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ABSTRACT 

Waste-to-Energy (𝑊𝑡𝐸) technologies play a prominent role in recovering energy from waste. One of 

the aspects ensuring the operability and economic sustainability of 𝑊𝑡𝐸 plants is the size optimization 

of a waste bunker assigned to each 𝑊𝑡𝐸 plant, whose main target is to ensure waste homogeneity for 

effective operation. Each 𝑊𝑡𝐸 plant faces various uncertain challenges, such as planned and 

unplanned shutdowns during which the plant is inactive and not ideally coordinated with waste 

collection companies, further importing the collected waste into the waste bunker, mainly due to 

existing contracts. This work aims to develop a scenario-based model to support strategic capacity 

planning by capturing various uncertain attributes and optimizing the waste bunker size while 

minimizing the total costs composing the investment, inventory, and waste shortage costs. The model 

is tested on a case study from the Czech Republic. The main result can be summarized such that for a 

specific case of a newly situated 𝑊𝑡𝐸 facility with a considered capacity of 100 kt/y, the model suggests 

a bunker of size ca. 4, 200 m3 for a middle scenario. However, this is strongly related to other attributes 

of a particular 𝑊𝑡𝐸 project (e.g., waste properties or cost parameters). 

 

Keywords: Size allocation, Waste-to-energy, breakdown and maintenance, shutdown uncertainty, 

Monte Carlo simulation 

 

Introduction 

Due to continuous population growth and increases in waste production per capita, municipal solid 

waste (𝑀𝑆𝑊) production is increasing globally [1,2]. This waste needs to be processed to avoid its 

accumulation. There are many different methods for its processing, such as recycling, material 

recovery, and incinerating. Waste management is geared towards a circular economy to increase the 

system’s sustainability by reducing waste production, reducing landfilling, and increasing recycling [3]. 

In some cases, waste, due to its management, excessively damages the entire ecosystem of the planet; 



especially, it is the emissions generated and emissions from landfilling or incineration [4]. For this 

reason, the European Union introduces new measures and targets, such as reducing 𝑀𝑆𝑊 landfilling 

to a maximum of 10% of its total production by 2035 [5] or increasing the recycling rate of 𝑀𝑆𝑊 [6]. 

Green and economic goals include the constructed, coordinated, and structured organization of energy 

production, transfers, delivery, and usage to satisfy demands [7]. The European Commission has 

indicated the Waste-to-Energy (𝑊𝑡𝐸) technologies as suitable to play a prominent role in recovering 

energy from waste in the near future. 

Several types of 𝑊𝑡𝐸 plants exist, some being less and some more environmentally friendly [8]. Waste 

reduction, re-utilization, recycling, and energy recovery are more sustainable for efficient waste 

management than conventional waste disposal methods. WtE plants represent a key infrastructure for 

efficient waste management operating on a circular economy basis [9]. This is because not all waste 

produced can be recycled [10]. However, a large amount of these non-recyclable wastes contain 

significant energy potential that can be used. 𝑊𝑡𝐸 produces heat and electricity, thus saving primary 

resources and emissions production while processing waste in an efficient and environmentally 

friendly method. 

The operation of the 𝑊𝑡𝐸 plant has been planned for at least several decades, documented by both 

professional publications [11] and state regulations [12]. Therefore, factors that show time variability 

must be included in its design. Typically, these include energy demand and prices, waste production 

and composition, competitive environment, etc. The choice of the site and the processing capacity are 

the basic points on which all other steps in 𝑊𝑡𝐸 planning are based. Waste management can be 

included in supply chain strategy, including production, collection, separation, transportation, 

distribution, and waste treatment. 

 

Due to several approaches in municipal waste management and different technologies, finding an 

optimal solution is very complicated [13]. The most common approaches to describe these problems 

are network flow [14] and location problems [15]. 

The actual design of the individual subsystems is also given attention in the literature. Typically, 

problems with the turbine [16], boiler [17], and flue gas cleaning [18] are investigated. Furthermore, 

the waste bunker (𝑊𝐵) is a substantial part of the WtE plant. It has two main functions: 1) It is used to 

store the imported waste, where it is homogenized through draglines, to ensure important properties, 



which is mainly a stable heating value. 2) It is used to store the waste during shutdowns 

(planned/unplanned) so that the waste does not have to be transported long distances to other 

facilities or even to a landfill. A badly dimensioned 𝑊𝐵 results in considerable inconvenience during 

planned shutdowns when the 𝑊𝑡𝐸 plant needs to be put into operation as quickly as possible. 

Considerable costs are also involved in processing waste that can no longer be stored in the 𝑊𝐵. 

