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Abstract

:

Businesses are constantly trying to improve their production by looking for bottlenecks to improve their market position. The introduction and innovation of automated production lines is necessary for both labor shortages and productivity and quality reasons. A combination of precision, fluidity, and speed, that is the basic definition of a production line. With the advent of new technologies, production lines have also begun to continuously speed up and innovate. Innovation is the subject of this paper, where the problem of designing a completely new layout for a new production line in the food industry has been addressed. The aim of this paper was to create a design for the optimal layout of the production line in preselected production areas. Optimal use of the space allocated for production is very important for every company today.
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1. Introduction


In today’s global world, businesses are forced to compete not only in their home market, but they must be able to compete with companies from around the world [1]. Therefore, there is a need to constantly adapt to new conditions, increase productivity, streamline production, or improve product quality to compete in international markets [2,3]. Companies are forced to implement various industrial engineering methods and techniques to introduce more efficient, effective, and sophisticated production [4,5,6]. They try to eliminate activities that bring no or low added value. The company can achieve these set goals by implementing methodologies such as lean production or Six Sigma [6,7].



Therefore, the optimization of production is always important for companies. The optimal layout of production machines and workplaces plays an important role in production efficiency and space saving [8]. It is important mainly from the point of view of high prices, various limitations of production equipment, time-consuming processing, unpredictability of repairs, etc. [9]. In each design of the layout solution, there should be individual functional areas, space requirements, aisles including dimensions, but also the design of the flow diagram and the definition of picking zones [10]. Workplaces should be arranged to avoid indirectness and reversible technological flow [11]. As a result, businesses are able to maintain or even improve their market position, gain a competitive advantage, or at least reduce costs [12,13]. The loss of competitive advantage is a major risk for the company. That is why companies are trying to introduce and innovate automated production lines. However, it is always necessary to calculate the investment and assess whether it will pay for the company. It is the degree of certainty in the return on the investment that influences the entrepreneur’s decision [14].



This paper deals with one of the ways to identify bottlenecks in a company and how to optimize and improve the entire production process. The problem of designing a completely new layout of a new production line in the food industry was solved. The aim of this paper was to create a proposal for an optimal layout of the production line in pre-selected production areas.



When searching for the optimal setting of production and logistics processes, the problem is often that there are too many factors that need to be set in the company, and it is necessary to focus on a key or critical subprocess [15]. For these purposes, optimization tools can be used, which help to find a suitable combination of system settings during implementation.



As part of this study, analyses of the original production were carried out and critical points of the production system were determined. Using the proposed methods, new production designs were created that eliminate the specified deficiencies. When designing optimization variants of the existing production system, graphic-analytical analysis methods were used to analyze material flows between workplaces (for example, Sankey diagram). Furthermore, investment, economic, and partially building energy methods were examined, because the original production premises could be modified. Capacity calculations were also used in terms of maximum performance and the number of individual machines.



The disposition solution of individual machines, workplaces, or production centers is one of the essential parts of the project documentation. For the optimization of production systems, it is possible to use cooperative and investment-economical conditions; technological ones are mostly given by existing machinery, and building energy by existing production premises.



The optimization of the lines is related to the accuracy of the production of their individual components, and this article is a practical application of precision manufacturing and precision machinery. For this type of production, the accuracy of the machines and their continuity in the production lines are very important.




2. Basic Methodology


The analysis was carried out in three phases. The first step was to analyze the current situation and obtain input data. The analysis of the current state was supported by calculations of the performance and availability of individual machines on the original line. The data were obtained through observation and imaging.



As part of the first step, it was also necessary to analyze the target market to determine the size of demand for the products to get an idea of increasing production and increasing production capacity. Subsequently, it was necessary to evaluate the information obtained from the calculations made in the initial analysis [16].



To design the optimal layout of the production line, a detailed layout of the entire production plant, including the production machines, was prepared.



Material flow is then a key part in the design and planning of any production system [17]. If we want to improve the entire material flow system, we need to reduce the overall flow, for example, by simplifying the work [18].



A graphical tool—Sankey diagram—was used to illustrate all material flows in the company. To draw the diagram, a production layout is needed, into which the diagram is drawn. Sankey diagrams are used to visualize the flow of materials in different networks and processes, and it is one of the most used tools [19,20]. It is possible to express the progress of a single material or a whole group of materials in a diagram. The width of the lines represents the volume of material handled per unit time, and the length of the line represents the transport distance. The arrow indicates the direction of the material being transported [13].




3. Case Study—Optimization of Assembly Lines


The case study focuses on the optimization of the production line layout in a selected company. The manufacturing company deals with the mass production of a wide range of frozen food products.



Based on a series of analyses carried out on the production lines, the aim was to find bottlenecks in the production process of the selected product, and to propose a more efficient positioning of the new production line in terms of technical and production area.



3.1. Phase 1—Input Analysis of Production on the Original Line


This paper focuses on a production line producing frozen, packaged food. From the wide range of frozen foods that the company produces, products that fall under the category of “Ready-made foods” were selected, specifically focusing on breaded cheese, breaded vegetables, breaded chicken schnitzel, and breaded pork schnitzel. The production volumes of these products are shown in Table 1.



Figure 1 graphically shows the production volumes that were produced in 2021 on the original production line and their percentage in relation to the total production of these products. The figure shows that the largest share of production is in the production of breaded cheeses, with 75%. Because of the highest production share, breaded cheese was chosen as the representative sample on which all calculations are calculated. Specifically, 100 g of breaded cheese with a rectangular shape.



