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A cost-effectiveness of a specific waste treatment technique is very important fac-
tor when making the decision to invest in a waste treatment facility. Waste treat-
ment can bring economic benefit through the value of product: recycled materi-
als, the compost, the generated electricity, or heat. However, the expected eco-
nomic benefits depend on many factors: the investment costs and operating costs
of the waste treatment facility, revenues, the market price of the product obtained
by waste treatment etc. The investment and operating costs and the revenue also
depend on the amount of treated waste. This paper presents a mathematical mod-
el for evaluation of cost-effectiveness in the waste treatment technique with ener-
gy recovery depending on the amount of waste, i.e. evaluation the minimum
amount of waste to be treated for a cost-effective waste treatment technique with
energy recovery. To develop the mathematical model, a socio-economic analysis
was used. The model is applied to calculate the lower limit of cost-effectiveness
in the waste treatment techniques with energy recovery: incineration and anaer-
obic digestion, in the city of Nis, Serbia, as a case study. The obtained results
show that the amount of waste currently generated in the city of Nis is not suffi-
cient for the cost-effective incineration treatment, but with the currently available
amount of waste, anaerobic digestion is the waste treatment that can be operated
without losses in the city of Nis.

Key words: waste treatment technique with energy recovery, cost-effectiveness,
socio-economic analysis, costs, revenues

Introduction

OF COST-EFFECTIVENESS OF WASTE TREATMENT TECHNIQUE

Many criteria should be taken into consideration in the selection of waste treatment
technique. Since the criterion of economic return on investment is one of the most important
for the investors, but also for the local authority, it is necessary to correctly predict all costs
(investment and operating) that are related to specific waste treatment, and also to assess rev-
enues. However, there are a number of factors that affect the cost-effectiveness of waste
treatment. One of them is the amount of waste that generated on the considered territory. Ad-
equate budgeting, cost accounting, financial monitoring, and financial evaluation are essential
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to the effective management of solid waste systems. In many cities, however, officials respon-
sible for municipal solid waste management do not have accurate information concerning the
real costs of operations [1]. In order to provide a more accurate determination of the waste
treatment costs, in the literature can be found several methods: unit cost method, benchmark-
ing, and cost functions [2].

Different research has been done in order to determine waste treatment costs and rev-
enues and different method has been used. To provide comparative assessment of alternative
management solutions for municipal solid waste the unit cost method was used [3]. Other au-
thors also used the unit cost method to do the techno-economic assessment of recycling practic-
es of municipal solid waste in Cyprus [4]. In order to do the technical, economic, and environ-
mental analysis of biogas utilisation Marphy et al. [5] used the unit cost method. To develop the
model for evaluation of cost effectiveness of recycling other authors also used the unit cost
method [6]. Benchmarking method was used for environmental and economic analysis of waste
disposal options for traditional markets in Indonesia [7]. Cost function method was also quite
often used in literature. To provide techno-economic data and information useful for the devel-
opment of strategic waste management plans, some authors used cost function method [8]. Oth-
er authors developed and presented cost function of solid waste treatment and disposal facilities
relevant to European states [9]. In order to do the social cost-benefit analysis of waste-to-energy
in the UK, Jamasb and Nepal [10] also used cost function method. The same method was used
in economic comparison of composting and anaerobic digestion of biodegradable municipal
waste [11]. Estimating cost functions is suggested as an improved cost planning method in de-
veloping countries [12]. Cost functions are also used in comparative techno-economic analysis
of waste and biomass powered combined heat and power district heating plant [13].

In this paper, the mathematical model for evaluation of cost-effectiveness of waste
treatment techniques with energy recovery is presented. The model was developed to assess the
profitability of waste treatment and to find the minimum amount of waste to be treated for a
cost-effective waste treatment technique with energy recovery. The model is based on the anal-
ysis of the structure of investment and operating costs for each waste treatment and supported
by the data available in the field and in the literature. The model is flexible since it contains var-
iables that depend on the specific economic conditions in the territory. The developed model is
verified in the case study the city of Nis. Two scenarios of waste management with energy re-
covery were selected and examined. The cost data that do not exist in Serbia, due to the under-
developed system of waste management, are taken from the EU and countries in the region.