Conversely, an oversized 𝑊𝐵 represents an unnecessary initial investment and has high space 

requirements, which are often scarce. The issue of 𝑊𝐵 oversizing has not received enough attention 

in the literature so far (see Section 2). This paper aims to present an optimization model for the design 

of 𝑊𝐵 capacity in WtE facilities. In its character, the problem is similar to well-known newsvendor 

problems (e.g., [19]). A necessary requirement for optimal 𝑊𝐵 capacity is a good estimation of key 

parameters associated with the waste import and distribution of unplanned 𝑊𝑡𝐸 shutdowns over 

time. 

The article is further organized as follows. The upcoming section reviews the literature on analyses and 

optimizations related to the design and operation of the 𝑊𝑡𝐸 facility as a whole and individual 

subsystem. An original optimization model for sizing the 𝑊𝐵 is developed and presented in Section 3. 

Section 4 presents a case study based on real data from WtE installations in the Czech Republic. Then, 

energy and economic sustainability are discussed in Section 5. Finally, the paper concludes with a 

summary of the findings in Section 6. 

 

Literature review 

The operation of the 𝑊𝑡𝐸 facility related to energy production depends on the proper functioning of 

all its subsystems: from the collection and delivery of waste to the plant to its storage at the associated 

𝑊𝐵. The operation of a 𝑊𝑡𝐸 consists of the following main steps: incineration, energy generation, 

flue gas cleaning, and residue management. In the following, the individual subsystems of the 𝑊𝑡𝐸 

are discussed. Specifically, the available approaches to select their capacity and key characteristics 

related to operation are analyzed. 

 

Analysis of existing approaches for WtE subsystems 

First, to design the individual subsystems of the 𝑊𝑡𝐸, it is necessary to solve the situation concerning 

its location and capacity. In general, location problems are widely used in various areas, including the 

design of the WtE system [20]. When designing a 𝑊𝑡𝐸 plant, the most important thing is to ensure the 

long-term economic sustainability of the plant. The first crucial aspect for the location and selection of 

𝑊𝑡𝐸 capacity is the availability of waste, which is related to the logistical issues related to the 

production and transportation of different types of waste [21]. The uncertainties associated with 

transportation costs and the evolution of waste production must already be taken into account when 

planning the location and capacity of the 𝑊𝑡𝐸 facility. Two-stage interval stochastic programming in 

[22] or two-stage robust optimization in [23] are possible solutions to this problem. In the case of 

appropriate placement of WtE near waste generation sites, low transport distance can also be related 

to emission reduction [24]. Furthermore, the issue related to the heat demand that makes co-

generation operation possible must be considered. This problem was discussed in detail in the article 

[25]. An important part of energy production is the heating value of waste, which is determined by its 

composition. Different types of waste are suitable for 𝑊𝑡𝐸; mixed municipal waste usually represents 

the largest proportion. Still, bulky waste and other wastes that are not currently recyclable or suitable 

are also acceptable [26]. 



The following text discusses the individual subsystems once the location and capacity of the 𝑊𝑡𝐸 

solution are usually known. It starts from transport and waste processing to residue management. The 

goal is to analyze existing approaches for optimizing or designing the subsystems described in the 

literature. Waste collection is mainly provided by transport companies that deliver the waste using 

lorries. For waste from more distant areas, transfer stations are often used to reduce transport costs. 

The optimization model presented in [27] can be used to place transfer stations in the context of 

distance reduction efficiently. In the context of waste collection, not only the problem related to 

transportation costs is often solved, but also the mode of transportation related to the capacity of the 

vehicles. Incorporating other alternative means of transport is analytically solved concerning the 

economic and environmental evaluation [28]. 

The imported waste to the 𝑊𝑡𝐸 is further discharged to the 𝑊𝐵, from which it is dosed into the 

incineration system. The main types include grate incineration, fluidized bed, and rotary kiln. Grid 

incineration is the most widely used type because it can process large quantities of differently 

composed waste without previous sorting and shredding [29]. The principle and behavior of waste in 

grate incineration can be described by stochastic and physical modeling of particle motion on a moving 

grate [30]. The incinerator’s heat is transferred to the heat recovery part of the system, where the 

steam turbine is used to generate electricity and extract heat for water heating [31]. The produced 

energy (heat, electricity) is then sold to external customers or used internally. Determination of the 

processing capacity and sizing of a suitable heat recovery system according to its use can be solved 

using two-stage stochastic programming presented by [11]. The optimization of the cascaded heat 

recovery system can also be used to make the most efficient use of the waste heat generated, 

considering the cost reduction of 𝑊𝑡𝐸 systems as presented by [32]. 