Once the production volume was established, a market analysis was carried out, which led to the conclusion that there was a need to increase production to meet customer demand. To increase production capacity and understand the situation, it was first necessary to calculate the performance of the individual machines on the production line and to calculate their unknown outputs. Three critical pieces of machinery that are part of the production line were examined. These were the forming machine, the freezing tunnel, and the frying tunnel. The wet and dry coater, mixers, cutter, and packing lines need not be addressed further. In the figures below, the forming machine and freezing tunnel (Figure 2), and the frying tunnel and the wet and dry coater (Figure 3) can be seen.



Subsequently, calculations of the output and usability of the original machinery were made. The efficiency calculations of the original devices are shown below.



Maximum efficiency of the forming machine:




	
Number of pieces produced per 1 cycle:










i1 = 3 pcs/1 cycle



(1)







	
Number of cycles in 1 min:







i2 = 23 cycles/min



(2)





Number of pieces molded in 1 h:


KT = i1 × i2 × 60 = 3 × 23 × 60 = 4140 pcs/h



(3)




where:




	
i1—the number of pieces produced per 1 cycle



	
i2—number of cycles in 1 min



	
Weight 1 pc immediately after shaping: 55 g = 0.055 kg








Total weight of pieces produced in 1 h:


mcelk = KT × mT = 4140 × 0.055 = 228 kg/h



(4)




where:




	
KT—number of pieces molded in 1 h (pcs)



	
mT—weight of molded cheese (pcs)








The resulting weight of one piece at the end of the line:


m = mT + mo = 55 + 45 = 100 g



(5)




where:




	
mT—weight of 1 piece after shaping (g)



	
mo—the weight of the cheese package (g)








The efficiency of the forming machine according to the calculation was PT = 228 kg/h. Efficiency of the frying tunnel PF = 1500 kg/h and freezing tunnel PZ = 600 kg/h were known from the technical documentation of the machines.



Furthermore, the usability calculations of the individual three main machines were performed. The forming machine had the lowest efficiency at 4140 pcs/h, and in the calculations, this value was calculated as the default value, i.e., 100% (4140 pcs/h = 100%).



Usability of the frying tunnel:


PF/m = 1500/0.1 = 15,000 pcs/h



(6)




where:




	
PF—efficiency of the frying tunnel (kg/h)



	
m—weight of 1 piece of semi-finished product (kg)








Usability calculation:


KT/KF = 4140/15,000 = 27.6%



(7)




where:




	
KT—the number of pieces produced in 1 h on the forming machine (pcs/h)



	
KF—the number of pieces produced in 1 h in the frying tunnel (pcs/h)








Usability of the freezing tunnel:


PZ/m = 600/0.1 = 6000 pcs/h



(8)




where:




	
PZ—performance of the freezing tunnel (kg/h)



	
m—weight of 1 piece of semi-finished product (kg)








Usability calculation:


KT/KZ = 4140/6000 = 69%



(9)




where:




	
KT—the number of pieces produced in 1 h on the forming machine (pcs/h)



	
KZ—the number of pieces produced in 1 h in the freezing tunnel (pcs/h)








From the above calculations, it follows that the capacities of the forming machine and the freezing tunnel are noticeably lower than the capacity of the frying tunnel, which leads to inefficient use of all machines. It is therefore possible to replace the forming machine and the freezing tunnel. Table 2 shows that the frying tunnel has the highest output, i.e., 15,000 pcs/h.



The aim was to calculate the required performance of all three main machines of the original production line. This was done to match the performance and maximize the availability of all parts of the production line.



It is evident from Table 2 that the frying tunnel has the highest efficiency. The other two devices require higher efficiency. For the forming machine, the weight of one piece was only 55 g, which was 55% of the weight of one product that passes through the frying and freezing tunnels. This weight corresponds to the unwrapped cheese, which was chosen as a representative due to its highest production share.



Calculation of the necessary efficiency of the forming machine:


PpT = PF × 55% = 1500 × 0.55 = 825 kg/h



(10)




where:




	
PF—frying tunnel efficiency (kg/h)








The required efficiency of the freezing tunnel is the same as the efficiency of the frying tunnel, i.e., 1500 kg/h.



To make the initial analysis of the production complex and to determine the current state, it was necessary to describe and record the course of production on the original production line. The actual production of the breaded cheese on the original production line starts on the Seydellman cutting machine, where the Eidam cheese is cut to the required size. The cheese is then transferred to a UM 500 mixer, to which egg melange and flour are added. The mixer churns the raw materials into a mushy mass, resulting in a cheese mixture. This mixture is then transferred to the Koppens forming machine.



The Koppens forming machine consists of a pressure plate that pushes the cheese semi-finished product through a shaped hole in the shaping plate to the required shape and weight. This cheese is shaped in three pieces side by side. These already shaped cheeses fall onto a conveyor, which transports the cheese to the wet coater. In the wet coater, the cheese is coated with the first layer, and the cheese then passes through the conveyor into the dry coater, where the cheese is coated in breadcrumbs. The cheese then re-enters the second wet coater where it is coated. Next, the cheese is conveyed to a second dry coater where the cheese is coated in breadcrumbs a second time. The now breaded cheese is transported by conveyor through the frying tunnel, where the cheese is fried at temperatures of around 160 °C.



The finished cheese then enters the freezing tunnel at a temperature of around 90 °C and is constantly in motion, spiraling up to the higher part of the freezing tunnel and then exiting into the packing area. This cheese is frozen at −24 °C. This is followed by wrapping, placing in a box, and then on a pallet.



These pallets are then transported to cold store A. Depending on the need, these pallets are transported back to the packing area where they are repacked on the Econopack packing line into consumer packs of two to four pieces. They are placed on a pallet and wrapped in foil. These pallets of finished cheeses are taken back to warehouse A where they are stored until they are dispatched. The warehouses operate a FIFO (first in—first out) system. More on the FIFO method in retail, specifically in the food supply chain, is discussed in [22].



