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Abstract. Over recent years, the context where companies operate has dramatical-

ly changed, forcing the business models’ revision in order to survive in the mar-

ket. Nowadays, in the manufacturing system’s context, customers are focusing its 

attention more and more on an efficient and effective management of system 

lifecycle. Methodologies such as Life Cycle Costing and Life Cycle Assessment 

are useful to evaluate costs and environmental impacts generated along the whole 

lifecycle, however they are not sufficient to improve system lifecycle. The aim of 

the paper is to propose a closed loop framework in order to improve lifecycle of 

manufacturing systems. 

Keywords: Life Cycle Assessment, LCA, Life Cycle Costing, LCC, Closed Loop, 
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1 Introduction 

During the last years, the context where companies operate has dramatically 

changed. Cost pressure of emerging countries, more strict environmental regula-

tions and new customers’ needs have completely changed the market and the lev-

erages that before regulated it.  

In order to compete and survive in the global market, companies need to revise 

their business models, changing their paradigms and including new leverages.  

Nowadays, in the manufacturing system’s context, customers are focusing its 

attention more and more on an efficient and effective management of system 

lifecycle. Indeed, customer evaluates different proposals by different suppliers, in 

order to choose the best one. They consider different factors: one of the most criti-

cal is the lifecycle costs (and the lifecycle environmental impacts). 

In this context, suppliers are forced to pursue a product lifecycle approach for 

their systems, in order to hit the customers’ expectations. In order to evaluate costs 

and environmental impacts along the whole lifecycle, suppliers can be supported 

by two well-known methodologies: the Life Cycle Costing (LCC), to evaluate the 
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lifecycle costs, and the Life Cycle Assessment (LCA), to evaluate the lifecycle 

environmental impacts. However, these methodologies are useful only to evaluate 

the economic and environmental dimensions, but they are not able to support the 

lifecycle improvement of manufacturing systems. 

In order to cover this gap, the paper proposes a closed loop framework to im-

prove lifecycle of manufacturing systems. Section 2 shows the theoretical back-

ground, while Section 3 describes the Closed Loop Framework. Section 4 shows a 

possible application in a real industrial context. Finally, Section 5 concludes the 

paper, highlighting next steps. 

2 Theoretical Background 

This section reports the theoretical background behind the proposed closed 

loop framework. Figure 1 shows steps to define the theoretical background. 

 

 

Fig. 1. Theoretical background steps 

First of all, product lifecycle has been defined. 

The lifecycle of a product can be divided into 3 phases: 

• Beginning of Life (BoL): design and manufacturing of the product 

• Middle of Life (MoL): use of the product (and all the services connected) 

• End of Life (EoL): in this phase there can be 4 cycles: 

o Reuse: the product is reused as is, therefore it gets back in Mid-

dle of Life phase 

o Remanufacturing: the product is remanufactured, therefore it 

gets back in Beginning of Life phase, in the Manufacturing phase 

o Recycling: the product is recycled, transforming it into materi-

als. The materials can get back in Beginning of Life phase, in Manufac-

turing phase 

o Disposal: the product is disposed and therefore it doesn’t get 

back into the life cycle flow [1]. 

Using the GERA Model [2], instead, it is possible to describe in a more de-

tailed way the lifecycle of manufacturing systems. It identifies the following stag-

es: identification, concept, requirements, preliminary design, detailed design, im-

plementation, operation, possible redesign activities, decommission. Therefore, 

Beginning of Life phase is represented by identification, concept, requirements, 

preliminary design, detailed design and implementation stages; Middle of Life is 
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represented by operation and possible redesign activities stages; finally, decom-

mission stage represents the End of Life phase. 

Usually, the lifecycle of an industrial system starts when the customer sends a 

request for tender to the supplier (industrial systems’ manufacturer). Customer and 

supplier work together during the first phases (identification, concept and re-

quirements). Then the supplier realizes a preliminary design of the industrial sys-

tems, defining the lifecycle costs and environmental impacts. Usually, preliminary 

design ends with the submission of tender. Customer evaluates different proposals 

received by different suppliers, and the best one gets the order. Different key fac-

tors are used to evaluate the proposal: one of the most critical is the lifecycle costs 

(and lifecycle environmental impacts). If the order is won, manufacturing system 

is designed in detail, and then installed at customer plant. Finally, the system fully 

operates until decommission.  

As previously mentioned, lifecycle costs and environmental impacts are key 

factors to win the order. In order to evaluate costs and environmental impacts 

generated along the whole lifecycle, two methodologies have been identified: Life 

Cycle Costing (LCC) and Life Cycle Assessment (LCA).  

Lifecycle cost is defined as the total cost of ownership of machinery and 

equipment, including its cost of acquisition, operation, maintenance, conversion, 

and/or decommission [3]. 

Life Cycle Assessment, instead, is a methodology to assess environmental im-

pacts associated with all the stages of a product’s life from-cradle-to-grave [4]. 