Last, it is important to look at emission production during waste processing. Flue gas cleaning is carried 

out in several steps: acid gas elimination, particulate matter elimination, and nitrogen oxide and 

mercury elimination [33]. Several methods can remove acid gases in flue gas, dry, semi-dry, or wet 

cleaning. A simulation model was used to compare these methods against the impact on the energy 

efficiency and economic sustainability of 𝑊𝑡𝐸, evaluating dry cleaning as the optimal solution due to 

its highest energy efficiency. However, the chemicals needed to remove the trapped solids make it 

more economically expensive in some cases [34]. The next step is trapping small solids, for which fabric 

filters or electrostatic precipitators are used. Due to better efficiency in capturing more particles, fabric 

filters are more commonly used [35]. The last step involves the elimination of nitrogen oxide and 

mercury, for which selective catalytic or non-catalytic reduction is used. Case studies show the 

advantages and disadvantages of these two reductions, where selective catalytic reduction has a 

higher efficiency in trapping nitrogen oxide. Still, on the other hand, due to the heating of the flue gas, 

𝑊𝑡𝐸 technology has a lower efficiency in energy production, which is associated with a higher impact 

on global warming [36]. The overall environmental impact of using a WtE technology compared to 

other waste treatment methods, mainly addressing the reduction of greenhouse gas emissions against 

the increase in costs, is illustrated using an optimization approach in [32]. 

The incineration also produces slag and fly ash (dangerous waste); both residues need to be processed 

further [37]. The preferred form of management is material recovery. Optimization methods suggest 

that mixing red mud and fly ash can produce a lightweight ceramic aggregate known as expanded clay, 

thereby minimizing slag disposal in landfills [38]. However, incineration processes are not without 

technical problems that need to be solved immediately. One way of preventing technical problems is 

through planned shutdowns. These shutdowns are planned in advance, and during these times, 

inspections and necessary repairs of individual equipment are carried out [31]. But planned shutdowns 

do not ensure continuous operation throughout the year, and unplanned shutdowns happen during 



the process [39]. These shutdowns are key problems for the entire operation and need to be resolved 

in the shortest possible time interval. Unplanned shutdowns, therefore, significantly disrupt the 

continuity of individual 𝑊𝑡𝐸 services and activities, posing a significant operational and economic 

threat [40]. 

Table A.1 (in Appendix A) provides an overview of the publications mentioned in the context of their 

focus on the individual WtE subsystems. From the literature review developed, it is evident that the 

areas of waste transport, 𝑊𝑡𝐸 capacity and incineration systems, energy recovery, and flue gas 

cleaning represent complex problems that are addressed very often [41]. Therefore, only selected 

papers in the context of this section are included in Table A.1. In contrast, other subsystems have been 

addressed thoroughly and provide currently available approaches. In contrast, areas distinguished in 

bold are further investigated in this paper from the perspective of mathematical optimization (these 

provide areas where is a clear need for further research). 

The literature review shows that the papers on the individual 𝑊𝑡𝐸 subsystems contain partial analyses 

and approaches based on optimization methods. However, the shutdown issues are missing in the 

publications to the required depth. Shutdowns are crucial from the point of view of 𝑊𝐵 dimensioning. 

Optimization methods related to the design of 𝑊𝐵 capacity concerning future operation, which is 

crucial for 𝑊𝑡𝐸 and its economic sustainability, are also not discussed. For this reason, it is appropriate 

to focus on developing a suitable approach to optimize the capacity design of the 𝑊𝐵 concerning 

shutdowns. The resulting model should include the uncertainties associated with 𝑊𝑡𝐸 operation. 

 

Novelty and contribution 

The lack of addressing the issue of unplanned shutdowns related to the choice of 𝑊𝐵 capacity in 𝑊𝑡𝐸 

(see Table A.1) encourages the design of new approaches in this area. For this reason, an optimization 

model for the 𝑊𝐵 capability is developed in the following section (Section 3), considering the 

uncertainties of key aspects of 𝑊𝑡𝐸 operation. Fundamental information is the investment costs and 

parameters associated with the operation of the WtE (waste import, waste processing, and shutdown 

problems). Real data from a specific facility in the Czech Republic (TERMIZO a.s.) were used to estimate 

the probability distribution for unplanned shutdowns and other parameters. The data provided are 

from 2004 to 2029, on a 12-hour basis (including data on the amount of waste imported and processed 

and planned and unplanned shutdowns). This allowed us to study and process the data properly, see 

histograms and statistical characteristics described in Section 4 (mean, standard deviation, percentiles, 

etc.), which gave us enough suitable information to synthesize the data (including some generated 

data for planned and unplanned shutdowns) and to determine the data distribution(s). This approach 

is properly described and mathematically expressed so that it can be adapted relatively simply for 

other 𝑊𝑡𝐸 concrete projects. Moreover, due to the size of the available data, the presented approach 

is also robust. Although the result reflects the operation of a specific facility with a capacity of 96kt/y, 

its use is also suitable for the potential construction of new facilities with a different capacity but with 

only one operating line. As part of the case study in Section 4, a sensitivity analysis is performed for 

the key optimization parameters. 