Materials and method
Technology description

Waste incineration

Solid waste incineration is a highly complex technology, which involves large in-
vestments and high operating costs. Several types of incineration technologies are available
today: mass burn, rotary kilns, and fluidized bed incineration [14]. However, an incinerator
with energy recovery will comprise the following key elements: waste reception and handling,
combustion chamber, energy recovery plant, emissions clean-up for combustion gases and
bottom ash handling, and air pollution control residue handling.

Mass burning technologies are applied for large-scale incineration of mixed or
source-separated municipal and industrial waste. It is technically robust and able to accom-
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modate large variations in waste composition and heating value. The main advantages are that
it is a well proven technology that can accommodate large variations in waste composition
and in heating values and can be built in very large units (up to 50 t/h). The main disad-
vantage is relatively high investment and maintenance costs: the investment costs range con-
siderably from 560-1030 € per ton, while the operating costs range from 28-67 € per ton [15].
The main advantages of the rotary kiln are similar, except that the maintenance is slightly
higher and the energy efficiency slightly lower and may not exceed 80%. A main disad-
vantage of the fluidized bed incinerator is the usually very demanding pre-treatment. The cap-
ital and maintenance costs are relatively low.

The standard approach for the recovery of energy from the incineration of MSW is
to utilize the combustion heat through a boiler to generate steam. An energy recovery plant is
commonly referred to as a combined heat and power (CHP) Plant. An incinerator exclusively
producing heat can have a thermal generating efficiency of around 80-90%; this heat may be
used to raise steam for electrical generation at approximately 17-30% gross efficiency. Net
electrical efficiencies are often cited up to ~27% for incinerators recovering electricity only
[16]. Electricity can easily be supplied into the national grid and therefore sold and distribut-
ed. In contrast, heat will need to be used locally near the incinerator. The heat will therefore
be dependent on identifying and establishing a local need.

Anaerobic digestion

Anaerobic digestion (AD) is a biochemical process producing biogas through the bi-
odegradation of organic material in the absence of oxygen with anaerobic microorganisms.
More widespread uses of anaerobic digestion include: co-digestion of organic fraction of mu-
nicipal solid waste (OFMSW), digestion of sludge from wastewater treatment plants, manure,
and industrial wastewater with high content of organic matter [17]. The systems for anaerobic
digestion can be divided technologically according to four characteristics of the digestion pro-
cess: dry/wet digestion; thermophilic/mesophilic digestion; one-stage/two-stage digestion, and
one-phase/two-phase digestion. The digestion temperature is 20-40°C for mesophilic or
50-65 °C for thermophilic digestion [18]. The thermophilic process is more difficult to operate
and the need for heating and insulation adds an extra cost to the treatment. Mesophilic diges-
tion is the most common. The anaerobic digestion plant consists of several major technologi-
cal elements: reception of waste, pre-treatment, digestion, gas handling, and management of
digest from digestion and odor control.

Biogas released during anaerobic digestion (comprising of methane, 55-60%, and
CO,, 30-45%) can be used directly as a fuel for power generation, and has an energy content
of 20-25 MJ/m®. Typically around 100-350 m* per ton of biogas can be produced [17]. Com-
post can also be obtained from aerobically cured bio-solid. As by-product one ton of OFMSW
produces 0.415 ton of compost [11]. Biogas and fiber and liquor can be used and none of this
is landfilled.

The capital costs for dry AD plant capacity of 5,000-100,000 tons per year, range
considerably from 200-1,000 € per ton, while the operating costs range from 40-15 € per ton
[15]. If biogas is utilized in CHP, typically the electricity is produced at
30-35% efficiency and the thermal energy is produced at 40-50% efficiency [16].

System boundaries

For the needs of the present study the following considerations were taken in ac-
count.
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— Model was developed to calculate the minimum amount of waste to be profitable waste
management from the point of view of the municipality.

— 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

eg. (1) [19]:
x=PP(+ GRpp)”wc(1+ GRyr)" @)

where x is the forecasted amount of waste (facility capacity), PP — the present population,

GRp, — the growth rate of population, w, — the actual key figure (the amount of waste per capi-

ta), GRkr — the growth rate of key figure, and n — the facility lifetime.