The production flow of the breaded foodstuffs on the original production line is shown in Figure 4. A description of the numbers of all production equipment is given in Table 3.



The packing line consists of four separate places, which are the weighing table, the gluer, the detector, and the packing table.



In the warehouses, the company applies the FIFO system, where the pallet that enters first must exit first. The warehouses are designed in such a way that it is more challenging to apply the FIFO system because of the loading and unloading from one side. For this reason, it takes longer to unload goods than if the racks were accessed from both sides. However, this access is not possible in warehouse areas due to the small space.



It is also necessary to show where the so-called hygiene loop occurred in the production of ready-made foods, and one place for the handover of pallets within the company. Their locations are shown in Figure 5, where the hygiene loop, intended for the passage of people between the clean and dirty zones, is highlighted by a green circle and separates the production area with the changing rooms. The pallet handover area is then highlighted with a yellow circle and is located between the production and storage areas.




3.2. Phase 2—Evaluation of the Acquired Knowledge


Based on the calculations made in the initial analysis, it was necessary to purchase a new forming machine and freezing tunnel. The performance calculations of the individual critical parts therefore showed that the performance of the forming machine and freezing tunnel was noticeably lower than that of the frying tunnel, resulting in inefficient use of all machines. There is a possibility to replace the forming machine and freezing tunnel. We would upgrade to the maximum capacity of the frying tunnel, which is 1500 kg/h. The results were consulted at all levels of management. The company management therefore decided to purchase a new, more powerful freezing tunnel and forming machine. This will increase production capacity while maintaining the current frying tunnel. The original production line will be maintained on the first floor of the ready-made foods production. An older frying tunnel and the original wet and dry coater were used. Additional refurbished older wet and dry coaters were purchased. It was decided to purchase new packaging lines.



Due to the contractual partners and low competition in the segment of production machines, a new forming machine with a capacity from 1500 kg/h to 4000 kg/h (depending on the product) was offered by the contractual company. The main part of the forming machine is the forming drum. In contrast to the original extrusion-plate forming, the forming machine works on the principle of continuous extrusion of the raw material through a rotating drum, thus shaping it.



The purchase of the new production equipment increases the width of the belt from 400 mm to 600 mm, allowing five products to fit side by side instead of the original three. There is also enough space in the retained frying tunnel to increase the width of the belt. In addition, a freezing tunnel has been offered with a capacity of 1500 kg/h to 1800 kg/h (depending on the product).



The capacity of the new production line will be set at 1500 kg/h, i.e., 15,000 pcs/h (for 100 g cheese), which corresponds to the maximum capacity of the existing frying tunnel. Based on a consultation with the company’s management, a space has been identified to locate the new production line on the ground floor of the ready-made foods production area, which is close to the warehouse. These areas are delineated by the purple dashed line in Figure 6.




3.3. Phase 3—Design of the Production Line Layout


In this section, layout designs were made for the layout of the production line in the designated production areas. For each option, the lengths of material flows were subsequently determined, and a projected calculation of the construction modifications was made. The designs were developed in relation to the hygiene requirements and path width requirements of the relevant standards.



The actual production process on the new production line is similar to that on the original production line. What is different is the way in which the cheese is shaped in five rows (originally in three rows) using the principle of continuous extrusion by means of a rotating drum. The filling of the forming machine is also different. In the new production line, the mixture is tipped into a vacuum filling machine, which pushes the cheese mixture into the forming machine.



Figure 7 shows a diagram of the production process with the designation of the individual machines (Table 4). The start of production is at machine number 1, the Seydellman cutter, and the end at the Econopack packer.



However, the layout must consider the location of the drum washer and drum holder. The drum washer and drum holder must be located close to the vacuum filling machine.



The output of the new Merell forming machine, where the cheese is formed to the required shape and weight, can be seen in Figure 8, with shaped cheese coming out of the five-row forming machine.



The last machine on the new production line is the Econopack packer. Automated packing into consumer boxes takes place here. Figure 8 shows the packaging of cheese in two pieces.



In addition to breaded foods, the new production line (Figure 7) can also produce potato croquettes or liver dumplings. For this production, however, other equipment must be connected to the production line. Sanitation is required whenever production is changed, production is shut down, etc. The sanitation itself consists of dismantling the production line and cleaning all the individual equipment. This sanitation takes three hours. The sequence of the various production facilities in the production of croquettes or liver dumplings is illustrated in Figure 9.



When making croquettes or liver dumplings, both wet and dry coaters and the forming machine are taken off the production line. Furthermore, the Seydellman cutter and mixer are not required for production. Thus, there is only the connection of the Verbuffa, which is located under number 11 in Figure 9. The Verbuffa is connected on the outlet side to the Mayn frying tunnel and on the inlet side to the vacuum filling machine. For other names of machinery, see Table 4.



In terms of hygiene, it is necessary to divide production and nonproduction areas into clean and dirty zones, where clean zones are the parts of the production areas where production is carried out. Alternatively, where raw material, semifinished, or finished unpacked product is handled. The parts of the production plant are therefore divided according to Figure 10, where the clean zone is marked in blue and the dirty zone in grey.



In production, a main traffic route with one lane for one direction of travel and one side lane for the movement of people without load was considered. The maximum width of the lift truck was assumed to be 1.6 m, the width of the side lane for unladen traffic in both directions is 750 mm, and the safety clearance is 200 mm. It was also necessary to consider the necessary structural modifications (material, work, transport, rental of construction equipment), which are often required to set up new production lines in companies [23,24].



