or decreasing product families' environmental 
impact. Companies have succeeded to make eco−efficiency 
improvements by developing products with more 
functionalities. For example, the new generation of 
smartphones are being used by professional photographers for 
their great camera functionality; they also substitute maps and 
are being used as navigators by people. Therefore, this paper 
investigates specifically the required reduction in 
Environmental Impact (EI) of product families to improve the 
eco−efficiency of product families for meeting SBTs. This 
paper assumes the value created by each product family (the 
numerator of Equation 1) constant. It aims to look at the 
required eco−efficiency improvement by decreasing the EIs. 

2.1. Predicted Total Environmental Impact of companies 
 

Prediction of Total Environmental Impact (F e) of 
companies allows the calculation of the Environmental Impact 
ratio (r e) of product families. r e shows the contribution of 
product families in the total environmental impact of a company 
over the years. Environmental Impact ratio (r e) will be 
explained later in the allocation of SBTs to product families. 
The calculation of Predicted Total Environmental Impact 
(F e) is based on the "As-is" scenario. "As-is" scenario assumes 
that companies keep their operations as it is. Therefore, the 
environmental impact of product families stays constant while 
the volume is changing.  

The environmental impact of companies is driven by 
technology changes, population growth, and consumption 
(IPAT equation). The importance of technology is twofold: 
besides, new technologies can have different environmental 
impacts, technologies bring new market opportunities for 
companies. Therefore, new technologies affect the market 
growth rate of product families and their production volume. 
Population and consumption growth are other driving forces of 
production volume, which affect the market growth rate of 
product families as well. Thus, Technology forecasting is used 
to consider the market growth rate of product families for 
production volume prediction.  

Technology forecasting (TF) is defined as "a purposeful and 
systematic approach that anticipates and helps to understand the 
potential direction, rate, characteristics and effects of 
technological change" [12]. For this paper, discontinuous 
technologies are excluded, and it is assumed that technologies 
change as they have been changing so far ("As-is" scenario).  

Technology forecasting approaches can be classified into 
two main groups, including Basic Diffusion Models (statistic) 
and Dynamic Diffusion Models. Basic diffusion models are 
found more relevant based on the assumption that they include 
continuous technological changes. Basic diffusion models are 
based on six underlying assumptions [13].  
• The adoption decision is binary, which means an individual 

adopts or does not adopt.  
• There is a fixed, finite ceiling for the market. 
• The diffusion coefficient is fixed over time.  
• The innovation is not modified after introduction to the 

market, and its diffusion is independent of the diffusion of 
other innovations.  

• Once the adoption happened, it is irreversible. 
• A social system's geographical boundaries stay constant 

over a diffusion period. 
Basic diffusion models are including traditional logistic 

model, Gompertz model, and Bass's first purchase model [14]. 
The application of the Bass model is mostly seen for just 
durable technologies. Also,  many extensions of logistic models 
are widely used as diffusion models. However, the main 
limitation of all of these models is that they are based on the 
share of sales, not explicit volumes of sale [15]. Logistic model 
and Gompertz model are two diffusion models used in various 
fields, including market development, agriculture, and software 
reliability engineering [16]. Furthermore, the logistic model 
concept has been used widely for different technologies with 
either short or long-life cycle. It is still being applied for the 
development of new diffusion models. Due to the high 
applicability of the logistic model in various fields, for this 
research, the logistic model is chosen for volume prediction 
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sustainability [7]. Absolute sustainability considers the 
technology factor in the IPAT equation alongside population 
and consumption simultaneously to reduce the environmental 
impact to a predefined environmentally sustainable level [3]. 
To ensure that we can operate within planetary boundaries, the 
current focus on eco−efficiency and relative sustainability 
might need to move towards eco-effectiveness and absolute 
sustainability. Eco−efficiency and eco-effectiveness should be 
considered complementary as eco-effectiveness sets targets for 
companies, and eco−efficiency provides the means to reach the 
targets [4]. In support of an eco-effectiveness perspective, 
Bjørn and colleagues introduced how planetary boundaries can 
be applied at the company or even individual product level [8]. 

