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Abstract 

 
The presented manuscript deals with the new simulation modelling approach for the environmental and economic aspects 
evaluation in a sustainably justified manufacturing system. First, the research problem of simulation modelling methods 
for the evaluation of environmental and economic aspects of manufacturing systems is presented and defined. Then a new 
data-driven simulation modelling approach for environmental and economic aspects of manufacturing systems is 
presented. The newly proposed block diagram is used from a theoretical and applied point of view. Two major 
environmental and economic aspects are optimized in terms of machine scrap rate and electrical energy consumption. 
Promising theoretical results from the proposed block diagram are transferred into a practical application. The numerical 
and graphical simulation results obtained prove the high relevance of the optimization approaches used. The obtained 
optimization results of the simulation modelling show a reduction of the electrical energy consumption by an average of 
11.6% compared to the initial manufacturing system stage. The importance of proper optimization of the machine scrap 
rate was demonstrated, using the proposed simulation modelling approach. The optimization results show a high degree 
suitability of the simulation model approach in the order of the evaluation environmental, economic and other social 
aspects of sustainable manufacturing systems. 
 
Keywords: Simulation modelling; Data driven modelling; Simio; Sustainable manufacturing; Manufacturing 

optimization. 
 

1. Introduction 

 

The global manufacturing trend is based on providing personalised products to customers needs. A high degree of 

personalization can be observed not only in high-mix, low-volume manufacturing systems, but also in mass production 

systems [1]. The high degree of manufacturing flexibility to meet customer requirements and needs introduces the 

component of flexibility in manufacturing systems, and the importance of optimizing it for the environmental and 

economic aspect justification of manufacturing systems [2]. The influence of manufacturing flexibility on their 
environmental and economic aspects viability has not yet been thoroughly investigated [3]. It is safe to say that this is an 

important optimization parameter that needs to be well described and evaluated to ensure sustainable manufacturing [4]. 

Individual research papers deal separately with the area of optimizing high-mix, low-volume manufacturing systems and 

its impact on environmental and economic aspect eligibility. The optimization problem of manufacturing planning and 
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scheduling is mathematically defined as a NP-hard multi-objective optimization problem [5] and therefore difficult to 

solve [6]. The researchers present different optimization approaches that use different methods of evolution computation 

to determine the optimal optimization goal in terms of short flow times, high machine utilisation, efficient costs, etc. [7]. 

No comprehensive optimization approach could be found in the literature that would present, evaluate and solve the 

optimization problem of the high-mix low-volume impact on its environmental and economic justification by a 

comprehensive optimization approach [8]. The limitations relate to the complexity of the mathematical modelling of 

manufacturing flexibility and the associated data that adequately assess the environmental and economic aspects. 

Manufacturing flexibility can be fundamentally structured by using a four-level architecture model that allows for a 
comprehensive consideration of optimization parameters ranging from transport, production capacity, product type and 

properties to order batch diversity [9]. It can be argued with certainty that when it comes to scheduling manufacturing 

orders, their influence on the environmental and economic justification of the manufacturing system electricity 

consumption, material use, natural resources, the social aspects of the employees and the company and the profitability 

of the production system is important [10]. In the research work, we present a new approach to simulation studies that 

comprehensively addresses the problem of planning for high-mix, low-volume manufacturing, where a high degree of 

flexibility is essential for assessing the environmental and economic viability of the manufacturing system [11]. Based on 

a four-level architectural model, mathematical model of high-mix low-volume, Flexible Job Shop Scheduling Problem 

(FJSSP) and the parameters that influence environmental and economic aspect viability are used. A simulation study 

carried out in the Simio simulation environment and the IHKA evolution computation method allow for optimal allocation 

of work orders justifying environmental and economic aspects of manufacturing [12]. The used mathematical and 

simulation modelling method is evaluated with two FJSSP benchmark data sets [13] and one data set from a real 
manufacturing system, on the basis of which a comparison between optimized and non-optimized manufacturing systems 

is performed [14]. In the simulation study, the simulation model is examined according to the newly proposed block 

structure, which allows a holistic optimization approach and thus the assessment of the environmental and economic 

sustainability of the manufacturing system. The influence of parameters such as electrical power consumption and 

products scrape rate in relation to the age of the machines allows a comprehensive consideration of the research question 

presented. 