The width of the main road:


W = A + 750 + 200 = 1060 + 750 + 200 = 2010 mm



(11)




where:




	
A—the width of the lane (mm)








The production area is not used for the passage of people or materials for other production, so there is no need to consider all production locations with a width of 2010 mm. It is possible in some places to use widths of only 1460 mm in places where it is necessary to reach with a pallet truck. In the most extreme case, it is possible to consider a gap of only 1100 mm, where there will be a clearance of only 40 mm, but the possibility of transporting pallets will still be ensured. In places where there is only movement of people, it will be necessary to leave an aisle with a width of at least 600 mm for the movement of people in one direction, or 750 mm for the movement of people in both directions [23,24].



For the location of the production line in the chosen production area, two main options were offered, where one option has the production direction from left to right and the other from right to left.



Option 1—left direction of production



In the following Option 1, there is no significant saving of empty space that could be used for other production. Compared to Option 2, this option requires fewer construction changes. For example, the existing interim storage of pallets can be used. Existing hygiene loops and material transfer points can also be used. Figure 11 shows the material flows for Option 1—left direction of production.



Material flows for Option 1 were also calculated. To do this, it was necessary to determine the proportions of individual raw materials, semifinished products, and packaging needed to produce one piece of product. For each item, the distance to transport the pallet from the warehouse to the point of consumption, as well as the number of pieces or weight per pallet, were defined. From this, it can then be derived how many pallets of raw material, semifinished goods, or packaging need to be transported from or to the warehouse (Table 5).



The production line runs in three shifts of 7.5 h, seven days a week. In the calculations, continuous cheese production for one week was assumed. Including one sanitation, the production will be 3 h less in one week. This is only the theoretical maximum production time if the line runs continuously without breakdowns, and there will be no exchange to produce croquettes or liver dumplings. A total of 231,750 kg (2,317,500 pieces) of breaded 100 g cheese should be produced in this time. The consumption of all semifinished products, raw materials, and packaging for this production was then calculated. In addition, the number of pallets transported, and the total distance travelled with pallets in one week were given. The total distance travelled in one week for Option 1 was 155,979 km (Table 6); after conversion to one year, this value is 8,110,908 km.



Distance travelled in 1 year:


s1r = s1t × 52 = 155,979 × 52 = 8,110,908 m



(12)




where:




	
s1r—weekly run (m) for option 1



	
52—number of weeks in a year








In the next part of the design, the path widths in the production areas were checked. This was based on the relevant standards, for example, the Czech standards CSN 26 9010 for materials handling, including requirements for the width and height of roads and aisles, and CSN 73 5105 dealing with industrial buildings for production purposes. The lift truck movement is shown in green and the movement of people in pink. The arrow indicates only one direction of travel. However, the return of the lift truck and persons is also considered. There should not be frequent passing in both directions. The bottlenecks are dimensioned in Figure 12, which shows that a smooth passage will be ensured. The pallet locations are purely indicative. The pallet can be placed as per the actual need of the production operator. The narrowest space (750 mm) for operator passage in this Option 1 is between the Econopack packer and the back wall. Here, however, occasional operator passage in one direction is envisaged. The narrowest space (1.7 m) for transporting pallets is between the vacuum filling machine and the column. Here, the transport of pallets and the occasional passage of persons is envisaged. All freezer doors can also be considered as bottlenecks because of their usual width (1.9–2 m). However, these passageways are usually only used when coming in or out of a shift or during breaks [23,24].



The next necessary step was the construction changes (Figure 13), which had to be calculated to determine the cost of this option. Demolition of 36 m of PUR panel walls (80 mm wide) and 3.6 m of masonry with a constant width of 390 mm would be required. In addition, three freezer doors and one lamellar screen will need to be dismantled. The ceiling height is 3.5 m. All costs in the calculations were converted from CZK to EUR according to the current exchange rate.



The calculations included the following: the total area of the walls to be demolished, an estimate of the demolition price, the area of the walls to be completed, an estimate of the price for the PUR panels (material), an estimate of the installation price, and an estimate of the transport price.



Wall area to be demolished:


Sd1 = lp1 × v1 + lz2 × v1 = 36 × 3.5 + 3.6 × 3.5 = 140 m2



(13)




where:




	
lp1—length of the PUR panel wall for the Option 1 (m)



	
lz1—length of masonry wall for Option 1 (m)



	
v1—wall height for Option 1 (m)








Demolition price estimate:


D1 = Sd1 × cd + m1 × cdm + lc1 × cdlc = 140 × 2.2 + 3 × 5 + 1 × 1.6 = 324.6 EUR



(14)




where:




	
Sd1—area of walls to demolish for Option 1 (m2)



	
cd—price of wall demolition (EUR/m2)



	
m1—number of freezer doors to remove for Option 1 (pcs)



	
cdm—the price of dismantling the freezer door (EUR/pcs)



	
lc1—the number of lamella screens to be dismantled for Option 1 (pcs)



	
cdlc—the price of disassembling lamella blinds (EUR/pcs)








Area of walls to be completed:


Sv1 = lp2 × v1 = 1.3 × 3.5 = 4.5 m2



(15)




where:




	
lp2—length of PUR panel wall to be completed for Option 1 (m)



	
v1—wall height for Option 1 (m)








Price estimate for PUR panels (material):


Pp1 = Sv1 × p2 = 4.5 × 54.3 = 244.4 EUR



(16)




where:




	
Sv1—area of walls to be completed for Option 1 (m2)



	
p2—price for PUR panels (EUR/m2)








Installation price estimate:


Pm1 = Sv1 × (p1 + p4) + Lm1 × c1 × v1 = 4.5 × (14.6 + 2.3) + 4 × 5.4 × 3.5 = 151.7 EUR



(17)




where:




	
Sv1—wall area to be completed for Option 1 (m2)



	
p1—price for the installation of PUR panels (EUR/m2)



	
p4—price for assembly—screws (EUR/m2)



	
Lm1—the number of screens needed for Option 1 (pcs)



	
cl—price for 1 slat (EUR/m)



	
v1—wall height for Option 1 (m)








Price estimate for transport and rental fees:


Pdp1 = dd × n1 + hp × n1 = (dd + hp) × n1 = (38 + 168) × 1 = 206 EUR



(18)




where:




	
dd—cost of transportation of workers (EUR/day)



	
n1—estimated length of reconstruction (day)



	
hp—rental hydraulic platforms and scaffolding (EUR/day)








In this option, the use of existing hygiene loops and material transfer points was envisaged. The need for a new refrigerated or freezer warehouse was not assumed.