The existence of planetary boundaries and absolute 
perspective on sustainability has been adapted scientifically and 
politically [4, 9]. Based on the Paris Agreement, national 
governments have committed to limit the global temperature 
rise to well-below 2°C or close to 1.5°C above the pre-industrial 
level. Accordingly, the Science-Based-Targets (SBTs) 
initiative presents a scientifically-informed method for 
companies to set required reduction targets for Greenhouse 
Gases (GHGs) emissions aligned with the Paris Agreement [5]. 

Science-based approaches allocate the 2°C Carbon budget to 
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SBTs by defining required eco−efficiency improvements at the 
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paper aims to investigate the required eco−efficiency 
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growth changes of product families.  

The remaining of the paper proceeds as follows: in section 
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to demonstrate the proposed methodology application, and the 
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based on six underlying assumptions [13].  
• The adoption decision is binary, which means an individual 

adopts or does not adopt.  
• There is a fixed, finite ceiling for the market. 
• The diffusion coefficient is fixed over time.  
• The innovation is not modified after introduction to the 

market, and its diffusion is independent of the diffusion of 
other innovations.  

• Once the adoption happened, it is irreversible. 
• A social system's geographical boundaries stay constant 

over a diffusion period. 
Basic diffusion models are including traditional logistic 

model, Gompertz model, and Bass's first purchase model [14]. 
The application of the Bass model is mostly seen for just 
durable technologies. Also,  many extensions of logistic models 
are widely used as diffusion models. However, the main 
limitation of all of these models is that they are based on the 
share of sales, not explicit volumes of sale [15]. Logistic model 
and Gompertz model are two diffusion models used in various 
fields, including market development, agriculture, and software 
reliability engineering [16]. Furthermore, the logistic model 
concept has been used widely for different technologies with 
either short or long-life cycle. It is still being applied for the 
development of new diffusion models. Due to the high 
applicability of the logistic model in various fields, for this 
research, the logistic model is chosen for volume prediction 
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modelling. Based on the logistic model, the diffusion of the next 
generation of product families introduced into the market at 
time 𝑡𝑡0, can be described as follows: 

 
dM(t)

dt  = sM(t)[M̅-M(t)]                                                            (3) 
 

In Equation 3, M(t) is corresponding cumulative volume of 
the new generation, at time t, M̅ reflects estimated saturation 
level, and s is diffusion rate. The quantity [M̅-M(t)] reflects the 
remaining market potential, at time t. The analytical solution of 
the above differential equation results to: 

 
M(t) = M̅

1+( M̅̅̅
M0

−1)exp [ −sM̅(t− t0)
                                                 (4) 

 
In above Equation 4, 𝑀𝑀0 is the initial volume of the new 

generation, at the time of introduction, 𝑡𝑡0. Also, Nonlinear 
Least Square method is used for the estimation of diffusion rate, 
s, and saturation level, M̅.  

Two critical assumptions are considered for the introduction 
time of new generations and the termination time of the old 
generations. For the timing of the introduction of new 
generations, it is assumed that when a generation passes its 
maturity stage, the time that the sale is decreasing, is the best 
time for the introduction of new generations. The assumption 
follows the rule that Mahajan and Muller [17] offered, which is 
"now or at maturity" rule. This rule is an extension and 
generalization of the "now or never" rule of Wilson and Norton 
[18]. Moreover, it is assumed when the sale of a generation 
reaches 10% of its maturity level, the production of that 
generation will be ceased.  

Therefore, the above rules are applied to simulate the 
continuous technology changes and volume prediction of 
product families over time.  

For the prediction of companies' Environmental Impact, the 
Environmental Impact of product families is considered 
constant over the years. Therefore, the cumulative Predicted 
Total Environmental Impact of companies are quantified based 
on Equation 5. 
 