— Itis assumed that the waste composition does not change during facility lifetime.

— The low heating value, Hy,,, of waste is calculated from the elemental composition (C, H,
O, N, S) using an empirical formula, eq. (2) [20]:

How =348C% + 949H% +1055% + 63N% —1080% — 24.5H,0% ()

— Composition of biogas generated in AD is calculated from the elemental composition (C,
H, O, N, S) using a Buswell equation [21]:

C.H,O, N, S, +% (4c—h—20+3n+25)H,0 —

%(4c—h+20+3n+25)CO2 +% (4c+h—-20-3n-2s)CH, + nNH; + sH,S 3)

— Energy vyield from biogas is calculated taking into account that H,, of methane is
36 MJ/m?, and assuming that 80% of organic fraction of waste is broken down.

— It was assumed that the cost of waste collection and transportation are the same for all
scenarios, and is not taken into consideration. Replacement cost is not specifically taken
into account.

— The facility lifetime varies depending on the type of waste treatment (20-40 years). In or-
der to facilitate the comparison, the same lifetime of 20 years was adopted for all the fa-
cilities.

— It has been taken that there is equality between the revenues and income, as well as costs
and outflows.

— The Economic Commission of the EU, for the programming period 2007-2013, pre-
scribed a discount rate for beneficiaries of EU funds of 3.5% for other.

Mathematical model for
cost-effectiveness evaluation

To develop the mathematical model for evaluation of cost-effectiveness of waste
treatment technique with energy recovery, a socio-economic analysis was used. Unlike the fi-
nancial analysis that evaluates the feasibility of the project from the perspective of investors, the
socio-economic analysis is more complex since it identifies the benefits and costs that are not
directly associated with the project and considers the wider socio-economic aspect of the project
(greenhouse gasses, GHG, savings for the waste treatment alternatives, job creation, etc.).

The analysis of the breakpoints or the lower break-even point analysis is an integral
part of the analysis of project profitability and is associated with a risk analysis to achieve
positive business results. The lower break-even point or minimum amount of waste, W, for
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cost-effective waste treatment technique with energy recovery, calculated on the basis of
equality of the net present value (NPV) of costs, NPV ., and the net present value of reve-
nues, NPV evenie, and the initial conditions of the net present value of benefits, NPVpenesit, 1S
equal to zero, as shown in eq. (4):

NPVpenefit = NPVievenue = NPVeost = 0 4)

The NPV criterion shows the net present value of cash flow financing and it is part
of the socio-economic analysis and benefit accounting prices and the social discount rate.

The segment net present value related to the costs, NPV, consists of investment
and operating costs, as shown in eq. (5):

20 ocC
NPV o = I, + !

cost (o] ; (1+ I)t
where |, is the investment costs, OC; — the operating costs in the t-th year, i — the social dis-
count rate, and t — the project life time.

Investment costs (land acquisition, site preparation, building construction, purchase
of facility, and equipment) depend on the facility capacity. For the purchase costs of facility
and equipment the authors suggest that for the calculation of investment costs one should use
the empirical equations from reference [9] obtained by statistical processing of data relevant
to European states which provides a reasonably accurate approximation of investment facility
costs. Investment costs for an incinerator facility with energy recovery with the capacity range
20,000-600,000 tons per year is given in eq. (6a), and for an anaerobic digestion facility with
the capacity range 2,500-100,000 tons per year is given in eq. (6b):

L@ 4900x°8
(b) 34200x%°

The operating costs, OC(x) consist of fix operating costs and variable operating costs,
as shown in eq. (7). The fix operating costs, OCyi, 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. For 10,000 tons of waste, 1-3 employees are
needed for incineration and 4-6 for anaerobic digestion [22]. Maintenance costs of buildings
amounted to 1% of investment costs and maintenance costs of equipment amounted to 4% of
investment costs [15, 19]. Variable operating costs, OC,4(X) consist of costs of chemicals for
flue gas cleaning system, electricity, water, and handling of waste water and residue disposal.

OC(X) = OCfix + OCvar (X) (7

Q)

(6a,b)

The authors suggest that for the calculation of variable operating costs one should
use the empirical equations, egs. (8a) and (8b), presented in tab. 1, obtained by statistical pro-
cessing of data relevant to European states which provides a reasonably accurate approxima-
tion of variable operating costs.

