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SUSTAINABLE MANUFACTURING SYSTEMS - 

COST, ENERGY AND CO2 EMISSION APPROACH  
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Abstract: The sustainability of manufacturing systems plays a major role in 

the insurance of the competitive power of enterprises. To describe a 
manufacturing system as sustainable, the LEAN approach must be 
complemented by environmental considerations. In the present paper, the 
authors describe a Sustainable Manufacturing Systems (SMS) in terms of 
costs, energy consumption and carbon dioxide emissions. The mathematical 
optimization model describes the objective minimization functions, the 
decision making variables and the conditions on the three components. The 
proposed theoretical model is implemented by means of the standard 
function block of specialized simulation and optimization environment. 
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1. Introduction 
 
In order to increase the competitiveness of an organization in conditions of 

sustainability, integrating the LEAN principles with other methodologies becomes 
necessary. The LEAN manufacturing concept does not include environmental 
considerations, namely energy consumption and carbon dioxide emissions. For the 
development of a sustainable manufacturing system (SMS) these environmental factors 
will also be taken into account. In this context, it is required a multi-object modeling of 
an SMS approach, the assessment of energy consumption and CO2 emissions in relation 
to the total cost, respectively [5], [9].  

One of the integration options, due to its possibility of addressing product costs, is the 
Material Flow Cost Accounting (MFCA). The results of research on this topic show the 
integration of MFCA with productivity enhancing techniques, namely TPM [1], the 
design of the quality inspection system [1] and simulation [4].  The optimization of 
operations and activities in terms of efficiency and compliance with environmental 
conditions represents the framework in which the integration of MFCA with LEAN is 
used. 
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The LEAN methodology provides systems analysis tools that allow the application of 
MFCA in order to enhance productivity. 

The present paper is structured as follows: after a brief presentation of the theoretical 
aspects of the MFCA, the authors will discuss the development of an SMS, considering 
the following variables: suppliers s, the factory f and the warehouse w. The model aims 
to determine the optimal solution taking into account the three objective functions, 
namely the investment cost required to configure the manufacturing system, the total 
energy consumption of the manufacturing system and the total CO2 emissions. The 
following chapter presents the solving methodology using the Anylogic environment. 
The last chapter describes the conclusions related to the simulation model and possible 
further developments. 

 
2. Literature Review 
 

Material Flow Cost Accounting (MFCA) is a tool aimed at improving resource efficiency 
by determining the costs of products and waste based on flow management [4]. 

In calculating the costs, the MFCA (ISO 14051) reduces the structure to four items: 
material cost, energy cost, waste management cost and system cost. These costs are 
further divided into the costs of positive products (associated with the finished product) 
and negative costs (associated with a residual product). 

ISO 14051 defines the three objectives of MFCA [10]: 
• increasing the transparency of the materials flow and that of the energy used, the 

associated costs and environmental aspects; 
• decision support for the organization in respect to areas such as process engineering, 

production planning, quality control and supply chain management are concerned; 
• improving coordination and communication on material and energy flows within the 

organization. 
The MFCA includes an approach based on material cost, system costs, electricity costs, 

waste costs and quantity centers [7]. 
In the classical approach, the costs will be allocated to the product as a unit of cost [7].  
In the MFCA the material costs are divided between the product and the residual 

materials, depending on the place where the flow ends [7], [8]. In addition, there are 
system costs allocated for storage, processing or transportation. These are also divided 
between products and residual materials, based on a few appropriate key indicators. 
This allocation may be made on the basis of physical quantities. 

Material loss costs may also indicate directions for improvement measures. The MFCA 
focuses on the materials flow and the associated costs within the systems. 

The materials, as physical units, will be tracked and quantified. As a next step, this 
information will be used to calculate costs. The aforementioned cost structures will 
provide data on opportunities of improving processes and reducing environmental 
effects. The MFCA supports the process engineer in identifying both the material and 
energy losses from both the quantity and their location point of view [1], [6]. For an 
effective and systematic identification of thee sources of losses, the MFCA must be 
applied along the production flow in the system, from the receipt of the raw material to 
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the delivery of the finished product. This tool allows the company to identify the 
inefficient use of materials, energy and other resources throughout the entire process 
and system. The activity and the process are the basic notions that allow the global and 
generic representation of the development process. The activities are at the heart of 
information, physical and decision-making flows. 
 