The estimated total cost of the construction changes for Option 1 is very low, amounting to less than EUR 1000. In this variant, it is necessary to demolish only a few meters of walls and cover two opposite walls with PUR panels.



The total estimated price of the space modifications:


C1 = D1 + Pp1 + Pm1 + Pdp1 = 324.6 + 244.4 + 151.7 + 206 = 926.7 EUR



(19)







Option 2—right direction of production



The second variant is the location for the opposite direction of production—from right to left. The main advantage of this variant is the saving of two unused spaces of 25 m2 and 51 m2, which can be connected and used for other production. On the contrary, the disadvantage at first glance is the greater construction changes of the production areas. The creation of a new cold store is needed to bring in semifinished products and raw materials before production starts. In this variant, raw materials and semifinished goods are brought in from warehouses outside the main pallet transfer point. Therefore, a new pallet transfer point must be created between the storage area (dirty zone) and the production area (clean zone). Workers can then move through the main hygiene loop, which is one in these areas, at the changing rooms on the opposite side of the production plant. It will also be necessary to allocate (or purchase) one pallet truck specifically for these areas, as the trolley cannot go to other production areas without going through the dirty zone. A representation of the material flows for Option 2 is shown in Figure 14.



In this option, pallets of raw material/semifinished goods will be loaded through the transfer point to the new cold store before production starts. After the actual start of production, the pallets of raw material/semifinished goods will be transported to the individual machines as required.



As with the previous option, material flows were subsequently determined. The proportions of each raw material, semifinished product, and packaging required to produce one piece of product were defined (Table 7).



The production line runs in three shifts of 7.5 h, 7 days a week. In the calculations, continuous cheese production for one week was assumed. If one sanitation is included, the production will be 3 h shorter in one week, which is 154.5 h. Again, this is only the theoretical maximum production time if the line runs continuously without breakdowns, and there will be no exchange to produce croquettes or liver dumplings. A total of 231,750 kg (2317 500 pieces) of breaded 100 g cheese should be produced in this time. Subsequently, the consumption of all semifinished products, raw materials, and packaging for this production was calculated. The number of pallets transported, and the total distance travelled with pallets in one week were also given. The total distance travelled in one week for Option 2 was 206,289 km (Table 8); after conversion to one year, this value was 10,727,028 km.



Distance travelled in one year:


s2r = s2t × 52 = 206,289 × 52 = 10,727,028 m



(20)




where:




	
s2r—weekly run in (m) for Option 2



	
52—number of weeks in a year








In the next part of the design, the widths of the paths in the production areas were checked according to CSN 26 9010 and CSN 73 5105, as in Option 1 [23,24]. The lift truck movement is shown in green in the figure and the movement of people is shown in pink. The arrow indicates only one direction of movement, but movement in both directions is possible. It is not anticipated to have regular movement of the pallet truck or persons in both directions at the same time. The bottlenecks are indicated in Figure 15. As can be seen from the figure, the smooth passage of people and trucks will also be ensured in this variant. The pallet locations are approximate, and the pallets can be positioned at will according to the actual needs of the production operator. The narrowest space (950 mm) for the passage of people is at the Econopack packer between the table behind the detector and the wall. Here, the occasional passage of two production operators to the conveyor belt is envisaged. In addition, one production operator works in the so-called bottleneck. However, he can approach the table from a different angle. The narrowest place for the movement of the lift truck is again at the Econopack packer, but now on the other side of the inserter. However, there is enough space (1.37 m) for loading or unloading pallets. The box packing line can also be folded at an angle, which is more suitable in this case, and gives an extra 500 mm of walk-through width. Another advantage will be the optimal positioning of the pallet, which will not block the passage of two operators working from opposite sides of the packer.



The next necessary step was the construction changes (Figure 16), which had to be calculated to determine the cost of Option 2. Here, 52 m of PUR panel walls (80 mm wide) had to be demolished. Six freezer doors and one lamellar screen will have to be dismantled. See Figure 16 for demolition. The walls to be demolished are highlighted in orange. In this option, the pallet transfer area must be extended with PUR panel partitions (80 mm wide) by a total of 2.7 m to a height of 3.5 m. It is also planned to complete the cold store, which will require the addition of 14.5 m of PUR panel walls to a height of 3.5 m. There will also be a need for the installation of refrigeration doors. In the picture, the new PUR panels are highlighted in orange, with the door in green and the lamellar screen in black. All costs in the calculations were converted from CZK to EUR according to the current exchange rate.



The calculations included the following: the total area of the walls to be demolished, an estimate of the demolition price, the area of the walls to be completed, an estimate of the price for the PUR panels (material), an estimate of the installation price, and an estimate of the transport price.