 

2. Problem description 

 

Environmental and economic justification aspect are a part of the multidisciplinary research field of sustainable 

manufacturing as a broad field in the era of Industry 4.0 (Fig. 1), as there is an urgent need to reduce the environmental 
impact of industrial production. Issues of sustainable manufacturing are being studied in detail for manufacturing types 

ranging from high-mix, small batch to mass production. This involves the development of durable products with 

comprehensive life cycle considerations and the implementation of sustainable manufacturing processes and systems 

capable of minimising negative environmental impacts and minimising the consumption of natural materials, energy and 

other resources. All shareholders involved must be economically sound and socially beneficial. Sustainability is the engine 

for innovation and creative thinking. Innovation and creative thinking promote accelerated growth in manufacturing and 

the design of new products. Social well-being and economic growth at a reasonable cost-time investment depends strongly 

on the level and quality of optimized manufacturing systems [15].  

 

 

Fig. 1. Sustainable manufacturing three-dimensional aspects 

The multi-objective optimization parameters of manufacturing systems must include energy savings (machine 

operation and idle energy consumption) and natural resources (management of natural material waste), reprocessing and 

improvement of manufacturing parts scrap rate during manufacturing and assembly processes. The main objective of 
sustainable manufacturing is the introduction of a new integrated product cycle with presence and the optimization of the 
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manufacturing systems life cycle, regarding products and services. This manuscript answers two main research questions 

of sustainable manufacturing related to:  

 manufacturing system optimization based on three main objectives (minimising energy consumption, 

material and product waste, optimizing manufacturing processes and techniques related to manufacturing 

methods, production utilisation, manufacturing flexibility, reducing production and labour costs and the high 

efficiency of timely manufacturing systems);  

 increasing the energy efficiency of operations and downtime; lower, cleaner and renewable energy use, with 

the optimization of transport and materials handling; manufacturing processes with low pollution, waste and 
emission production; industrial symbioses using new optimization techniques for sustainable natural cycles 

in manufacturing systems, based on mathematical and simulation modelling techniques using simulation 

scenarios to ensure sustainable manufacturing systems [16]. 

 

3. Simulation modelling 

 

The environmental and economic viability of a manufacturing system is the key to an effective investment in terms 

of cost and time. The simulation modelling of environmental and economic suitability includes a comprehensive treatment 

of the manufacturing system, the product and all participants involved in the manufacturing of the product. The presented 

research work focuses on the evaluation of the impact of environmental and economic aspects on the manufacturing 

system and the importance of appropriate optimization with respect to the sustainability of the enterprise. Fig. 2 presents 

proposed block diagram of the sustainable manufacturing system. The key to optimizing sustainable viability is a holistic 
view of the existing optimized system. In the initial phase, sustainably justified manufacturing deals with the design of 

the product or the customer order that the production will manufacture, the technological process, the consumption of 

energy, natural materials, the provision of high quality and in the feedback with the product, which guarantees a renewable 

life cycle with the possibility of introducing continuous manufacturing process improvements. It is evident that an 

optimized, planned and scheduled production system is crucial, which, with its high efficiency, allows for sustainable 

production justified energy consumption, waste production reduction, natural materials and waste optimization, high 

quality of products and wider enterprise social responsibility. Presented work is based on determining the correlation 

between the percentage of machine scrap in relation to the age of the machines and the amount of downtime of the 

individual machines in the high-mix low-volume manufacturing system. The second optimization parameter is related to 

determining the energy consumption during operation and the downtime of the machine to perform the operation in 

relation to economic aspect. The optimization of these parameters was carried out with the evolutionary computation 
IHKA method. IHKA algorithm optimally allocates work orders and individual operations according to the available 

machines and their parameters, trying to meet the given parameters.  