3. Mathematical Cost Model from the SMS Perspective 
 

The SMS cost approach will be presented as a multi-objective optimization [3], [6]. For 
the development of the optimization model, the construction of the total cost of the 
product (Z1) will be taken into consideration in Eq. (1), based on the following elements: 
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from which: 
  

   - the costs generated by the choice of suppliers; 
  

   - the costs generated by the choice of factories; 

   
   - the costs generated by the choice of warehouses; 

  
   - the cost of machines in the process j to the supplier s; 

  
   - the cost of machines in the process and at the factory f; 

  
   - the cost of cooling / heating in the process and at the factory f; 

  
   - the cost of electricity in the process and to the supplier s; 

  
   - the cost of electricity in the process i at the warehouse w; 

  
   - the cost of electricity in the process i at the factory f; 

  
   - the cost of electricity in the process and to the supplier s; 

  
   - the cost of electricity in the process i at the warehouse w; 

   
  - the total cost of raw materials to the supplier s; 

    
  

- total manufacturing cost in the factory f; 

   
  - the total transportation cost of the raw material, per km, between s and f; 

    
 - the total transportation cost of the finished products, per km, defining the 

resource as depending on f and w; 

   
  - the total transportation cost of the products, per km, defining resource l as 

depending on s, f and w. 

For the development of the Eq. (1) [6], we consider the formulas regarding the costs 
involved for establishing suppliers, s, factories f and warehouses w, respectively  
  

     
           

   , as follows (Eqs. 2, 3 and 4): 

 

  
     

       
         

   
          

   
           

                                           (2) 
 

  
     

       
         

   
          

   
           

        ,                                  (3) 

 



Bulletin of the Transilvania University of Braşov • Vol. 13 (62), No. 1 - 2020 • Series I 

 

12 

  
     

       
         

   
          

   
           

        .                                  (4) 
 

The cost of the machines,    
        

    involved in the process j at the supplier s, 

within the process i at the factory f and at the warehouse w is defined as follows:  
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The costs   
         

         
   (Eqs. 7, 8, 9) required for heating / cooling involved in the 

process j at the supplier s, within the process i at the factory f and at warehouse w are: 
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The costs   
      

         
   required for electricity involved in the process j at the 

supplier s, within the process i at the factory f and at the warehouse w are: 
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The total cost of raw materials at the supplier s,     
   will be calculated as follows: 
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The Eq. (14) describes the total manufacturing cost in the factory      
  

: 
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The total transportation cost of the raw material,     
  per km, between s and f is 

described in Eq. (15): 
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Total transportation cost of finished products, per km,     
 ,                       

                        is calculated using Eq. (16): 
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Total transportation cost of the products per km,    
   defining the resource l as 

depending on s, f and w is calculated using Eq. (17), in which   {     }: 
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The total cost of stocks, (Eq. 18),     
  , in the warehouse w is determined as follows: 
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    .                                                                                                    (18) 

 
4. The Development of the Optimization Model for Costs, Energy and Carbon  

Dioxide Emissions   
 

The linear programming problem will be defined expressing the objective function, the 
restrictions and the conditions of existence [3], [6], for each of the considered 
parameters. 

Taking into account the mathematical model from Eq. (1), we will develop the 
optimization model containing the objective function (19) and the conditions (20): 
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within the conditions of the negativity of the quantities of materials q for the facility l: 
 

{
 
 

 
 

   
   

   
   

   
   

   
  

  

                                                                                                                                 (20) 

 
Considering the analysis of the sustainability attribute of the production process, we 

propose the definition of the objective functions for minimizing the consumed energy, Z2. 
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Defining the linear programming problem to optimize electricity consumption involves 
object function development, according to Eq. (21): 
 

       ∑    
      

      
      

    
 ∑     

        
      

      
    

  
∏  
   

∏ 
   

                     
     

                                                                                                                    (21) 
 

The conditions under which the objective function will be solved, as a minimum, refers 
to the manufacturing rate k for operation j and i to the supplier s and factory f which 
must be greater than or equal to the quantity of material required for the next 
operation, (j + 1) and (i + 1) to the supplier s and the factory f. 