Table 1. Cost function of variable operating costs

Waste treatment Cost function of variable operating costs (€t™%) | Amount of waste (t) | Equation
Incineration OC,r(X) = 84.23 x 0168 18,700 < x < 250,000 (8a)
Anaerobic digestion OC,q(x) = 427.10 x0%° 14,000 < x < 61,000 (8b)
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The net present value of the related revenues is shown in eq. (9):

20 R 20

R 20 R
NPV _ pt n CO,t n fee t 9
fevenue ; @+i) ; @+i)! ; @+i)! ®
where Ry is the revenue from sales of waste treatment product (electric and thermal energy,
compost) in the t-th year, Rco,: — the revenue from GHG emission saving in the t-th year, and
Rtee t — the revenue from gate fee in the t-th year.
Revenues achieved from sales of energy (electricity and heat) depend on the price of
energy, low calorific value of waste in incineration, or energy value of biogas in anaerobic di-
gestion, and efficiency (electric and thermal). Revenues obtained from selling compost, R,
depend on the amount of compost obtained from 1 ton of waste, A, and price of compost,
P. [€ per ton], and is shown in eq. (10a) for incineration, and (10b) for anaerobic digestion:

:{(a) (PeHIow77e + PtHlow']t)Wmin

. (10a,b)
(b) (R.Ep7e + REp7 + AP )Wonin
where Py is the price of the generated electric energy, P, — the price of the generated thermal
energy, Hiow — the low calorific value of waste, E, — the energy yield from biogas, 7. — the
electrical efficiency, #; — the thermal efficiency, A. — the amount of compost per ton of waste,
and P, — the compost price.
Revenues generated from reductions in CO, emissions are given in eq. (11):

RCO2 = IDctCOZEqu\Nmin (11)

where P is the carbon trading price, COqy — the amount of CO, that is saved per ton of
treated waste.
Revenues achieved by the gate fee are shown in eq. (12):

Ree = GF Wi (12)

where GF is the gate fee.

Mathematical model for evaluation of cost-effectiveness of waste treatment tech-
nique with energy recovery is presented in fig. 1.

Assuming that the revenues are annually constant for a given payback period, the
minimum amount of waste annually (Wn,) for the cost-effective waste treatment technique
with energy recovery is calculated by replacing egs. (5)-(12) in eq. (4), as shown in eq. (13a)
for incineration, and in eq. (13b) for anaerobic digestion:

20 OM
o+ ; 1+ i;t
IR (13a)
(PeHIow77e + PtHIow77t + PctCOZEqu + GF) = Z ﬂ
t=1
Winin = 20
OM,
ot ; @+i)
I (a3b)
(A\:Pc + Pe Eb77e + PtEb77t + I:)ctCOZEqu + GF)Z At
t=1 (1+ I)
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Rp ={ (PeHlowne +PtH10wnt)Wmin
(FoEyne + REyN, + AP )Wpin

A

IaCO2 =PctC02Eqquin_>NPV _% RPt +§: RC02t +§ Rfee‘

revenue

,—» el (R ) el (ST ) il (S
v

Rfee =GF Wmin NPVbeneﬁt = NPVreven _NPVcost =0
A
_{ 4900x°% 1
" | 34200x%¢ 2 oM,
NPVcost =Ia +z O -tt
> t=1 (1 + l)
OC(x)=0Cg, +0C,,, (x)
A \
84.23x 0168 ( 2 oM,
oC,, . (x)= ———= I+ !
(%) {427.10;;4’356 E 1+i)
20
1
(PeHlowrle + PtHlownt + PctCOZEqu + GF)Z PN
W = = (L+1)
o S oM,
IO + o7
= (L+i)
20 1
(4.F, + F.Eyn, + RE,N, + F,COypy, + GF )Z (+i)
t=1

Figure 1. Mathematical model for evaluation of cost-effectiveness of waste treatment technique with
energy recovery