F 𝑒𝑒𝑗𝑗= ∑ ∑ EI i,j

m=pfm
i=pf1  ×n

j  Vi,j                                              (5) 
Where 

F 𝑒𝑒𝑗𝑗  =     Predicted Total Environmental Impact of a company  
              until year j. 
EI i,j =    Environmental Impact of a product family i in year j. 
V i,j =      production Volume of a product family i in year j. 
    j =      is from current year (j) to target year (n) 
pf1 and pfm are product families 1 and m, respectively. 
 
2.2. Science-Based Targets (SBTs) at companies level 

 
Science-Based Targets (SBTs) provide the allowable level 

of GHG emissions for companies to operate within planetary 
boundaries based on the 2°C degree scenario.  Hence, science-
based target trajectories are set for companies to achieve by 
2050 [10]. Generally, there are three widely used and 
comprehensive approaches for SBTs, including [11]: 

• Absolute Emission Contraction: Through this 
approach, all companies are required to decrease their 

absolute emissions at the same rate. This approach 
does not consider initial emissions performance. 

• Sectoral Decarbonization Approach (SDA): Through 
this approach, companies are provided sector-specific 
pathways for the following homogenous and energy-
intensive sectors: Power Generation, Iron and Steel, 
Aluminium, Cement, Pulp and Paper, and 
Services/Commercial Buildings. 

• Economic Intensity Contraction: This approach uses 
Greenhouse Gas Emissions per Value Added (GEVA) 
to set economic intensity targets for companies. 

It is noteworthy that three methods might be applicable to more 
than one sector, but not all methods are applicable to all sectors. 
Sectoral Decarbonization Approach and Absolute Emissions 
Contractions are two methods that are highly recommended. As 
SDA is more limited (recommended) to homogenous sectors, 
Absolute Emission Contraction approach is used in this paper 
as it suites heterogeneous sectors as well as homogeneous 
sectors [11]. 
The allocation approach following the Absolute Emission 
Contraction (AEC) method is a simple mathematical formula. 
According to IEA 2DS (ETP 2015), the minimum reduction 
needed is 2.5% in annual linear terms [19]. AEC allocates 
emissions proportional to historical emissions in the base year. 
The required information is provided in Table 1 [11]. It is 
noteworthy to mention that companies might choose different 
target years (earlier than 2050) and base years. Also, companies 
might be interested in setting SBTs on only scope 1 and 2. 
Therefore, companies can apply the recommended 
methodology according to their targets. 
 

Table 1. Emission scenario and required input.  
IEA: International Energy Agency, 2DS: 2°C Degree Scenario, ETP 2015: Energy 
Technology Perspective, which was held in 2015. 
Source Base year Target 

year 
Base year 
scope 
emission  

Target year 
scope 
emission 

IEA 2DS 
(ETP 2015) 

2012 2050  
(-76%, 
net) 

Absolute 
emission, 
Scope 1+2+3  

Absolute 
emission, 
Scope 1+2+3 

  
2.3. The allocation of SBTs of companies to product families  

 
The allocation of SBTs of companies to their product 

families is challenging. Two critical factors differentiate Total 
Environmental Impacts (TEI): 
First: The required environmental space (Greenhouse gas 
emissions expressed as CO2eq) of product families over one life 
cycle (raw material extraction, transportation, production, 
consumption, end-of-life) is different. In other words, the 
environmental impacts (EI) of product families, which is one of 
the driving forces of total environmental impacts, are different. 
One product family, for instance, might cause 80 kgCO2eq and 
the other 100 kgCO2eq over one life cycle. Moreover, 
technology improvements might increase/decrease the 
environmental impact requirements of product families. Thus, 
the environmental impacts (EI) of product families, which is for 
one life cycle, is changing. Accordingly, the total 
environmental impacts (TEI) of product families are changing. 
Second: As the product families go through different market life 
cycles (introduction, growth, maturity, and decline), the volume 
of production is changing. Accordingly, the total environmental 
impacts (TEI) of product families are changing. 
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For assigning SBTs to product families, it is assumed that 
the required environmental space (e.g. CO2eq emissions) of 
product families over one life cycles stays constant over the 
years (As-is scenario). In other words, the environmental 
impact (EI) of product families remains constant over the years. 
Furthermore, prediction of production volume based on the 
logistic curve allows taking market growth rate into account.  