Using the newly developed model, selecting the optimal WB capacity that ensures the most continuous 

operation of the plant concerning the total 𝑊𝑡𝐸 economics is possible. This will reduce the subsequent 

financial cost of the 𝑊𝑡𝐸 and minimize the transport of waste for processing at another location in the 

case of 𝑊𝐵 fullness. 

 



Problem description 

Currently, 𝑊𝑡𝐸 plants can still be considered among the most efficient approaches to the issue of 

residual waste, which cannot be recycled and possesses energy potential. One of the most pertinent 

concerns regarding 𝑊𝑡𝐸 plants is the poorly sized WBs that are no longer adequate due to the 

vulnerability to failure of critical elements (e.g., the boiler); particularly for 𝑊𝑡𝐸 plants of a smaller 

nature that rely on uniform combustion. The susceptibility to the problem in question is based on many 

years of monitoring data obtained in real operations. However, not enough attention has been given 

to the issue so far, as shown in the literature review (Table A.1). It is difficult to determine the 

appropriate size for the 𝑊𝐵 due to the high variation in the characteristics and quantity of 𝑀𝑆𝑊 

fractions and other industrial wastes. Further complications arise in unplanned shutdowns due to their 

stochastic nature. 

 

Table 1 Results of the optimization model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A major advantage in scaling essential components of the 𝑊𝑡𝐸 plant (in this case, WB) is the availability 

of large quantities of data that were not available in the past. The accessibility of data worldwide 

provides a full understanding of the 𝑊𝑡𝐸 plant system, leading to enabling more accurate 

optimization.The problem can therefore be described as follows: The objective is to find the optimal 

size of the 𝑊𝐵, so the optimization variable 𝑥, which denotes the unit of the 𝑊𝐵 capacity, is defined. 

The resulting price for the construction of the 𝑊𝐵 is given by the expression 𝐼(𝑥)  = 𝑐𝑋𝑟, hereafter 

referred to as the investment function where 𝑐 is the price per unit of capacity and 𝑟 is the exponent 



determining the development of the price with increasing size (concrete parameter values are applied 

in Section 4). Furthermore, the amount of waste that needs to be transported after filling the 𝑊𝐵 𝑤 

in a given time period 𝑡 is penalized by a unit sanction 𝑠. To determine the amount of waste 

transported to the landfill or processed in a different 𝑊𝑡𝐸 plant 𝑤, a variable y that shows the level of 

filling of the 𝑊𝐵 is implemented. The variable z refers to the amount of 𝑀𝑆𝑊 that is transported to 

the 𝑊𝑡𝐸 plant, while m is a parameter presenting the mass that is incinerated at the plant. The 

parameter m refers to the amount of 𝑀𝑆𝑊 that is transported to the 𝑊𝑡𝐸 plant, while ℤ is a variable 

representing the mass that is incinerated at the plant. Next, 𝑝 gives the probability of realizing the 

scenario coinciding with a specific time period 𝑡 and is associated with all the uncertain parameters of 

the problem. The result of the objective function (1) in the later sections will be regarded as an 

optimization scenario result where the entire calculation will be repeated several times to estimate 

important characteristics of the model result as a whole (mean, variance, etc.). 

 

 

 

 

 

 

 

 

 

 

 

The objective function (1) minimizes the total cost; this finds the optimal size of the 𝑊𝐵 when 

minimizing the total costs, which are the costs of its construction and the sum of fines for waste 

transfer to the landfill (or another 𝑊𝑡𝐸 plant) in case of overfilling of the 𝑊𝑡𝐸 plant. Constraints (2) 

ensure the non-negativity of the 𝑊𝐵 level (it is impossible to store a negative amount of waste). 

Constraints (3) are used to initialize the 𝑊𝐵 level in the first iteration. Expression (4) is an auxiliary 

equation for calculating 𝑀𝑆𝑊 transported to a landfill or another 𝑊𝑡𝐸 plant. Constraints (5) guarantee 

non-negativity for all necessary variables. Overall, model (1)-(5) presents a linear model that ensures 

obtaining a global maximum. This paper capitalizes on synthetic data derived from authentic datasets 

(see Appendix B), meticulously generated to closely parallel the original data. These synthetic data 

extend over extensive timeframes, granting a distinct advantage over real data. This characteristic 

enhances research by comprehensively understanding long-term trends while safeguarding sensitive 

information. 