 

 

Fig. 2. Sustainable manufacturing block diagram 

3.1 Environmental Aspects Modelling 

 

Modelling of the individual machine scrap percentage was carried out by classifying the machines into four groups 

according to their age (Sg1, Sg2, Sg3 and Sg4). The Table 1 shows that the mathematical model predicts a depreciation 

period of the machine of eight years. With the eight-year depreciation period, the linear function and a four-stage 

classification, it is possible to determine the individual values of the scrap percentages used by the optimization algorithm 

in the optimal determination of the operations in relation to the available machines. Fig. 3 shows a graphical representation 

of the functional relationship between the scrap percentage and the age of the machine. With the proposed approach, we 

can define the machine scrap values individually. The advantage of the presented method is the possibility to use a data 
driven simulation model to which a specific (realistic) functional relationship between the scrap rate and the age of the 

machine can be assigned. 
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Fig. 3. Scrap percentage modelling regarding machine group classification 

Following the pattern of using the values from the Table 1 to determine the scrap percentages, the values of the energy 

consumed by each machine were determined by the values of the power consumption during the operating (EMo) and idle 

periods (EMi). The constant value of the factor between power consumption during operation and downtime was 0.15, 

which was used according to the literature [18]. Abbreviations in Table 1 presents machine age (Ma), machine scrap rate 
percentage (Ms) and machine scrap group classification (Msg). 

 

 Machine 

M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 

EMo [kWh] 10 4 4 25 25 25 4 10 4 10 

EMi [kWh] 1.5 0.6 0.6 3.75 3.75 3.75 0.6 1.5 0.6 1.5 

Ma [years] 2 1 6 7 8 1 2 5 6 1 

Ms [%] 2 1.5 4 4.5 5 1.5 2 3.5 4 1.5 

Msg Sg2 Sg1 Sg3 Sg4 Sg4 Sg1 Sg2 Sg2 Sg3 Sg1 

Table 1. Scrap and electrical energy consumption modelling data 

3.2 Economic Aspects Modelling 
 

The research work is focused on the high-mix low-volume manufacturing type of FJSSP, where flexibility exists at 

the manufacturing level. The simulation study was performed on the two commonly used benchmark data sets (Kacem 

and Brandimarte) to which some additional data have be added in terms of costs, product mix, product volume, machine 

workstation dimensions and set-up times. The additional data presented has been generated mathematically with suitable 

interdependency functions. When using a data set from the real world, some constant values from the manufacturing 

system were used to ensure the completeness of the simulation results. The classification of the machines into three groups 

according to their characteristics allows a detailed optimization with respect to the most important optimization 

parameters in terms of manufacturing flexibility and the environmental and economic justification of the manufacturing 

system. The method of mathematical modelling determines the dependencies between machine groups and optimization 

parameters. The mathematical modelling of the corresponding values is based on the method of functional dependencies 

discrete modelling [17]. The Table 2 shows three groups of machines divided by the operating (Oc) and idle (Ic) running 
costs of the machines calculated by the factor of discrete modelling. The correlation factor between running and idle costs 

classifies machines as group G1, represented by small machines, group G2, medium machines, and group G3, large 

machines. According to the machine classification, the operating costs are between 30 and 60 EUR/h. The individual 

machine classification of manufacturing systems can be made according to the proposed approach of discrete factor 

calculation. The values shown in the Table 2 are based on the fixed costs of the individual groups and the recalculated 

idle running costs of the machines.  

 

Group (Mcg) Oc [EUR/h] Fc [%] Ic [EUR/h] Factor 

G1 40-50 40 22-26 x = 2/5 

G2 51-60 50 30-41 x = 1/2 

G3 61-70 60 40-53 x = 3/5 

Table 2. Machine cost group classification 
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The recommendations in [18] have defined the fixed costs (Fc) as 40% in the case of a small machine, 50% in the case 

of a medium-sized machine and 60% of the fixed costs in the case of a large machine. The production capabilities of the 

manufacturing company can be divided into three groups, according to which the optimization of flexibility and the 

sustainable justification of the manufacturing system can be carried out. The number of groups, the range and the 

interdependencies can be adapted according to the specific optimization problem. 

