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Summary: In sustainability assessment of waste treatment scenario the most used economic indicators are: investment costs, operating costs, fuel costs, energy costs and revenues. Cost estimation is relatively crude in solid waste management, without enough available data. In this paper focus is made on the development of mathematical model with the aim to calculate the economic indicators (investment costs, operating costs, and revenues) of waste-to-energy treatment technique, depending on the composition and quantity of waste. The model is based on the analysis of the structure of costs and revenues, and supported by the data available on the field and in the literature. The model is applied to calculate the indicator for the waste-to-energy treatment technique, and verified in the case study the city of Niš. It has been shown that developed model is sufficiently general to be applicable to any case study, because it contains local elements.
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1. INTRODUCTION 
The criteria used to assesed sustainability of waste treatment in the literature are mainly divided into four aspects: environmental, economic, social, and technical. When adopting the economic criteria, it is usually associated with certain costs of waste treatment. 
The most commonly used economic criteria for the sustainability assessment are: investment cost, operation and maintenance cost, revenues, net cost per ton, fuel cost, electric cost, net present value, payback period, etc. Investment costs comprise all costs related to land acquisition, the purchase of mechanical equipment, technological installations, engineering services, construction work. Investment costs are the most used economic criteria to evaluate waste-to-energy systems. Operation and maintenance costs consist of two parts: fixed and variable costs. Operation and maintenance costs are another most used economic criteria. Revenues comprise all revenues obtained from selling the products of waste treatment (gate fee, produced electricity and heat, compost and other fertilizer). Fuel costs refer to the funds spent for the provision of raw material necessary for energy supply system operation. Electric costs, are observed as a criterion to evaluate its economic performance from the viewpoint of consumers. Net present value is defined as the total present value of a time series of cash flows. Payback period refers to the period of time required for the return on an investment to “repay” the sum of the original investment.
In this paper a mathematical model is developed with the aim of calculating the economic indicators (investment costs, operating costs, and revenues) of waste-to-energy treatment technique. All of the above indicators are calculated depending on the composition and quantity of waste. The model is based on the analysis of the structure of investment and operating costs and revenues for waste treatment and supported by the data available in the field and in the literature. The model is applied to calculate the indicator for the waste-to-energy treatment technique, and verified in the case study of the city of Niš.
2. MATHEMATICAL MODELS FOR ECONOMIC INDICATORS

3.1 SYSTEM BOUNDRIES
The input variables for the model development is the amount of waste and waste composition. The amount of waste was forecasted over the lifetime of the waste treatment facilities. The forecast for the amount of solid waste (x) for the year (n) was calculated according to Equation 1 [1].
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(1)

where: x – the forecasted amount of waste (facility capacity), PP – the present population, GRpp – the growth rate of population, wc – the actual key figure (the amount of waste per capita), GRKF – the growth rate of key figure, n – the facility lifetime. 

The low heating value (Hlow (kJ/kg)) of waste is calculated from the elemental composition using an empirical formula (Equation 2), which provides a reasonably accurate approximation for usual waste mixtures [2].
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3.2 INVESTMENT COSTS
The investment costs included project and permits costs (P(x)), land acquisition costs (LA(x)), costs of site development (SD(x)), construction cost (CC(x)), and facility costs (FC(x)) (Equation 3).
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Project and permits costs depend of facility capacity, building area (BA(x)) and permit price (Pp). Land acquisition costs depend of land-take area (LT(x) – the land area required for the building footprint and the entire site. 
From the presented data obtained from literature [3], it can be concluded that LT(x) for an incinerator is typically between 1.25 – 2.00 ha per 100.000 t of waste. Also, from the data from literature [3] for BA(x), it can be concluded that the building area of 2,640 – 6,500 m2 per 100.000 t of waste is required.
Figure 1 presents block diagram of a mathematical model for evaluating the investment costs for waste-to-energy treatment technique.

[image: image8.png]X

my,
PP

= PP * (1+ GRpp)" * w, * (1 + GRyz)"

pp)

LT(x) = 1.25+ 2.00 =
100,000

SD(x) = LT (x) * Py,

X
BA(x) = 2,640 + 6,500 = — x y 08
(x) 100,000 FC(x) = 4900 = x

CC(x) = BA(x) = P.

IC(x) = P(x) + LA(x) + SD(x) + CC(x) + FC(x)




Fig. 1 Block diagram of a mathematical model for evaluating the investment costs
Generally, site development costs also depend on the land-take area and price of civil works per square meter. Construction costs depend on the building area which houses facilities and price of construction work per square meter (Pc). Facility costs also depend on the facility capacity and the authors suggest that for the calculation of facility costs one should use the empirical equations from reference [4], for an incinerator facility with the capacity range 20,000 – 600,000 t/y.

3.3 OPERATING COSTS
Operating costs include fixed operating costs (OCfix) (independent of waste quantity) and variable operating costs (OCvar) (dependent of waste quantity).
The fixed operating costs depend on the number of employees, the percentage of skilled and unskilled workers and engineers, and the local salary level and maintenance costs of buildings and equipment. 
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Fig. 2. Block diagram of a mathematical model for evaluating the operating costs.