 

Case study 

With the theoretical knowledge from the previous sections, the problem is now applied to a practical 

case. The following situation is considered: Construction of a 𝑊𝑡𝐸 plant with an estimated processing 

capacity of 96 kt/y is under development; the objective is to determine the optimal initial investment 



in the 𝑊𝐵 to ensure the minimum financial loss over the plant’s life cycle. Due to the calculations’ 

complexity and the creation of sufficiently large datasets, the Python programming language and its 

imported libraries (Pyomo, Ipopt) are used. Furthermore, it is important to acknowledge that the 

Weibull, uniform, and normal distribution parameters are determined using data provided by the 

Liberec 𝑊𝑡𝐸 plant (TERMIZO a.s.) from 2004 to 2019. The data provided include the amount of waste 

imported, the amount of waste processed, and information about planned and unplanned shutdowns 

and their length, all twice a day. This means that the data involve quite a long time period with well-

documented information needed; therefore, the suggested approach is clearly based on credible data. 

The developed model is generally valid for other capacity solutions; the only condition is that the 𝑊𝑡𝐸 

plant has only one combustion line. 

 

Parameters generation 

In order to generate some needed data such as waste quantity imported, waste burned, and 

unplanned shutdowns, some statistical distributions (such as normal and uniform, e.g.) have been 

applied. The whole process of data generation is described in Appendix C. 

 

Other parameters estimation 

With the possibility of generating datasets that serve as part of the input values to the optimization 

model, the remaining parameters need to be specified. 

The optimal choice of the capacity of a 𝑊𝐵 is often determined by two variables, which are the size of 

the bunker (m3) and the total possible quantity of waste stored (tonnes). This ratio is characterized for 

most 𝑊𝑡𝐸 plants as 1 m3 = 0.5 tonnes of waste (see [42]). However, for some 𝑊𝑡𝐸 plants, this ratio 

is different (see [43]), which may be primarily due to the distribution of waste, which varies from 

country to country. According to other sources, it can also be considered 1 m3 = 0.3 tonnes of waste 

(more specifically, 1[𝑡] = 3.3 [m3], see [44]); in further text, the first one (0.5 tonnes per cubic meter) 

is considered. The price per unit of capacity 𝑐 = 3,020€/m3 is determined in Appendix D with the 

cooperation of the construction company IP system a.s. 

Furthermore, the fine for storing waste in a landfill varies according to the country where the 𝑊𝑡𝐸 

plant is located; for this study, consider 𝑠 = 75€/t. The fine in the scenario is set for the Czech 

Republic, where, due to the lack of 𝑊𝑡𝐸 plants, transferring waste to landfills is common after WB 

overfilling.  

The remaining parameter is the exponent in the investment function, determining the evolution of the 

price depending on the size of the capacity 𝑟. Its value ranges from (0.5; 0.7) in realistic cases [45]. 

Herein, the value 𝑟 = 0.7 is chosen (the described values are therefore further considered as basic 

settings for scenario testing, see Table 1). However, further, in this study, a range on the interval (0.4; 

0.8) is considered to illustrate the behavior of the variance. It is important to add that the effect of 

inflation is neglected for established prices, and attention is primarily concentrated on the occurrence 

of unplanned and planned shutdowns.  

 



 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Dependence of the size of the 𝑊𝐵 on the exponent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Dependence of the amount of waste transported on the exponent. 

 

The objective function thus assumes the form: min3, 0320𝑥0.7 + 75 𝑃𝑡 ∑ 𝑊𝑡
𝑛
𝑡=1 . 

 

Results 

To obtain the most accurate results, it is necessary to analyze the behavior of the implemented model. 

Results for the various number of scenarios (more specifically, 10-20-30, being a number of 

simulations) are examined. This number of scenarios was tested due to the need for convergence 



assessment of the main characteristics; in other words, to verify the suitability of the number of 

scenarios to estimate the characteristic. For this case, the simulated period was determined to be a 

50-year to eliminate some randomness in generating the unplanned shutdowns. In the case of 

choosing a short period, the estimations of the observed characteristics would give inaccurate results 

(see the convergence of standard deviation in Table 1). Subsequently, for the selected optimization 

method, results will be performed each time for a period of 10 to 90 years with a 10-year increment. 

For each group of measurements, the mean and standard deviation will be documented (Table 1). 

Table 1 shows that the variances of the standard deviations for multiple scenarios (number of 

optimization scenarios 10-20-30) are close to each other. Therefore, in the lower part of Table 1, ten 

optimization scenarios for the upcoming calculations are always considered. It can also be seen that 

for a period of 60 years or more, the results of the means and standard deviations can be considered 

stable. For these reasons, the 60-year framework is considered a template for further calculations in 

subsequent analyses. 

To conclude the case study, the behavior of the exponent r is verified. Therefore, for exponent values 

in the interval (0.4 — 0.8) (see [45]) with a step of 0.05, ten optimization scenarios (with 60 years 

period) are performed each time, and the obtained values are used to determine the interval estimate 

for the mean value. Since the 𝑊𝐵 is composed of various parts (e.g., construction and technology), 

various exponents are suitable for the various parts. Since the 𝑊𝐵 investment is mostly related to the 

construction part, it can be considered that a lower coefficient is suitable (see further). 