Experimental research

Study area

To calculate the minimum amount of waste for cost-effective waste treatment tech-
nique with energy recovery with the socio-economic aspects, the city of Nis is chosen as a
case study. The city area covers 596.71 km® In the city of Nis, according to the census of
2011, lived 260,237 inhabitants [23]. In most cities in Serbia, the waste is disposed of in open
dumps or unsanitary landfills endangering the environment and human health. In Serbia there
are only seven sanitary landfills. The situation is similar in the city of Nis. At present, the city
has a dysfunctional unsanitary landfill and waste management comes down to the collection
and disposal of waste in the landfill. Amount of waste that was generated in the city of Nis is
72,100 tons per year [24]. In the city there are several private companies involved in the recy-
cling of waste (mainly metals, paper, plastics and e-waste). There are several locations with
containers for the collection of recyclable materials (plastics, glass, aluminum cans, paper).
The waste is collected and transported once a week. Waste collection is charged by the sur-
face of the housing unit. Table 2 presents the composition and quantity of waste generated
annually in the city of Nis [24].
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Table 2. The composition of municipal waste and chemical composition of waste fraction
(dry basis) [24, 25]

Fraction Percentage [%] Production [tons per year] C[%] | H[%] | O [%] | N [%] | S [%]
Food waste 33.7 24,298 480 | 6.4 | 376 | 26 0.4
Yard waste 104 7,494 478 | 6.0 | 38.0 | 34 0.3
Paper 15.3 11,031 435 | 6.0 | 440 | 03 0.2
Plastics 17.7 12,762 600 | 7.2 | 2238 - -
Glass 5.1 3,677 0.5 0.1 04 | <01 -
Metals 1.9 1,370 4.5 0.6 43 | <01 -
Other 15.9 11,464 263 | 3.0 2.0 0.5 0.2
Total 100.0 72,100

This paper considers two scenarios: incineration and anaerobic digestion. Scenarios
are developed on the basis of the composition of municipal waste, Waste Management Plan of
Nis [24], and strategic documents in Serbia [26].

Scenario 1: Except glass and metal (5,047 t), the rest of the waste (67,053 t) is sent
to the incineration facility with cogeneration plant to produce electricity and heat. Energy ef-
ficiency in an electricity production is 27%, and 55% for heat production.

Scenario 2: Amount of 17,809 t of recyclable waste (glass, metal and plastic) is re-
cycled and the organic waste (42,823 t) is sent to the anaerobic digestion facility with cogen-
eration plant to produce electricity and heat. Energy efficiency in an electricity production is
30%, and 45% for heat production. The rest of the waste is landfilled.

Using the previously described methodology, the minimum amount of waste treat-
ment: incineration and anaerobic digestion was calculated, while the costs and revenues of the
other treatment in scenarios are not taken into account.

Reference data

The analysis of the investment cost is based on the following data: the land take area
for Scenario 1 is 40,000 m?, the buildings for equipment, manipulative space and warehouses
are 15,000 m? The land take area for anaerobic digestion is 10,000 m? the buildings for
equipment, manipulative space, warehouses are 5.000 m?.

The analysis of the operating cost is based on the following data: Labor costs are
calculated based on the number of workers required for the performance of waste treatment,
with an average salary in Serbia. Energy costs for the plant and fuel for the equipment are cal-
culated based on data on the consumption of facility and equipment and the current prices of
electricity and fuel on the territory of Serbia.

Preferential prices for energy from waste were adopted as 8.57 c€ per kWh for pow-
er plants and 15.66-12.31 c€ per kWh for biogas power plants [27], while the revenue gener-
ated from electricity and heat production is calculated on the basis of the incinerator efficien-
cy given in the description of the scenario. The low heating value of waste was calculated as
11,833 kJ/kg. The calculated composition of biogas was 57.42% CH,, 42.58% CO,, and
3.13% NHs. Then the amount of methane per ton of waste was calculated as 290 m® per ton,
and at the end of the energy yield from biogas was calculated as 2,905.35 kWh per ton. The
average amount of compost obtained from 1 t of organic fraction of municipal solid waste
(OFMSW) was 0.415 t [11].
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The amount of COyeq, that is saved per ton of waste treatment is taken from the lit-
erature [28]. The carbon trading price on the world market amounts to 6 € per ton [29], based
on which the savings that are reflected in the reduction of CO, emissions are calculated. The
adopted gate fee is the one currently valid in the city of Nis [24].