Analysing LCC and LCA methodologies, some gaps have been identified. 

First of all, LCC and LCA methodologies are very good in comparison and es-

timation of few products or alternatives; however, when the number of alternatives 

increases, they are not able to support decisions and decision makers in a good 

way, especially in the case of manufacturing systems.  

Furthermore, LCC and LCA methodologies have to be integrated with systems 

able to collect data from the field, with the aim to maintain under control costs and 

environmental impacts generated along the operation phase. Collection of data 

from the field enables also the extraction of valuable knowledge for designers, in 

order to improve design and sustainability of next manufacturing systems. 

In order to cover these gaps, next section proposes a closed loop framework in 

order to improve sustainability issues. 

3 Closed Loop Framework 

In this section, a closed loop framework to improve sustainability issues is pre-

sented. Figure 2 describes the framework in a graphical way. Closed Loop 

Framework is built on GERA model, considering all the stages identified. Lifecy-

cle stages are divided into three macro-phases: (i) Beginning of Life, which identi-

fies design and manufacturing of the system; (ii) Middle of Life, which identifies 
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the operation stage and related services, besides the possible system re-design; and 

(iii) End of Life, which identifies the system decommission. Blue arrows identify 

the information flow, while red boxes report tools associated with the lifecycle 

stage. Tool about End of Life is in a grey box because it has not been yet devel-

oped. Configurator and Data Collection tools have been developed to cover gaps 

identified in the previous section, in order to support the decision makers in their 

activities. Briefly, Configurator tool’s aim is to support the identification and crea-

tion of the optimal lifecycle oriented configuration, in terms of costs and environ-

mental impacts, able to satisfy the customer’s requirements. Data Collection tool’s 

aim is, instead, to extract valuable knowledge from the tons of data from the field, 

both to maintain under control the existing system and to design next manufactur-

ing systems. The aim of the future End of Life tool will be to understand the best 

End of Life option for each component of the manufacturing system.  

As previously mentioned, blue arrows represent the information flow. Till now, 

the focus was on data and information from the field, during the utilization phase 

of the system. Indeed, to extract valuable knowledge from the field is useful for 

both Beginning of Life, Middle of Life, and End of Life phases, because it ena-

bles: (i) a design improvement of next manufacturing systems (BoL), (ii) a better 

management of the system during the operation phase (MoL), and (iii) a better 

understanding of the wear state of the entire system (EoL). 
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Fig. 2. Closed Loop Framework 

Configurator tool [5, 6] has been developed with the aim to support designers 

and system engineers in their activities during the preliminary design, in order to 

create and identify the optimal lifecycle oriented configuration, minimizing lifecy-

cle costs and environmental impacts and satisfying customer’s requirements. 

Therefore, the tool returns the optimal configuration, in terms of which compo-

nents have to be installed on manufacturing system, and lifecycle costs and envi-

ronmental impacts values. Configurator tool is built on genetic algorithm, which 

has been chosen for three main reasons: (i) it is more efficient than others when 

the number of variables increases (for example, an assembly line for the automo-
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tive sector can usually be composed up to 100 stations); (ii) it presents no problem 

with multi-objective optimization and (iii) it is suitable for applications dealing 

with component-based systems (a product could be seen as a chromosome and its 

components as genes).  

Genetic algorithm has to solve a problem with two objectives, which are the 

minimization of lifecycle costs and the minimization of lifecycle environmental 

impacts. The objectives consider only the costs and the environmental impacts 

specified by the customer, in order to deliver the proposal that better fits with the 

customer’s requirements. Furthermore, it is possible to implement constraints in 

the problem. As for the objectives, constraints depend on customer’s require-

ments. The algorithm return the optimal configuration of the system, identifying 

which are the components that minimize the lifecycle costs and the lifecycle envi-

ronmental impacts, satisfying the constraints. For example, in an assembly line, 

the algorithm suggests which station, among automatic, semi-automatic or manu-

al, is the optimal one. Being a multi-objective problem, it is possible to have a 

trade-off between the two objective and, therefore, to have more than one optimal 

configurations. Decision makers have to choose which optimal configuration bet-

ter fits with customer’s requirements. 

The tool has a user interface (Figure 3), divided into two spaces, one to define 

the objective functions and the other one to define the design of the system (how 

many components, how many alternatives for each components). In a window 

user has the possibility to import a *.xls file or to insert data. Data are then vali-

dated and checked. Finally tool executes the genetic algorithm. Results are dis-

played in the Output window, which reports: (i) the value of the objective func-

tions and (ii) all the optimal configurations, showing which components are se-

lected to realize the system. 