Therefore, Environmental Impact ratio (𝑟𝑟𝑒𝑒) of each product 
family shows the share of the TEI of each product family with 
respect to the total TEI of the company. 𝑟𝑟𝑒𝑒  is defined to 
cumulatively consider the contribution of Total Environmental 
Impact of product families in Total environmental Impact of a 
company. Then 𝑟𝑟𝑒𝑒  of product families will be used for the 
allocation of SBTs to product families. In Equation 6, shows 
the formula for the Environmental Impact ratio (𝑟𝑟𝑒𝑒).  

r𝑒𝑒𝑖𝑖,𝑗𝑗 = 
f 𝑒𝑒𝑖𝑖,𝑗𝑗
F 𝑒𝑒𝑗𝑗

   =  
∑ EI i,j

𝑛𝑛
𝑗𝑗  ×  V i,j

∑ ∑ EI i,j
m=pfm
i=pf1  ×n

j  V i,j
                                       (6) 

Where 
r𝑒𝑒𝑖𝑖,𝑗𝑗   =    Environmental Impact ratio of product family i until  
               year j 
f 𝑒𝑒𝑖𝑖,𝑗𝑗=       Predicted Total Environmental Impact of product  
               family i until year j. 
F 𝑒𝑒𝑗𝑗  =      Predicted Total Environmental Impact of a company  
               until year j. 
EI i,j =     Environmental Impact of a product family i in year j. 
V i,j  =     production Volume of a product family i in year j. 
j =          is from current year (j) to target year (n) 
pf1 and pfm are product families 1 and m, respectively. 
 

Accordingly, the allocation of SBTs to a product family is 
based on Equation 7, which considers 𝑟𝑟𝑒𝑒  of products families to 
distribute companies' SBTs amongst their product families.  
 
SBT pf  i,j = r𝑒𝑒𝑖𝑖,𝑗𝑗  ×  ∑ SBT c j

𝑛𝑛
𝑗𝑗                                              (7) 

Where 
SBT pf i ,j = Science-Based-Targets at Product family level (for 
                   product family i by year j).  
r𝑒𝑒𝑖𝑖,𝑗𝑗  =         Environmental Impact ratio of the product  
                   family i by year j.                 
SBTc j =    Science-Based Target at Company level in year j    
                   (accumulated). 
j =               is from current year (j) to target year (n) 
 
2.4. Required Eco-Efficiency Improvement (E⎼EI) 

 
Therefore, the required Eco−Efficiency Improvement 

(E⎼EI) is calculated based on Equation 8 (considering the 
value-added of product families constant over the years), 
assuming predicted volumes will be realized in future.  
 

E − EI i,j= 
f 𝑒𝑒𝑖𝑖,𝑗𝑗=  ∑ EI i,j

𝑛𝑛
𝑗𝑗  ×  V i,j 

 ∑ SBT pf i ,j
𝑛𝑛
𝑗𝑗                                                       (8) 

       Where                                                                           
E − EI i,j=   The required eco−efficiency improvement of the  
                   product family i by year j. 
SBT pf i ,j = Science-Based-Targets at Product family level (for 
                   product family i by year j).  
f 𝑒𝑒𝑖𝑖,𝑗𝑗  =    Predicted Total Environmental Impact of product  
                   family i until year j. 

EI i,j =         Environmental Impact of product family i in year j 
V i,j =          production Volume of a product family i year j.  
j =              is from current year (j) to target year (n) 

3. Case Study 

The presented case study illustrates the application of the 
introduced methodology to demonstrate the required 
eco−efficiency improvement by the decreasing environmental 
impact of product families. Apple products are considered for 
the case study purpose. Apple products are classified into 6 
product families including:  

• Product family 1: iPhones, 
• Product family 2: iPads, 
• Product family 3: Apple TV, 
• Product family 4: Mac: notebooks and desktops, 
• Product family 5: HomePods, 
• Product family 6: wearables: Apple watch and 

hearables, including Airpods (wireless headphones) 
and Beat headphones. 