Results and discussion

Table 3 shows the total investment and operating costs and revenues for developed
scenarios.

Table 3. Socio-economic analysis of developed scenarios

Scenario Scenario 1 Scenario 2
Investment costs
Land acquisition costs [€] 80,000 20,000
Site preparation costs [€] 800,000 200,000
Buildings construction costs [€] 6,000,000 2,900,000
Facility costs [€] 38,000,000 8,600,000
Operating costs
Building maintenance costs [€ per year] 240,000 29,000
Equipment maintenance costs [€ per year] 405,000 344,000
Labour costs [€ per year] 384,000 240,000
Variable operating costs [€ per year] 915,020 612,600
Revenues
Electricity produced [€ per kWh] 74.40 18.00
Thermal energy produced [€ per kWh] 35.00 9.45
Gate fee [€ per ton] 26.00 20.80
Compost [€ per ton] - 30.00
CO, emission saving [€ per ton] 6.15 16.40

Using the previously described model for calculating the minimum amount of cost-
-effective waste management scenario, egs. (4)-(13a,b), and based on the data listed in tab. 3
as well as adopted discount rate and project life time, the net present value of total costs and
revenues, and the minimum amount of waste are calculated and presented in tab. 4.

Table 4. Results of the analysis

Net present value /

Minimum amount of waste SiEantile SEAETD 2
NPV os [€] 52,908,500 16,232,435
NPVrevenue [€ per tOﬂ] 610 292

Winin [ton] 86,715 55,541
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In Scenario 1 the available amount of waste for incineration is 67,053 t, while the
minimum amount of waste for cost-effective incineration is 86,715 t. This also points to the
insufficient amount of waste and the need for supplying the waste from the municipalities in
the region. Given the size of the investment, which amounts to 45,380,000.00 €, this makes
sense. If the gate fee was increased to 70 € per ton of waste, the amount of waste currently
generated would be sufficient for a cost-effective incineration.

In Scenario 2 the available amount of waste for biogas production by anaerobic di-
gestion is 42,823 t, and the calculated minimum amount of waste for the cost-effective anaer-
obic digestion is 55,541 t. This shows that the city of Nis does not generate enough waste for
anaerobic treatment.

Conclusions

The cost-effectiveness of a waste treatment technique is one of important factors
when making the decision to invest in a waste treatment facility. Waste treatment can bring
economic benefit through the value of product: recycled materials, the compost, the generated
electricity or heat. To assess the cost-effectiveness of a waste treatment technique, it is neces-
sary to correctly predict all costs (investment and operating) that are related to specific waste
treatment, and assess revenues. But, the investment and operating costs and the revenue de-
pend on the amount of treated waste.

In this paper, the mathematical model for evaluation of cost-effectiveness of waste
treatment technique with energy recovery was developed using the socio — economic analysis.
The model is flexible since it contains variables that depend on the specific economic condi-
tions in the certain territory. Using the presented model, can be easily identified waste treat-
ment which can be applied, according to the amount of waste, its composition on a certain ter-
ritory and cost-effectiveness.

The model is verified in the case study the city of Nis. According to the obtained re-
sults it can be concluded that the amount of waste currently generated in the city of Nis is not
sufficient for the cost-effectiveness of incineration. With the currently available amount of
waste in the city of Nis, anaerobic digestion is the waste treatment that can be operated with-
out losses at the moment. The amount of waste that can be used for biogas production by an-
aerobic digestion is 42,823 t, and the calculated minimal amount is 55,541 t, and that means
there is not enough waste for anaerobic treatment in the city of Nis.