In Fig. 1, it is possible to observe that increasing the exponent’s value decreases the result’s variability 

(interval estimate). This behavior is expected because as the investment cost increases (𝑊𝐵 capacity 

increases), other effects are suppressed (penalization for transport to a landfill or to another 𝑊𝑡𝐸 

plant). The figure can be further divided into three areas: first (0.4 — 0.45) which is characterized by 

considerable variance, and the costs associated with bunker overfilling play a significant role. Second 

(0.45 —0.65) the variance of the result can almost be considered constant. The final (0.65 — 0.8) 

variability of the result is almost negligible and consists of slight deviations (the curve breaks slightly 

and is flatter). More details on determining the value of the exponent to the investment cost can be 

found in [46]. Next, the dependence of the exponent value on the amount of waste transported (to 

the landfill or another WtE plant) is analyzed. 

As can be seen in Fig. 2, as the value of the exponent increases, the amount of waste transported also 

grows. This phenomenon can be expected because of the lower sensitivity to the secondary effects 

when increasing investment costs. It is important to add that the transport values always converge 

over a period of one year. 

 

Insights and discussion: Energy and economic sustainability 

The optimal design of the 𝑊𝑡𝐸 plant subsystem results in several different benefits. In the case of an 

optimally sized bunker at the 𝑊𝑡𝐸 plant, the benefits are as follows: 

It leads to material and space savings if oversized bunker size is avoided. The CO2 produced in its 

production is reduced by using only the necessary amount of concrete. Another aspect related to this 

point is that the limited space at 𝑊𝑡𝐸 plants often limits the use of modern technologies, an example 

of which is the slag recycling line. Lastly, it also saves on the initial investment, significantly improving 

the project’s overall economics. 



It brings financial cost savings for available bunker capacity for 𝑊𝑡𝐸 plant shutdowns. Taking the waste 

to another facility is unnecessary in such a situation. Alternatively, in a worst-case scenario, there is no 

need to divert waste to landfills, where greenhouse gas production increases in addition to the 

financial costs. 

It optimizes/maximizes the use of waste for energy production, ideally in a co-generation mode with 

simultaneous production of heat and electricity. 

 

Insights 

All of the aspects described above affect the economics of the 𝑊𝑡𝐸 plant [47]. An optimally designed 

bunker contributes significantly to the sustainability of such projects. The results on the choice of 

bunker capacity from Section 4 are put in the context of existing 𝑊𝑡𝐸 plants. A specific comparison is 

shown in Fig. 3 related to annual processing capacity and energy production. 

 Fig. 3. Comparison of main 𝑊𝑡𝐸 plant characteristics with optimization results. 



Fig. 3 depicts important characteristics of 𝑊𝑡𝐸 plants, such as heat, electricity, and energy production. 

In addition, the 𝑊𝐵’s size and the WtE plant’s processing capacity can be observed. It is important to 

note that the WtE plants that are plotted in Fig. 3 have a processing capacity ranging from ±20[kt/y] 

from the processing capacity of TERMIZO. 

Another essential feature is the representation of the three settings for the exponent 𝑟 = {0.5,0.6,0.7} 

and its values of the 𝑊𝐵 capacity that were obtained in the case study. The adjustment of the 

exponent 𝑟 mainly depends on the circumstances of the specific 𝑊𝑡𝐸 factory, but in general, the value 

of the exponent r = 0.6 can be considered the most appropriate (see [45] or the discussions in sections 

4.1 and 4.2). The size of the 𝑊𝐵 of the TERMIZO 𝑊𝑡𝐸 plant compared to the optimized values achieved 

using the established model is significantly smaller. This under sizing of the 𝑊𝐵 is also supported by 

the operating experience, which shows frequent overfilling during shutdowns. 

The sizes of 𝑊𝐵 capacities across the selected 𝑊𝑡𝐸 plants take on significantly diverse values. Fig. 3 

shows that the highest value is more than twice as large as the lowest value of the 𝑊𝐵 capacity, which 

supports the need to address the problem. The values obtained using the optimization model are in 

the middle of the range, apparently indicating that a fair number of 𝑊𝑡𝐸 plants chose the size of the 

𝑊𝐵 “reasonably.” One of the reasons for the diversity of 𝑊𝐵 sizes is that the capacity depends not 

only on the plant’s processing capacity but also on the characteristics of the imported waste, which 

can differ significantly from country to country. From this perspective, only the comparison with the 

𝑊𝑡𝐸 TERMIZO factory can be considered exact. However, in EU countries, waste can often be 

considered “similar” (even if often uncertain, in general), and therefore, a comparison with other 𝑊𝑡𝐸 

plants brings at least an interesting perspective [48]. 