Product family 1, iPhones, is chosen to depict all steps of the 
recommended methodology. Data are collected from the 
official Apple reports [20] and Statista website [21]. The case 
study includes all emission scopes, from-cradle-to-grave; 
however, for more information on LCA of products, please visit 
Apple Inc website.  

 
3.1. Predicted Total Environmental Impact of Apple 

 
The first step to calculate the Predicted Total Environmental 

Impact of companies is to simulate the volume changes of 
product families when they pass through different market life 
cycles and the next generations.  

For the logistic curve simulation of the iPhone family, the 
sale of the year 2007 is considered as the initial volume (M0  =
 1.39 𝑚𝑚𝑖𝑖𝑚𝑚𝑚𝑚𝑖𝑖𝑚𝑚𝑛𝑛 𝑢𝑢𝑛𝑛𝑖𝑖𝑢𝑢𝑢𝑢)[21]. Applying nonlinear least square 
method, the logistic curve equation or volume prediction model 
for the iPhone family is provided in Equation 9 (unit: in 
millions). 

 
M(t)= 1396.297

1+( 1396.297
1.39 −1)exp [ −(6.68e−4)(1396.297)(t− t0)

                      (9) 

 
Assumptions for the introduction time of a new generation 

is when a generation passes maturity level, and termination time 
is when a generation reaches 10% of its maturity level. 
Considering the assumptions mentioned above, the logistic 
curve simulation of the iPhone is demonstrated in Figure 1.  For 
the calculation of Predicted Total Environmental Impact of 
company, Predicted Total Environmental Impact (𝑓𝑓𝑒𝑒) of 
product families have to be calculated and added up. The 
Predicted Total Environmental Impact of the iPhone family 

Figure 1. Volume prediction of the iPhone family cumulatively over time 
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assuming predicted volumes will be realized in future.  
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from 2020 (current year) until 2050 (target year) is shown in 
Equation 10. The average of products' EI(s) in a product family 
is considered as the EI of a product family. (unit of EI and 𝑓𝑓𝑒𝑒 
 = KgCO2eq and Volume in units). 
 
𝑓𝑓𝑒𝑒 1,2050 =  EI 1,2050 × M(2050)1 =  
                      90.50 × (5.0854) × 109 =  4.6023 × 1011                   (10) 
 

𝑓𝑓𝑒𝑒 of all product families are calculated; accordingly, the 𝐹𝐹𝑒𝑒 
of Apple (the company), which is the sum up the 𝑓𝑓𝑒𝑒 of product 
families, is demonstrated in Figure 2  

Figure 2. Predicted Total Environmental Impact of Apple (unit: KgCO2eq) 

3.2. Science-Based Targets (SBTs) at the company level 
 

Absolute Emission Contraction (AEC) approach is based on 
IEA 2DS (ETP 2015) scenario (Table 1) while the targeted year 
is 2050, the base year is 2012 for SBTs calculations, including 
all scopes. It is noteworthy that companies might choose 
different targeted years and base years. Also, SBTs can include 
just scope 1 and 2. The required data for the calculation of TEI 
of base year (2012) are provided in Table 2 [21, 22]. 
Accordingly, the annual SBTs are calculated and demonstrated 
in Figure 3 (Redline). Blueline, in Figure 3, shows the 
accumulated CO2eq emission budget of Apple until 2050.  

   Figure 3. Apple's Science-based Targets annually and cumulatively. 
 