Due to the influence of different elements in the structure of operating costs, the authors suggest that for the calculation of operating costs one should use the empirical equations from reference [4], for an incinerator facility with the capacity range 20,000 – 600,000 t/y, obtained by statistical processing of data relevant to European states which provides a reasonably accurate approximation of operating costs. 
4.4 REVENUES
Revenues consist of revenue from the gate fee (Rgf), produced electricity (Ree) and heat (Rhe) and depend on the capacity and efficiency of the plant and waste composition, represented in Equation 4.
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(4)
The gate fee (GF) vary greatly between regions and countries and is in the range of 18 €/t of waste in Spain to 460 €/t in Germany [5]. Revenues obtained by selling produced electricity depend of waste composition i.e. lower heating value of waste Hlow (Equation 2), efficiency of energy recovery systems (ηe), selling rate of produced energy (αe) (electricity can easily be supplied into the national grid and sold, and the selling rate in most cases is 100%), and price of produced electricity (Pe (€/kWh)). 
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Fig. 3 Block diagram of a mathematical model for evaluating the revenues from waste incineration
Revenues obtained by selling produced heat on waste composition i.e. lower heating value of waste Hlow (Equation 2), efficiency of heat recovery systems (ηh), selling rate of produced heat (βh) (heat will need to be used locally and will depend on a local need, and the selling rate in most cases is less than 100%), and price of produced heat (€/kWh).

3. RESULTS AND DISSCUSION

To verify the developed mathematical model for evaluating economic indicators, the city of Niš was chosen as a case study. Table 1 shows the composition and quantity of generated waste [5]. 
Table 1 The composition of municipal solid waste in the city of Niš (2014) [5] and elemental composition of waste fraction (dry basis) [6]. 

	Fraction
	Percentage (%)
	Production (t/year)
	C

(% dw)
	H

(% dw)
	O

(% dw)
	N

(% dw)
	S

(% dw)

	Food waste
	13.79
	9,011.49
	48.0
	6.4
	37.6
	2.6
	0.4

	Paper
	7.26
	4,744.26
	43.5
	6.0
	44.0
	0.3
	0.2

	Cardboard
	4.24
	2,770.76
	44.0
	5.9
	44.6
	0.3
	0.2

	Diapers
	3.50
	2,287.18
	35.5
	5.67
	44.0
	<0.1
	-

	Plastics
	21.83
	14,265.47
	60.0
	7.2
	22.8
	-
	-

	Textiles
	2.63
	1,718.65
	55.0
	6.6
	31.2
	4.6
	0.15

	Rubber
	5.25
	3,430.77
	78.0
	10.0
	-
	2.0
	-

	Leather
	0.61
	398.62
	60.0
	8.0
	11.6
	10.0
	0.4

	Yard waste
	13.55
	8,854.65
	47.8
	6.0
	38.0
	3.4
	0.3

	Glass
	5.39
	3,522.26
	0.5
	0.1
	0.4
	<0.1
	-

	Metals
	1.62
	1,058.64
	4.5
	0.6
	4.3
	<0.1
	-

	Dirt, ash, etc.
	20.33
	13,285.25
	26.3
	3.0
	2.0
	0.5
	0.2

	Total
	100.00
	65,348.00
	
	
	
	
	


The input data was taken as follows: the population of the city of Niš according to the last census from 2011 amounted to 260,237.00, facility lifetime was 20 years. Based on these data the capacity of the plant was calculated as 171,320 t.
The price of land in the City of Niš ranged between 1,000–3,000 €/ha, site development costs were 20 €/m2, the project and permits costs (utility costs) were 40 €/m2 and construction costs were 450 €/m2. The gate fee was 20 €/t, and preferential prices for energy from waste were adopted as 8.5 c€/kWh for power plants. Energy efficiency for incineration was taken as 27%, and thermal efficiency as 55%. The low heating value of waste was calculated as 11,832.62 kJ/kg.

Based on the amount and waste composition and the input data, and following the steps in the developed mathematical modes, the calculated economic indicators are shown in Table 2, where: i(€/t) – the investment costs per ton of waste, r(€/t) – the revenues per ton of waste.
Table 2 Calculated economic indicators.

	Cost structure

	Investment costs (€)
	Operating costs (€)

	LT (ha)
	3.00
	OP (€/t)
	22.04

	LA (€)
	8,994.33
	Revenues (€)

	SD (€)
	5,996.22
	Rgf (€)
	1,306,960.00

	BA (m2)
	7,829.35
	Ree (€)
	4,929,391.43

	P (€)
	313,173.94
	Rhe (€)
	4,134,674.73

	CC (€)
	3,523,206.85
	R (€)
	10,371,026.17

	FC (€)
	75,377,828.56
	r (€/t)
	158.70

	I (€)
	79,229,199.90
	
	

	i (€/t)
	462.46
	
	


Table 2 presents investment and operating costs and revenues calculated by applying the mathematical model for the case study of the city of Niš. 
4. CONCLUSION 

This paper presents the newly developed mathematical model for evaluating economic sustainable indicators of waste-to-energy treatment techniqe. The model is based on the analysis of the structure of investment and operating costs, as well as revenues. All of the above indicators are calculated depending on the composition and quantity of waste. For each indicator an algorithm that predicts several steps for its calculation is presented. The developed model is sufficiently general to be applicable to any case study, because it contains local elements. 

The results obtained for the case study – city of Niš, show that the investment costs of 462.46 €/t are lower than the costs in the EU, which range from 560-1030 €/t, due to the lower price of land, constructing costs, salary levels, etc. This also applies to the operational costs: they amounted to 22.04 €/t in contrast to the EU where they range from 28-67 €/t. The calculated total revenues of 158.70 €/t are at the upper limit of the EU average (ranging from 60–250 €/t [8]) due to the higher state subsidies, i.e. higher prices of electricity produced by waste treatment. In Serbia the electricity price obtained from incineration is 8.50 c€/kWh, while the EU electricity prices range from 2.0–4.0 c€/kWh.

The results obtained by this model can be used for assessing the sustainability of certain waste-to-energy treatment technique.
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