These will be in the following form (Eq. 22): 
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,                                                                                                         (22) 

 
where: 
    

   - the energy consumed for the machines for the process j at the supplier s; 

    
   - the energy consumed for heating / cooling for the process j at the supplier s; 

    
   -  the energy consumed for the electricity for the process j at the supplier s. 

 
The linear programming problem for optimizing the CO2 emissions will be defined 

expressing the objective function, the restrictions and the conditions of existence [3], 
[6], according to Eqs. (23) and (24): 
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under the following conditions: 
 

{
      

               
 

      
               

,                                                                                                         (24) 

 
where: 

Z3 - total carbon emissions; 
    

   - the emissions determined by the operation of the machines for the process j at 

the supplier s; 

    
   - the emissions determined by heating / cooling  for the process j at the supplier s; 

    
  - the emissions determined by the electricity for the process j at the supplier s; 

    
  - the emissions caused by the transportation for the process j and the supplier s; 

    
  - the emissions caused by the transportation for the process j and the supplier s. 
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5. SMS Simulation 

 
According to [11], AnyLogic is a ‘comprehensive and powerful tool that supports all 

of the most common simulation methodologies in place today: System Dynamics, 
Process-centric (AKA Discrete Event), and Agent Based modeling. AnyLogic’s graphical 
interface’. 

The SMS simulation model is an activity based model with cost, energy, CO2 emissions 
parameters [2], [11]. 

The simulation environment offers the facility of importing data from EXCEL or filling 
in datasets. Figure 1 describes the main components of our application in terms of 
agents, variables, functions and parameters. 

 

    

Fig. 1. System structure 
 

 Figure 2 shows the interface in design phase. The main agents Factory, Customers and 
Suppliers are presented with specific behaviors.  
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Fig. 2. Design interface 
 

The expressions of the objective functions, restrictions and start values are generated 
by the programs parameters. A detailed agent description in presented in Figure 2.   

  

 

Fig. 3. Simulation design - Factory agent 
 

Parameters variation experiment performs several single model runs varying one or 
more parameters. Using this experiment one can compare the behavior of model with 
different cost, energy, emissions values (Figure 3). 

Cost is associated with both waiting in the queue before the station, and with the 
processing.  

Each minute of waiting and each processing operation have a unit cost. The system 
collects the values of cost, emissions and energy assigned to the parts that exit the 
system in a time series dataset. The simulation experiment runs the model with 
animation displayed (Figure 4) according to cost, energy and emission parameters.  
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Fig. 4. Running simulation-process 
 
The optimization module is designed to offer visual information for the best solution 

(Figure 5). 
 

 
Fig. 5. Running process optimization  

 
The solution given by the current simulation is described as follows: s [Supplier] 67;  

S [Supplier] 102; s [Factory] 79; S [Factory] 89; s [Customer] 54; S [Customer] 55. 
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6. Conclusion 
 
By analyzing the proposed optimization model, we can conclude that, under the 

conditions of the designing of a sustainable manufacturing system, the solutions that 
can be obtained taking into account the total cost of the product, the energy 
consumption and CO2 emissions [6] and determining the optimal flow of materials in the 
manufacturing system. 

The mathematical and simulation model thus developed can be used to obtain an 
optimal configuration of SMS considering both economic criteria and environmental 
responsibilities, reflected in minimizing the total cost, total energy consumption and CO2 
emissions. As a future direction of development, the simulation model will be extended 
with a detailed manufacturing module in the Anylogic environment, so that the 
application of the optimization can be done quickly.  
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