3.3. The allocation of SBTs of companies to product families  
 

The allocation of SBTs to product families is based on the 
environmental impact ratio of product families over the years. 
Varying 𝑓𝑓𝑒𝑒(𝑠𝑠) of product families, leads to their r𝑒𝑒(s) change 
over the years. In other words, the contribution of product 
families to the Total Environmental Impact of companies is 
changing over the years.  Equation 11 depicts the calculation of 

Environmental Impact ratio (r𝑒𝑒𝑖𝑖,𝑗𝑗) of product family 1, iPhones, 
in 2050. 
 
r𝑒𝑒1,2050 = 

𝑓𝑓𝑒𝑒 1,2050
𝐹𝐹𝑒𝑒 2050

   =  4.6 × (10^11)
8.58 × (10^12) = 0.0536                                  (11) 

 
Allocation of SBTs at the product family level will be based 

on the Environmental Impact ratio (r𝑒𝑒𝑖𝑖,𝑗𝑗) of product families 
over the years. Different r𝑒𝑒𝑖𝑖,𝑗𝑗of product families, leads to 
different SBTs or pathways for product families. The allocation 
of SBTs for Product family 1, iPhone, is demonstrated in Figure 
4. Also, Equation 12 shows the calculation of the allocated 
SBTs to the iPhone family by 2050. 

 
 SBT  pf1 ,2050 = r𝑒𝑒𝑖𝑖,𝑗𝑗1,2050

  × ∑ SBT j2050
2020    

                         =   0.0536 × 4.4585E+11 = 2.4E+10              (12) 

Figure 4. Allocation of SBTs to product family 1, the iPhone family. 

Figure 4 demonstrates the changes in the allocation of SBTs to 
the iPhone family. The allocation SBTs to the iPhone family 
changes as the environmental impact ratio (r e) of the iPhone 
family and SBTs of Apple company changes. Environmental 
Impact ratio (𝑟𝑟𝑒𝑒) of the iPhone family changes as the iPhone 
family goes through different market life cycles, and its 
predicted production volume is changing annually. 
Accordingly, its predicted total production volume relative to 
the predicted total production of Apple company is changing. 
Considering the EI of the iPhone family constant, 𝑟𝑟𝑒𝑒  varies 
according to volume changes, and it is embodied and reflected 
in the changes in the allocated SBTs to the iPhone family 
(Figure 4). Assuming the predicted volumes will happen in 
future, the required eco−efficiency improvements for the 
iPhone family over the years are calculated based on Equation 
8 and demonstrated in Figure 5. Equation 13 shows that the 
iPhone family needs to 19.2 folds eco−efficiency improvement 
by 2050.  Figure 5 illustrates, in 2020, the required EI of 
product family iPhone is significantly less than its current one  
The required EI stays almost constant for many years, as the 
 
E − EI 1,2050= Fe 1,2050 = 4.602 E+11

 ∑ SBT  pf 1 ,2050
2050
𝑗𝑗 = 2020  = 2.4E+10     = 19.2                     (13) 

 Figure 5. Comparison of SBTs per unit of iPhone family aligned with the 
Paris Agreement and EI per unit of iPhone family based on As-is scenario 

Table 2. Total Environmental Impact calculation of Base year for SBTs 
Product 
Family 
(2012) 

Sale 
(Units) 

EI  
(kgco2eq) 

TEI 
(kgco2eq) 

iPhone   125.05e+06 90.50 11317.02e+06 
iPad  58.31 e+06 124.36 7251.26e+06 
Apple TV  2.1 e+06 58 121.8e+06 
Mac   18.16 e+06 551.53 10015.72e+06 
iPod  35.17 e+06 146.28 5134.82e+06 
Apple’s TEI  (kgco2eq), base year (2012) 3.3840627894.8e+10 
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increase in the volume is not considerable. However, the 
required EI will decrease dramatically, eventually for two 
reasons. Firstly, the technology prediction model of the iPhone 
family anticipates having at least two generations on the market 
simultaneously over the years. Secondly, the CO2eq emission 
budget of companies decreases dramatically over the years 
while the volume is growing.  