When defining the performance and characteristics of individual machines, it is necessary to adequately link the 

interdependence of the individual parameters, especially when adding parameters by mathematical modelling of randomly 

distributed values. The determination of the group size depends on the calculation of the operating and idle running costs. 
The values of the idle running costs were modelled mathematically using the method of determining discrete values 

according to the correlation factor given in the Table 2. The cost value of operation and idle time is defined in the Table 

3 by the setup time (tset) of the operation, which enables the determination of the cost-time function of the production 

system. The constant values of the layout position of the machines in the production system are determined according to 

the two-axis x, y coordinate system (xloc and yloc). 

 

 Machine 

M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 

Mcg G2 G1 G1 G3 G3 G3 G1 G2 G1 G2 

Oc [EUR/h] 43 35 39 53 52 59 36 45 38 45 

Ic [EUR/h] 21.5 14 15.6 31.8 31.2 35.4 14.4 22.5 15.2 22.5 

xloc [m] 0 0 5 5 10 10 15 15 20 20 

yloc [m] 0 5 0 5 0 5 0 5 0 5 

tset [min] 16 15 50 24 35 38 16 22 18 39 

Table 3. Machine cost modelling data 

The values 4 shown in the table describe individual variables according to the three-group classification. The data 

show the values used in the simulation study and the basis on which the IHKA method [10] optimized the manufacturing 

system. The parameters were determined from the costs, energy consumption, the condition of the production system and 

other related data. For the calculation of the data in the Table 4, some assumptions have to be made, such as: the production 

system works in two shifts; financing of the purchase of machines (50% own resources, 50% loan with 8% interest); 

electricity value constant 8 EUR/100 kWh; 4% maintenance costs; annual plant costs 100 EUR/m2 and 4% additional 

operating costs. 

 

 Mcg 

Data G1 G2 G3 

Purchase price of the machine [EUR] 20,000 70,000 200,000 

Machine power [kW] 4 10 25 

Workplace surface [m2] 10 20 30 

Depreciation period [year] 8 8 8 

Useful capacity of the machine [h/year] 3,000 3,200 3,400 

Energy costs [EUR/kWh] 0.40 1.00 2.50 

Tool costs [EUR/h] 2 3 4 

Costs of machine [EUR/h] 3.95 8.67 18.27 

Worker gross costs [EUR/h] 8 10 12 

Additional costs [EUR/h] 0.16 0.35 0.73 

Workplace costs [EUR/h] 12.11 19.02 31.00 

Variable costs [%] 12.8 24.6 38 

Table 4. Machine operation cost calculation data 

4. Results and Discussion 

 

The simulation study was carried out with two separate optimization methods. The first part was a simulation study 

of an optimized production system, which was carried out with the EC method IHKA. The second part of the simulation 
study was the application of conventional optimization priority rules to determine the optimal production order sequence. 

After two separate optimization methods, the simulation results showed that the optimization results were significantly 

different, so that the optimization results obtained with the IHKA EC method were represented as optimized system and 

the results of conventional technology optimization were called a non-optimized manufacturing system. The simulation 

study evaluated the effects of high-mix low-volume manufacturing type on the environmental and economic eligibility 

Simulation experiment was performed Kacem 15×10 [13], Brandimarte Mk10 [14]. The simulation results obtained by 

the Kacem 15×10 data set represent theoretical FJSSP problem, results from Brandimarte Mk10 data set are describing 

W
or

kin
g P

ap
er

 of
 31

st 
DAA

AM
 S

ym
po

siu
m



31ST DAAAM INTERNATIONAL SYMPOSIUM ON INTELLIGENT MANUFACTURING AND AUTOMATION 

 

 
 

more realistic manufacturing system data. For the Kacem 15×10 dataset, the optimization algorithm procedure is available 

to determine the order of execution of a single operation for all machines from the machine set, each operation can be 

executed on any available machine. However, for the Brandimarte Mk10 data set, the single operation must be performed 

on a machine that is suitable for that operation, i.e. the welding operation can only be performed at the welding workstation 

(a real data set primarily intended to evaluate the applicability of the optimization approach). 

The Table 5 shows the results of IHKA method and priority rules calculation of the manufacturing system according 

to the parameter of electrical energy consumption at the time of order (data set data) execution, where Moecc indicates 

machine operational energy consumption costs and Miecc indicates machine idle energy consumption costs. 
 