The optimal results for various values of 𝑘 are: 𝑘 = 0.5 = > 5, 322 m3, 𝑘 = 0.6 = > 4,191 m3, 𝑘 = 

0.7 => 3,389m3 such that the most probable value of the exponent k seems to be k = 0.6 due to it 

being approximately in the middle of values of 𝑊𝐵 sizes for WtE facilities like TERMIZO considered 

herein (see Fig. 3, see [45]). 

 

Table A1 A summary of publications. 

 

  



 

Table A2 Parameters of Normal and Weibull distributions. 

 

 

 

 

 

 

 

 

 

 

 

 

It is worth noticing that the results are supported by data from 2004 to 2019. Therefore, the presented 

approach ensures the robustness of our results for similar 𝑊𝑡𝐸, but it can also be used for any other 

𝑊𝑡𝐸 with just a few modifications of the model parameters and data generation (depending on some 

concrete 𝑊𝑡𝐸 attributes, like the number of boilers, imported waste, etc.). 

Regarding energy production, the optimal capacity values show significantly lower values per unit 

compared to existing plants. The calculated values of the exponent 𝑟 and energy support this 

statement. The values of the exponents 𝑟 =  {0.5,0.6,0.7} are assigned successively to the energy 

results {19.917,21.483,26.567}MWh/m3. Considering the variability of 𝑊𝐵 capacities at existing plants 

and TERMIZO’s operational experience, it can be concluded that the presented approach for choosing 

bunker capacity is beneficial and can significantly increase the sustainability of the waste-to-energy 

project. 

  

Fig. A1. Planned and unplanned shutdown generator.  



 Fig. A2. Waste imported and burned datasets for 18,250 days. 

 

Discussion of the results 

The paper develops and suggests a mathematical model as a supporting tool for strategic decision-

making about the WB capacity for the WtE plant. This capacity is given after the related decision and 

can not change once it is under operation. In real-time, waste import is then particularly coordinated 

[47]. In a real operation, waste is imported until there is a space in the bunker; when it is full, the waste 

must be rerouted to other facilities. However, there is no space for further optimization of the 

operation; therefore, the paper does not investigate this part of the chain. 

The mathematical model applied to make the computation is given in Section 3. Into this model, an 

arbitrary operational (or expert-given) data are applied to optimize such particularly defined 

case/example. Since real data has been used for the case study, it can be considered that 𝑊𝑡𝐸s with 

a continuous operation, one “boiler,” and a yearly planned shutdown, will have similar results as 

described in the paper. It means, that according to the obtained (robust) results, 𝑊𝑡𝐸 with the capacity 

of ca. 100kt/y is suggested to have a 𝑊𝐵 with a size of ca. 4,200m3. 

 

Conclusions 

The paper presents a new approach for optimizing the waste bunker (𝑊𝐵) capacity of the Waste-to-

Energy (𝑊𝑡𝐸) plant. An existing inventory optimization model is modified and applied to the particular 

allocation problem. The aim is to optimize the 𝑊𝐵 size while minimizing the total costs composing the 

investment, inventory, and waste shortage costs. The mathematical model is developed and described 

in a general approach. It can be used for other similar structural components without the need to 

restrict to 𝑊𝑡𝐸 plants. A significant contribution of this paper is a case study that is based on data from 

a real operation of a 𝑊𝑡𝐸 plant in the Czech Republic. The statistical analysis of the data resulted in a 

model for estimating the probability distribution of unplanned shutdowns in 𝑊𝑡𝐸 plants. Unplanned 

shutdowns were divided into three categories (one day, two days, and more days). Despite the 



characteristics of each plant, the probability distribution obtained can be used for analyses and models 

of other 𝑊𝑡𝐸 plants. The condition is the existence of only one operating line. 

The available data (2004-2019) allowed us to obtain robust enough results. The results are provided 

for various parameter values in the investment function, represented by an exponent determining the 

price evolution depending on the size of the capacity. Although, for the exponent values varying from 

0.5 — 0.7, the suggested WB capacities are in the range of ca. 5,322 —3,389 m3, the most probable 

scenario is the middle value of 0.6, leading to a 𝑊𝐵 capacity of 4,191 m3. The results are applicable to 

other 𝑊𝑡𝐸 projects; however, some modifications of model parameters and data generation are 

obviously needed. 

In future work, it will be useful to focus on the development of a more comprehensive model, including 

devices with multiple lines. Furthermore, it would be beneficial to consider the operating conditions, 

such as boiler fouling, in more detail. 

 

Appendix A 

Here, two criteria are specified for each subsystem, determining whether a given problem is analyzed 

in a publication without optimization (A) or if optimization is used (O). 

 

Appendix B 

Description of datasets for WtE plant. 