4. Discussion and Conclusion  

To investigate the eco−efficiency improvement's potentials 
of the iPhone family, scenario analysis is applied as below: 
Scenario (I): Mitigation strategy one relies on background 
systems of iPhone. It assumes that the electricity generation 
sector becomes fully renewable. Comparison of the life cycle 
emissions of conventional systems with renewable systems 
shows transferring to renewable electricity generation 
technologies leads to 66% emission reduction on average [23]. 
Apple has claimed that all final assembly suppliers of iPhone 
family have committed to 100% renewable energy. 
Additionally, other studies concluded that 5.01% of EI of 
production of smartphones comes from final assembly and 
vender activities [24]. Therefore, 66% emission reduction of 
scenario (I) is applicable on the 94.99% of production stage's 
EI and usage stage's EI. Mitigation strategy one reduces the EI 
of the iPhone family to 35.62 kgCo2eq, while, the required EI is 
4.7 kgCo2eq.  

Scenario (II): Mitigation strategy two considers hotspots 
and foreground systems of the iPhone family. The LCA report 
of iPhone shows production stage, which mostly covers 
foreground systems of the iPhone family, has the highest 
environmental footprint (80%). Hence, Mitigation strategy two 
assumes if 19.2 folds required reduction happens at the 
production stage, the EI of the production stage and iPhone 
family will decrease to 3.77 and 21.87 kgCo2eq, respectively. 
However, the targeted EI is 4.7 kgCo2eq.  

 Scenario (III): Mitigation strategy three applies both 
Scenario (I) and (II) changes.  Table 3 summarized the results 
of the scenario analysis. As it is concluded from the case study, 
the Environmental Impact (EI) of the iPhone requires to be 
reduced from 90.5 to 4.7 kgCo2eq, which is not achievable 
through defined scenarios. The highest reduction can be 
achieved through the implementation of scenario(III). 
Although scenario(III) leads to EI reduction of iPhone family 
and production stage from 90.5 and 72.4 to 9.95 and 1.41 
kgCo2eq respectively, it does not reach the targeted EI of 4.7 
kgCo2eq. Moreover, Apple has taken many other green 
measurements including 100% recycling rare earth elements in 
the Taptic engine, using 100% recycled and responsible 
sources for wood fiber, 40% less energy usage than the U.S 
Department of Energy requirements for battery charger 
systems, etc.  Considering that Apple has already taken many 
eco−efficiency measurements; also, scenario analysis, which 
has examined the potentials of EI reduction based on LCA, 
eco−efficiency limits of iPhone family will be exhausted if they 
already have not. Thus, reducing 19.2 folds of EI of the iPhone 
family is hardly achievable when the iPhone family has 
exhausted its eco−efficiency limits. Therefore, it is beneficial 
for Apple to consider a system innovation for the iPhone family 
to provide the same or more functionality to customers with 
significantly low EI. In other words, like the evolutionary 
pathway of system innovation that turned Walkmans to CD  

 
players, iPods, and eventually introduced the Application of 
Apple Music for music streaming; the iPhone family benefits 
more from a system innovation rather than a technology 
innovation to satisfy the demand for smartphones with very low 
environmental footprint.  

In conclusion, system innovation can be the need for the 
next product generations with broader functionalities and an 
effective solution to enable companies meeting the market with 
very low Environmental Impact. 
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Table 3. Contribution of each product life stage in Environmental Impact of iPhone 
products  and the results of scenario analysis (unit in KgCO2eq))[20] 
Life stage Average of 

iPhone 
family 

Average of 
iPhone 
family 

Scenario 
I 
 

Scenario 
II 

Scenario 
III 
 

Production 
(94.99%) 

80% 72.4 23.38 3.77 (23.38+ 
3.69) / 
19.2(4) = 
1.41 

Production(1) 