Wall area to be demolished:


Sd2 = lp2 × v1 + lz2 × v2 = 52 × 3.5 + 0 × 3.5 = 182 m2



(21)




where:




	
lp1—length of PUR panel wall for Option 2 (m)



	
lz1—length of masonry wall for Option 2 (m)



	
v2—wall height for Option 2 (m)








Demolition price estimate:


D2 = Sd2 × cd + m2 × cdm + lc2 × cdlc = 182 × 2.2 + 6 × 5 + 1 × 1.6 = 432 EUR



(22)




where:




	
Sd2—area of walls to demolish Option 2 (m2)



	
cd—price of wall demolition (EUR/m2)



	
m2—number of freezer doors to be dismantled for Option 2 (pcs)



	
cdm—the price of dismantling the freezer door (EUR/pcs)



	
lc2—number of lamellar screens to be dismantled for Option 2 (pcs)



	
cdlc—the price of disassembling lamella screens (EUR/pcs)








Area of walls to be completed:


Sv2 = (lp3 + lp4) × v2 = (2.7 + 14.5) × 3.5 = 60 m2



(23)




where:




	
lp3—the length of the PUR panel wall to complete the place for handing over the pallets (m)



	
lp4—the length of the PUR panel wall for the completion of the cold store (m)



	
v2—wall height for Option 2 (m)








Estimated price for PUR panels (material):


Pp2 = Sv2 × p2 = 60 × 54.3 = 3258 EUR



(24)




where:




	
Sv2—wall area to be completed for Option 2 (m2)



	
p2—price for PUR panels (EUR/m2)








Installation price estimate:


Pm2 = Sv2 × (p1 + p4) + Lm2 × c2 × v2 + mv × cv + md × cmcl = 60 × (14.6 + 2.3) + 1 × 5.4 × 3.5 + 1 × 21 + 1 × 21 = 1074.9 EUR



(25)




where:




	
Sv2—wall area to be completed for Option 2 (m2)



	
p1—price for the installation of PUR panels (EUR/m2)



	
p4—price for assembly—screws (EUR/m2)



	
Lm2—the number of screens needed for Option 2 (pcs)



	
c2—price for one screen (EUR/m)



	
v2—wall height for Option 2 (m)



	
mv—the number of installed doors (pcs)



	
cv—door installation price (EUR/pcs)



	
mcl—the number of installed screens (pcs)



	
cmcl—the price of installing screens (EUR/pcs)








Estimated price for transport and rental fees:


Pdp2 = (dd + hp) × n2 + dm = (38 + 168) × 5 + 1000 = 2030 EUR



(26)




where:




	
dd—cost of transportation of workers (EUR/day)



	
n2—estimated length of reconstruction (day)



	
hp—rental hydraulic platforms and scaffolding (EUR/day)



	
dm—the cost of transporting the material (EUR)








The estimated total cost of the construction changes for Option 2 is approximately EUR 6800. In addition, a new cold store and pallet transfer area had to be created for this option, which significantly increased the price. However, due to the circumstances that the entire premises already had PUR panel roofs, there was no need to create new roofs, thus saving a significant part of the investment.



The total estimated price of the space modifications:


C2 = D2 + Pp2 + Pm2 + Pdp2 = 432 + 3258 + 1074.9 + 2030 = 6794.9 EUR



(27)







A relatively important advantage of Option 2 is the saving of 25 m2 and 51 m2 of space that can be used for setting up other production machines. The empty spaces are shown in Figure 17.



These spaces have a floor at the same floor height and, therefore, after a possible structural check and possible strengthening of the ceiling, the bearing wall between them could be broken through, thus connecting these spaces.





4. Evaluation of the Results


In the section of the analysis of the current situation in terms of existing production, an increase in production capacity was made with the need to purchase some new production equipment in the required capacities, such as a freezing tunnel or a forming machine. It was also decided to maintain the original production line on the first floor of the factory.



The main reason for the purchase of a new production line was the need to increase production capacity. Based on this, the performances of the critical equipment (freezing tunnel, frying tunnel, and shaper) were calculated. From the calculations, the bottleneck was found to be the shaper. However, after replacing the shaper with a new one, the freezing tunnel would also become another bottleneck. This would of course continue to the fryer tunnel as well. In terms of capacity, at least for the time being, it was enough to replace the freezing tunnel and the shaper in the company. In the end, even though it was initially considered to simply replace the original line, in addition to the purchase of a new line to the new premises, the original line was also preserved and is located in the original location.



The original forming machine shaped three cheeses side by side, while the new one can shape five cheeses side by side. At the same time, the conveyor belt had to be replaced with a wider one, from the original 400 mm to 600 mm. The original forming machine shaped the cheese in a cyclic linear up and down movement, while the new one works on the principle of a rotating drum, so shaping is faster.



The belt must move along the entire length of the line at the same speed, which is determined by the track inside the freezing tunnel and its efficiency. The cheese must be in the freezing tunnel for about 1 h to freeze at −20 °C. The new freezing tunnel is therefore larger, the cheese inside travels a longer distance, and therefore stays in the tunnel longer and has a higher efficiency. Therefore, the conveyor belt can have a higher speed.



In the comparison of the proposed options, it was decided to locate the production line according to the design of Option 1. However, this option will not save any space that could be used to situate other technology. A comparison of the advantages and disadvantages of the two options is presented in Table 9.



Material flows must be divided by handover point that define the boundaries between warehouses (dirty zone) and production (clean zone). The movement of material inside the warehouses (to the handover point) is ensured by large electric lift trucks and is carried out by warehouse employees. In production (from the handover point to the machine), manually guided pallet trucks are ensured by the line operator. The handover points are marked in Figure 18. The lift truck operator drives the semifinished products towards the handover point as needed (mostly before the start of the shift or batch). They also take finished products to freezer warehouses, so they rarely go back empty, but it can always happen depending on the current situation. The transportation of raw materials between the production line and the handover point is ensured by the line operator. They usually bring in the necessary raw materials at the beginning of the shift or batch. Only empty pallets or possible waste are taken back from the production line. The operator only weighs the packaging to the packaging line, but takes away the finished products.