 IHKA calculation Priority rules calculation 

Dataset Moecc [EUR] Miecc [EUR] ∑ [EUR] Moecc [EUR] Miecc [EUR] ∑ [EUR] 

Kacem 15×10 92.7 6.1 98.8 106.2 12.5 118.7 

Mk10 475.7 80.6 556.3 475.4 118.6 594 

Table 5. Machine electrical energy consumption cost results 

The numerical results (Fig. 4) show the importance of using advanced evolutionary calculation methods to determine 

the optimal distribution of work orders in terms of electrical energy consumed during operation and to minimise idle 

times, leading to environmental consumption of natural resources and energy efficiency, ensuring economic benefits. 
Using the Kacem 10×15 data set, we can see the importance of optimizing orders schedules based on the allocation of 

individual operations to a specific machine. The results of an optimized manufacturing system ensure a 16.8% reduction 

in electrical energy consumption costs for the same order set. In the IHKA case, energy consumption during machine 

operation was 12.7% lower than with the priority rules optimized system, while significantly longer idle times with the 

IHKA optimized manufacturing system also resulted in 51.2% less electricity costs during the idle period. The data sets 

Mk10 confirm the validity of the simulation model approach, since the power consumption at processing time is identical 

for both systems. The same power consumption at processing time is attributed to the benchmark data set structure of the 

Mk10, under the condition that a certain operation only needs to be performed on a certain machine, which is defined in 

the sequence order production data. The determination of the electrical energy costs consumption while idle for the 

completion of the operation depends on the ability to optimize the planning of the work task accordingly. The results of 

the idle energy consumption show that in the Mk10 data set, the total electrical energy consumption costs of the priority 

rules manufacturing system increased by 32.1% compared to the IHKA optimized manufacturing system. Total reduction 
in electrical energy consumption cost in Mk10 data set is 6.3%.  

 

 

Fig. 4. Numerical results of Kacem 15×10 and Brandimarte Mk10 data sets 

5. Conclusion 

 

The initial research question of investigating the impact of environmental and economic aspects on the sustainable 

orientation of manufacturing system was answered using the simulation modelling method. The research problem of 

assessing the sustainable orientation was examined under two environmental and economic aspects, and the production 

system was evaluated using two different data sets that realistically describe the FJSSP. A block diagram was proposed 

that allows the implementation of a simulation model from the point of view of the parameters mentioned above. The 

environmental aspect of manufacturing flexibility was evaluated by modelling the dependence of the products scrap rate 

percentage in relation to the age of the machine. The data driven simulation model allows the evaluation of test data sets 

and real production systems data. The presented approach of classifying machines by age and scrap rate is based on 
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mathematical modelling and the interdependence of parameters. The financial aspect is represented by determining the 

operating costs and the idle costs of individual operation. The calculation of fixed and variable costs depending on the 

initial investment (size) of the machine is presented. Depending on the financial value of the electricity costs, the 

electricity consumption of the machine is determined. Using two optimization approaches (IHKA EC method and 

application of priority rules), a simulation study was carried out on the importance of production optimization in terms of 

ecological and financial justification is performed. The presented results prove the high importance of the FJSSP 

production optimization from the environmental and economic point of view. 

Following the results of previous studies, which examined the effects of manufacturing flexibility on their cost-time 
investments, the presented research has enhanced them by examining the sustainable aspects of FJSSP manufacturing 

system. Given the holistic approach to sustainable manufacturing in research, this paper presented focuses on two aspects 

that are crucial to achieving positive environmental and economic impacts. Since this paper does not evaluate with the 

social aspect of sustainable manufacturing, which is crucial for the impact of collaborative workplaces design, we will 

further extend our research to the field of assessing the social aspect of sustainable manufacturing in production systems. 

Currently, the work is limited to the evaluation of highly flexible manufacturing systems (FJSSP), further research will 

also consider other types of manufacturing systems, from batch to mass production. With the methods, approaches and 

findings presented, the simulation model, extended by parameters describing the social aspect, can be presented, which 

mainly refers to the worker workplace design evaluation. 

The presented research work enables the application of the presented approach both for the evaluation of test data sets 

(theoretical examples) and for the assessment of real problems in FJSSP manufacturing systems.  
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