(5.01%) 
3.69 

Transport(2) 3% 2.72 2.72 2.72 2.72 
Use(3) 16% 14.48 4.92 14.48 4.92 
End-of-Life  <1% < 1 <1 <1 <1 
EI 100 90.5 35.62 21.87 9.95 
(1) Production includes the extraction, production, and transportation of raw materials, 
also, manufacture, transport, and assembly of parts and product packing. 
5.01% EI of production stages includes final assembly and vender activities. 
(2) Transport stage includes air and sea transportation of the finished product and its 
associated packaging from manufacturing sites to regional distributors. 
(3) Three years of usage by the first owner is considered for LCA. 
(4) 19.2 times required reduction. 
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increase in the volume is not considerable. However, the 
required EI will decrease dramatically, eventually for two 
reasons. Firstly, the technology prediction model of the iPhone 
family anticipates having at least two generations on the market 
simultaneously over the years. Secondly, the CO2eq emission 
budget of companies decreases dramatically over the years 
while the volume is growing.  

4. Discussion and Conclusion  

To investigate the eco−efficiency improvement's potentials 
of the iPhone family, scenario analysis is applied as below: 
Scenario (I): Mitigation strategy one relies on background 
systems of iPhone. It assumes that the electricity generation 
sector becomes fully renewable. Comparison of the life cycle 
emissions of conventional systems with renewable systems 
shows transferring to renewable electricity generation 
technologies leads to 66% emission reduction on average [23]. 
Apple has claimed that all final assembly suppliers of iPhone 
family have committed to 100% renewable energy. 
Additionally, other studies concluded that 5.01% of EI of 
production of smartphones comes from final assembly and 
vender activities [24]. Therefore, 66% emission reduction of 
scenario (I) is applicable on the 94.99% of production stage's 
EI and usage stage's EI. Mitigation strategy one reduces the EI 
of the iPhone family to 35.62 kgCo2eq, while, the required EI is 
4.7 kgCo2eq.  

Scenario (II): Mitigation strategy two considers hotspots 
and foreground systems of the iPhone family. The LCA report 
of iPhone shows production stage, which mostly covers 
foreground systems of the iPhone family, has the highest 
environmental footprint (80%). Hence, Mitigation strategy two 
assumes if 19.2 folds required reduction happens at the 
production stage, the EI of the production stage and iPhone 
family will decrease to 3.77 and 21.87 kgCo2eq, respectively. 
However, the targeted EI is 4.7 kgCo2eq.  

 Scenario (III): Mitigation strategy three applies both 
Scenario (I) and (II) changes.  Table 3 summarized the results 
of the scenario analysis. As it is concluded from the case study, 
the Environmental Impact (EI) of the iPhone requires to be 
reduced from 90.5 to 4.7 kgCo2eq, which is not achievable 
through defined scenarios. The highest reduction can be 
achieved through the implementation of scenario(III). 
Although scenario(III) leads to EI reduction of iPhone family 
and production stage from 90.5 and 72.4 to 9.95 and 1.41 
kgCo2eq respectively, it does not reach the targeted EI of 4.7 
kgCo2eq. Moreover, Apple has taken many other green 
measurements including 100% recycling rare earth elements in 
the Taptic engine, using 100% recycled and responsible 
sources for wood fiber, 40% less energy usage than the U.S 
Department of Energy requirements for battery charger 
systems, etc.  Considering that Apple has already taken many 
eco−efficiency measurements; also, scenario analysis, which 
has examined the potentials of EI reduction based on LCA, 
eco−efficiency limits of iPhone family will be exhausted if they 
already have not. Thus, reducing 19.2 folds of EI of the iPhone 
family is hardly achievable when the iPhone family has 
exhausted its eco−efficiency limits. Therefore, it is beneficial 
for Apple to consider a system innovation for the iPhone family 
to provide the same or more functionality to customers with 
significantly low EI. In other words, like the evolutionary 
pathway of system innovation that turned Walkmans to CD  

 
players, iPods, and eventually introduced the Application of 
Apple Music for music streaming; the iPhone family benefits 
more from a system innovation rather than a technology 
innovation to satisfy the demand for smartphones with very low 
environmental footprint.  

In conclusion, system innovation can be the need for the 
next product generations with broader functionalities and an 
effective solution to enable companies meeting the market with 
very low Environmental Impact. 
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