The authors believe that automation would be beneficial; however, automation was not required at the time of solution. It would probably be necessary to automate all material transports, which would be expensive in terms of acquisition costs, and would deserve its own project.



A comparison of the production performance of the original setup of the original production line with the new setup of the new production line is shown in Table 10.



The capacity was increased by 15,000 pieces per hour; the production of wrapped cheese was calculated, which represents 75% of all products produced on the production line.



The investment in new production facilities was also evaluated from an economic and legal point of view. For the economic evaluation, it was necessary to know all the expenses for the acquisition of machinery—the price of the machinery including VAT, the price of labor and commissioning, the price of construction changes, etc. In addition, the method of financing was also an important factor—not only whether it was financed from own or external sources, but also whether subsidies were used. Furthermore, the payback period of the investment was calculated, which came out to five years. From a legal point of view, it is necessary to comply with the applicable legislation. It is also important, for example, to conclude the right type of contract, to select the contractor and the related public tender problem, to write the grant application, to select the appropriate delivery terms (the possibility of using INCOTERMS clauses—see [25] for details), etc. Due to the focus of this paper, only the estimated cost of the construction changes is included in the comparison, which has an impact on the choice of the option. The evaluation of the overall investment can thus be the subject of another article.




5. Conclusions


The aim of this paper was to design the layout of the production line for its optimization. Thanks to the optimization carried out, the production on the production line became more efficient in connection with the accuracy of the production of individual machines and their mutual continuity on the production line. In the initial part of the analysis of the current situation in terms of existing production, depending on the requirement for an increase in production capacity, it was decided that there was a need to purchase some new production equipment, such as a freezing tunnel and a forming machine. The decision was taken by the company management to purchase these machines in the required capacities. It was also decided to maintain the original production line on the first floor of the factory.



The layout solution was created in the designated part of the production. The case study itself deals with two basic options for the layout of the production line, depending on the continuity of material flows and the sequence of production.



Based on the analyses, it was decided to locate the production line according to the Option 1 design, mainly because of the higher continuity of material flows, larger space for material handling, and lower purchase price, including simplicity of construction changes. However, this option does not save any space that could be used to situate other technology.



Comparing the production performance of the new production line with the old line, the new production line has 3,6 times higher production than the old line. If both production lines are used simultaneously, the production will increase by 15,000 pcs per hour. The new production line is already in operation under Option 1. The estimated payback period for the investment is five years.
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Figure 1. Representation of the share of production on the original production line in kg/year. 
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Figure 2. Koppens forming machine and freezing tunnel [21]. (a) Koppens forming machine; (b) freezing tunnel. 
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Figure 3. Entrance to the frying tunnel and wet and dry coater [21]. (a) Entrance to the frying tunnel; (b) wet and dry coater. 
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Figure 4. Production flow on the original production line [21]. 
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Figure 5. Location of hygiene loops and pallet handover points [21]. 
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Figure 6. Space for the new production line [21]. 






Figure 6. Space for the new production line [21].



[image: Machines 12 00189 g006]







[image: Machines 12 00189 g007] 





Figure 7. Production flow on the new production line [21]. 
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Figure 8. Merell forming machine and Econopack packer [21]. (a) Merell forming machine; (b) Econopack packer. 
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Figure 9. Sequence of making potato croquettes and liver dumplings [21]. 
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Figure 10. Division into clean and dirty zones [21]. 






Figure 10. Division into clean and dirty zones [21].



[image: Machines 12 00189 g010]







[image: Machines 12 00189 g011] 





Figure 11. Material flows—Option 1 [21]. 
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Figure 12. Movement of lift trucks and persons—Option 1 [21]. 
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Figure 13. Construction changes and completion of PUR panel walls—Option 1 [21]. 
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Figure 14. Material flows—Option 2 [21]. 






Figure 14. Material flows—Option 2 [21].



[image: Machines 12 00189 g014]







[image: Machines 12 00189 g015] 





Figure 15. Movement of lift trucks and persons—Option 2 [21]. 
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Figure 16. Construction changes (completion)—Option 2 [21]. 
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Figure 17. Space saving—Option 2 [21]. 
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Figure 18. Material flows with marking of handover points—Option 1 [21]. 
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Table 1. Quantity produced on the original production line for the accounting year 2021 [21].
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	Product
	Production Volume for the Accounting Year (kg/Year)





	Breaded cheese
	2,668,566



	Breaded vegetables
	477,833



	Breaded pork schnitzel
	377,287



	Breaded chicken schnitzel
	48,135



	Total
	3,571,818










 





Table 2. Outputs and usability of the main machines [21].
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	Machine
	Output (pcs/h)
	Usability (%)





	Forming machine
	4140
	100



	Frying tunnel
	15,000
	27.6



	Freezing tunnel
	6000
	69










 





Table 3. Numbers of the original production facilities [21].
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	Machine Number
	Name of the Machine
	Machine Number
	Name of the Machine





	1
	Cutting machine
	7
	Frying tunnel



	2
	Mixer
	8
	Freezing tunnel



	3
	Forming machine
	9
	Weighing table



	4
	Wet coater (2×)
	10
	Gluer



	5
	Mixer
	11
	Detector



	6
	Dry coater (2×)
	12
	Packing table










 





Table 4. Machine numbers on the new production line [21].
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	Machine Number
	Name of the Machine
	Machine Number
	Name of the Machine





	1
	Seydellman cutter
	7
	Dry coater (2×)



	2
	Mixer UM 500
	8
	Frying tunnel



	3
	Vacuum filling machine
	9
	Freezing tunnel



	4
	Forming machine Merell
	10
	Packing machine



	5
	Mixer (2×)
	11
	Econopack packer



	6
	Wet coater (2×)
	
	