 

Fig. 3. Configurator Tool’s User Interface 
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Data collection tool is a simple tool with the aim to extract valuable knowledge 

from the tons of data collectable from the field, during the operation phase. In-

deed, it is possible to collect tons of data from the different sensors installed on the 

system’s components, machines or stations. The issue is how to use these data in a 

valuable and useful way, returning to decision makers structured knowledge. De-

cision makers can interrogate the database, through a user interface, in order to 

receive the desired information, through the back end logic, able to answer to the 

interrogations. Back end recovers data and information from the PLC databases, 

which collect information by different system’s sensors. 

The main benefits of this tool are: (i) the real time monitoring of the system and 

(ii) valuable knowledge for the design improvement of the next systems. 

The real time monitoring enables to understand if lifecycle costs and environ-

mental impacts, besides the technical requirements, have strong deviations rather 

than the estimated values during the preliminary design phase, through Configura-

tor tool. Furthermore, Data Collection tool helps to find the right corrective ac-

tions, in order to reduce the deviations.  

The tool returns valuable knowledge, useful for the design of the next system. 

It enables system improvements, in terms of reduction of costs and environmental 

impacts, understanding which are the most critical components / stations / ma-

chines. 

The tool is able to summarize the main system’s parameters in order to verify 

quickly performances of each system machine / station. It is possible to set differ-

ent indicators, according to the industrial needs, like average cycle time, mean 

time between failures (MTBF) and mean time to repair (MTTR), availability and 

overall equipment effectiveness (OEE).  

Decision makers can visualize detailed information, visualizing different pages 

that recap the main performances in a numerical and graphical way. For example, 

the page about availability shows the parameters of: availability, mean time be-

tween two failures (MTBF) and the mean time to repair the problem (MTTR). 

Furthermore it shows the machine states: working, failure, blocked, starved, ex-

cluded, intervention, over cycle time and tool change. 

Figure 4 shows a graphical report of the tool. 
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Fig. 4. Example of Data Collection tool’s output 

4 Application 

An Italian global supplier of industrial automation systems and services mainly 

for the automotive manufacturing sector is applying Closed Loop framework. The 

company offers its proficiency as system integrator and its complete engineering 

solutions, from product development and manufacturing, to assistance to the pro-

duction start-up phases, equipment and full plant maintenance activities. Lifecycle 

of a manufacturing system follows the GERA Model [10] with a good approxima-

tion (see Figure 5).  

Fig. 5. System lifecycle within the company 

Even in this case, customer evaluates different proposal after the concept phase, 

and the best one in term of lifecycle costs (and lifecycle environmental impacts) 

gets the order.  

Company is testing Configurator and Data Collection tools. Till now, Configu-

rator tool has been tested on an industrial case provided by the company, which 

was a fraction of an engine assembly line. Data collection tool, instead, has been 

tested within the company, in a laboratory that simulates the behaviour of a pro-

duction system. At the end of the test, an evaluation has been conducted via quali-
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tative questionnaire. This first evaluation enables to understand strengths and 

weaknesses of the framework, in order to improve it in the next steps. Further-

more, other tests have been planned, in order to evaluate the goodness of the 

framework. About Configurator tool, it will be tested on an assembly line com-

posed by 20 stations. Data Collection tool, instead, will be implemented and tested 

on a real assembly line installed in Poland. At the end of these tests, a complete 

and extended evaluation of the framework will be conducted.  

5 Conclusions 

The aim of this paper is to propose a closed loop framework in order to im-

prove lifecycle of manufacturing systems. Indeed, in the current context, customer 

evaluates different proposals by different suppliers, choosing the best one. One of 

the most critical factor considered by customers is the lifecycle costs, and in some 

cases they consider also the lifecycle environmental impacts. 

Section 2 shown the lifecycle of a system and the lifecycle methodologies iden-

tified, which are Life Cycle Costing and Life Cycle Assessment. These methodol-

ogies need to be supported by other tools, in order to be effective and efficient. 

For this reason, Section 3 describes the proposed Closed Loop Framework, ex-

plaining tools and information flow. Finally, Section 4 briefly presents a work in 

progress application of the framework on a real industrial context. 

Further steps are necessary to complete the framework. 

First of all, it is necessary to identify or develop a tool for the End of Life of a 

system, in order to support decision makers in the best end of life option (re-use, 

re-manufacturing or recycling). Implementing this tool, the framework will be 

completed, enabling a full lifecycle improvement of manufacturing systems. 

About lifecycle, it is necessary to consider also the social pillar, which is aris-

ing during the last years. Social Life Cycle Assessment (S-LCA) methodology 

will be therefore studied, in order to understand if it is possible to add social eval-

uation to economic and environmental ones. 

About environmental impact, instead, it is necessary to understand the impact 

categories to take into account. It is important to conduct a literature analysis or a 

survey to collect the main impact categories related to manufacturing systems. 

Finally, Closed Loop Framework needs to be tested in the industrial context. 

Now, it is applied in a company that produce manufacturing systems for the auto-

motive sector, and at the end of the application a first evaluation will be conduct-

ed. The goal is to involve other industrial companies, in order to refine and vali-

date the framework. 
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