The mathematical model subsection provides a general model of the 𝑊𝐵 optimization problem. The 

next milestone for developing a realistic model is the generic representation of its inputs (datasets). In 

this case, it is necessary to simulate the daily operation of the 𝑊𝑡𝐸 plant using data representing the 

import and incineration of waste concerning planned and unplanned shutdowns. In addition, subsets 

𝑇⋀ (weekends) and 𝑇⋁ (working days) are introduced to distinguish whether the waste is collected on 

a working day or on a weekday(𝑇⋀, 𝑇⋁ ⊆ 𝑇). The daily incineration and import of waste can therefore 

be expressed using the following formulas: 

 

  

  

 

Where 𝐿 is the incineration value and 𝐽 the waste import value belonging to the normal and uniform 

distribution in which 𝜇 represents the mean, 𝜎2 the variance of the values and 𝑎, 𝑏 the minimum and 

maximum of the uniform distribution (8,9). The specific characteristics of the distribution applied are 

estimated based on data from the operation of the 𝑊𝑡𝐸 plant (see more in Section 4). It is also 

important to point out that the 𝑀𝑆𝑊 is collected only in very limited quantities on weekends. 



Therefore, the value of 𝐽 must differ significantly from a normal working day (8). A binary variable 𝑢 

represents unplanned shutdowns with a probability of occurrence calculated using the Weibull 

distribution (10), and planned shutdowns are denoted by ℎ where their occurrence is determined using 

the expression (12). Planned shutdowns are also considered for the waste return dataset due to the 

overall limitation of the 𝑊𝑡𝐸 plant operation (7). The fault condition is considered as "0" and the 

normal operation status as "1". Further, for equations (10,11,12), it is considered for ∀𝑡 ∈ 𝑇. 

 

 

 

 

Operator 𝜀 is a shape parameter, 𝛿 represents the scale parameter, and 𝑡 the value time, in this case, 

one day. An unplanned shutdown should not occur within the time specified for a planned shutdown, 

and therefore a collision-avoidance constraint is added to the formula (10). Where 𝑌 denotes the 

length of the year, 𝑘 the number of years,𝐴 the duration of the planned shutdown, and 𝐵 the start of 

the reserved time in the year for general maintenance. It is also worth noting that 𝑘 in (10) must start 

from 0 for the function to work algorithmically. In addition, the model must include a mechanism to 

reset the 𝑊𝑡𝐸 plant failure probability after a planned or unplanned failure event is encountered (see 

Algorithm 1 in Appendix C). Equations (6)-(12) present input parameters for the developed model 

presented above. The equations define all the parameters; there is no specific assumption of any of 

them. 

Description of parameters generation. 

In addition, a date for the start of the planned shutdown is set on every 171st day of the year for 14 

days. The date is based on the heat demand according to the data obtained in the real operation of 

the 𝑊𝑡𝐸 plant (TERMIZO a.s.). Now, using equations (10)-(12) and Table A2, a dataset representing 

the operation of the plant with planned and unplanned shutdowns is generated, see Fig. A1. 

Fig. A.1 shows the possible distribution of planned and unplanned shutdowns for one and two years. 

It can be observed that in each year, according to the specified interval (in this case, the 171st day of 

each year is a 14-day planned shutdown) and in the other cases, there are “random” unplanned 

shutdowns following the parameters of the Weibull distribution in Table A.2. It is also possible to note 

that the most frequent group of unplanned shutdowns are one-day (with the probability of occurrence 

of 65.52%) and two-day (28.32%) breakdowns (forming the vast majority). The riskiest unplanned 

shutdowns fall into the last group (three or more days, 7.15%), which are not as frequent but can cause 

the most trouble for the 𝑊𝑡𝐸 plant (an example of such unplanned shutdown is in Fig. A.1 on the left 

side starting on day 15). The mechanism for generating unplanned shutdowns can be expressed using 

the illustrative (see Algorithm 2 in Appendix C). 

Importantly, the shutdown probabilities and 𝑊𝐵 capacity transition smoothly between the two time 

periods even though it is a discrete problem. Furthermore, based on the data from TERMIZO a.s., the 

imported and incinerated waste values can be considered “uniform” throughout the year. With the 



shutdown generator and the normal, uniform distribution parameters from Table A.2, sample MSW 

importation and incineration datasets are generated. 

Fig. A2 is a histogram of waste import and incineration data over 50 years (each year is assumed to 

have 365 days). Where zero values for the “Waste Burned” histogram denote planned and unplanned 

shutdowns and values ranging on the interval {0,30) in the “Waste Imported” histogram represent 

weekend values. With the graphical representation of the frequencies of zero values for waste burned 

(overfilling of the 𝑊𝐵 and its consequent transfer to another 𝑊𝑡𝐸 plant or to a landfill), it is now more 

evident that there is an effort to prevent such a situation by appropriately determining the capacity of 

the 𝑊𝐵. 

 

Appendix C 

Algorithm 1 

 

 

 

 

 

 

 

 

 

 

 

 

  



Algorithm 2 
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