 





Table 5. Material flows for Option 1 [21].
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	Ingredient
	Number (kg) on Pallet
	Distance (m)
	Product Share (%)





	Eidam cheese 30%
	500
	90
	51.84



	Egg melange
	250
	80
	2.06



	Instant flour
	750
	95
	1.10



	Cheese mixture
	119.9
	7
	55



	Battermix
	750
	88
	6.61



	Ice
	250
	62
	2.52



	Brata breadcrumbs
	750
	88
	10.3



	Semily breadcrumbs
	450
	88
	8.2



	Ingredient
	Number (L) on the pallet
	Distance (m)
	Product share (%)



	Water
	-
	Water pipeline
	12.63



	Frying oil
	200
	55
	4.8



	Packaging
	Number of pieces on the pallet
	Distance (m)
	Share per 1 kg of product



	Carrier boxes
	28
	81
	1/15



	Boxes
	12,800
	81
	5



	Cartons
	960
	80
	1/2



	Packaged products
	3360
	38
	1/2



	Product
	Number of pieces on the pallet
	Distance (m)
	Share per 1 kg of product



	Product in a carrier box
	420
	82
	1/15










 





Table 6. Total distance of material flows for Option 1 [21].
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	Ingredient
	Consumption of Semifinished Products (kg)
	Number of Transported Pallets/Trolleys (Pcs)
	Total Distance Travelled (m)





	Eidam cheese 30%
	120,139
	241
	21,690



	Egg melange
	4774
	20
	1600



	Instant flour
	2549
	4
	380



	Cheese mixture
	127,463
	1064
	7448



	Battermix
	15,319
	21
	1848



	Ice
	5840
	24
	1488



	Brata breadcrumbs
	23,870
	32
	2816



	Semily breadcrumbs
	19,004
	43
	3784



	Ingredient
	Consumption of Semifinished Products (L)
	Number of Transported Pallets/Trolleys (pcs)
	Total Distance Travelled (m)



	Water
	29,270
	-
	-



	Frying oil
	11,924
	60
	3300



	Packaging
	Packaging Consumption (pcs)
	Number of Transported Pallets (pcs)
	Total Distance Travelled (m)



	Carrier boxes
	15,450
	552
	44,712



	Boxes
	1,158,750
	91
	7371



	Cartons
	115,875
	121
	9680



	Product in a carrier box
	15,450
	552
	45,264



	Packaged product
	115,875
	121
	4598



	Total:
	-
	-
	155,979










 





Table 7. Material flows for Option 2 [21].
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	Ingredient
	Number (kg) on Pallet
	Distance (m)
	Product Share (%)





	Eidam cheese 30%
	500
	72
	51.84



	Egg melange
	250
	70
	2.06



	Instant flour
	750
	67
	1.10



	Cheese mixture
	119.9
	4
	55



	Battermix
	750
	60
	6.61



	Ice
	250
	31
	2.52



	Brata breadcrumbs
	750
	57
	10.3



	Semily breadcrumbs
	450
	61
	8.2



	Ingredient
	Number (L) on the Pallet
	Distance (m)
	Product Share (%)



	Water
	-
	water pipeline
	12.63



	Frying oil
	200
	52
	4.8



	Packaging
	Number of Pieces on the Pallet
	Distance (m)
	Share per 1 kg of Product



	Carrier boxes
	28
	105
	1/15



	Boxes
	12,800
	104
	5



	Cartons
	960
	102
	1/2



	Packaged products
	3360
	67
	1/2



	Product
	Number of Pieces on the Pallet
	Distance (m)
	Share per 1 kg of Product



	Product in a carrier box
	420
	155
	1/15










 





Table 8. Total distance of material flows for Option 2 [21].
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	Ingredient
	Consumption of Semifinished Products (kg)
	Number of Transported Pallets/Trolleys (Pcs)
	Total Distance Travelled (m)





	Eidam cheese 30%
	120,139
	241
	17,352



	Egg melange
	4774
	20
	1400



	Instant flour
	2549
	4
	268



	Cheese mixture
	127,463
	1064
	4256



	Battermix
	15,319
	21
	1260



	Ice
	5840
	24
	744



	Brata Breadcrumbs
	23,870
	32
	1824



	Semily Breadcrumbs
	19,004
	43
	2623



	Ingredient
	Consumption of Semifinished Products (L)
	Number of Transported Pallets/Trolleys (pcs)
	Total Distance Travelled (m)



	Water
	29,270
	-
	-



	Frying oil
	11,924
	60
	3120



	Packaging
	Packaging Consumption (pcs)
	Number of Transported Pallets (pcs)
	Total Distance Travelled (m)



	Carrier boxes
	15,450
	552
	57,960



	Boxes
	1,158,750
	91
	9464



	Cartons
	115,875
	121
	12,342



	Product in a carrier box
	15,450
	552
	85,560



	Packaged product
	115,875
	121
	8107



	Total:
	-
	-
	206,289










 





Table 9. Comparison of Option 1 and Option 2 according to defined indicators.






Table 9. Comparison of Option 1 and Option 2 according to defined indicators.





	Comparison Indicators
	Option 1
	Option 2





	Annual distance of material flows (km/year)
	8,110,908
	10,727,028



	Estimated cost of construction changes (EUR)
	926.7
	6794.9



	Saved area to be used for another technology (m2)
	0
	76










 





Table 10. Comparison of original and new production line in terms of production performance.






Table 10. Comparison of original and new production line in terms of production performance.





	Comparison Indicators
	Option 1
	Option 2





	Production performance (pcs)
	15,000
	4140
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