Nomenclature
A —amount of compost per ton of waste, 0OC, — operating costs in the t-th year,
[ton per ton] [€ per ton]
CO,.q  —amount of CO, that is saved per ton of OCiix — fix operating costs, [€ per ton]
treated waste, [kg per ton] OC,a(X) —variable operating costs, [€ per ton]
Ey, — energy value of biogas, [KWh per ton] P, — price of compost, [€ per ton]
GF — gate fee, [€ per ton] P — carbon trading price, [€ per ton]
GRkr — growth rate of key figure, [-] P. — price of the generated electric energy,
GRyp — growth rate of population, [-] [c€ per kWh]
Hiow — low calorific value of waste, [kJkg™] PP — present population, [-]
I — investmens costs, [€] P, — price of the generated thermal energy,
i — social discount rate, [%] [c€ per kWh]
NPV  — net present value of costs, [€] Reo,t — revenues from GHG emission saving in
NPV evenie — Net present value of revenues, [€] the t-th year, [€]
NPVyerefit — Net present value of benefits, [€] Rfeet — revenues from gate fee in the t-th year,

n — facility lifetime, [years] [€]



Milutinovi¢, B. B., et al.: Mathematical Model for Evaluation of Cost Effectiveness of ...

THERMAL SCIENCE, Year 2016, Vol. 20, Suppl. 5, pp. S1573-S1584 S1583
Ryt - revenues from sales of waste treatment Greek symbols

product in the t-th year, [€] . -

. e — electrical efficiency, [%

t ~ project life time, [years] by — thermal efficiencyy[f’/[o]O]
w, —actual key figure (the amount of waste per "t '

capita), [kg per cap per day] Subscripts
Whin — minimum amount of waste, [ton] e _ electric
X — forecasted amount of waste (facility t _ thermal

capacity), [tons per year] min - - minimum

References

[1] Schuebeler, P., et al., Conceptual Framework for Municipal Solid Waste Management in Low-Income
Countries, in: Urban Management Programme Working Paper No. 9, St. Gallen, Switzerland, 1996

[2] Parthan, S. R., et al., Cost Estimation for Solid Waste Management in Industrializing Regions — Prece-
dents, Problems and Prospects, Waste Manage., 32 (2012), 3, pp. 584-594

[3] Massarutto, A., et al., Material and Energy Recovery in Integrated Waste Management Systems: A Life-
Cycle Costing Approach, Waste Manage., 31 (2011), 9-10, pp. 2102-2111

[4] Athanassiou, M., Zabatinotou, A., Techno-Economic Assessment of Recycling Practices of Municipal
Solid Waste in Cyprus, J. Clean Prod., 16 (2008), 4, pp. 1474-1483

[5] Murphy, J. D., et al., Technical/Economic/Environmental Analysis of Biogas Utilization, Appl. Energ.,
77 (2004), 4, pp. 407-427

[6] Tonjes, D. J., Mallikarjun, S., Cost Effectiveness of Recycling: A System Model, Waste Manage., 33
(2013), 11, pp. 2548-2556

[7]1 Avye, L., Widjaya, E. R., Environmental and Economic Analyses of Waste Disposal Options for Tradi-
tional Markets in Indonesia, Waste Manage., 26 (2006), 10, pp. 1180-1191

[8] Economopoulos, A. P., Techno-Economic Aspects of Alternative Municipal Solid Wastes Treatment
Methods, Waste Manage., 30 (2010), 4, pp. 707-715

[9] Tsilemou, K., Panagiotakopoulos, D., Approximate Cost Function for Solid Waste Treatment Facilities,
Waste Manage. Res., 24 (2006), 4, pp. 310-322

[10] Jamash, T., Nepal, R., Issues and Options in Waste Management: A Social Cost-Benefit Analysis of
Waste-to-Energy in the UK, Resour. Conserv. Recy., 54 (2010), 12, pp. 1341-1352

[11] Murphy, J. D., Power, N. M., A Technical, Economic and Environmental Comparison of Composting
and Anaerobic Digestion of Biodegradable Municipal Waste, J. Environ. Sci. Heal., A, 41 (2006), 5, pp.
865-879

[12] Parthan, S. R., et al., Cost Function Analysis for Solid Waste Management: a Developing Country Expe-
rience, Waste Manage Res., 30 (2012), 5, pp. 485-491

[13] Tomi¢, T., et al., Influence of Legislative Conditioned Changes in Waste Management on Economic Vi-
ability of MSW-Fuelled District Heating System — Case Study, Thermal Science, 20 (2016), 4, pp. 1105-
1120

[14] Christensen, T. H., Solid Waste Technology & Management, John Wiley and Sons, Ltd., Lyngby, Den-
mark, 2011

[15] Hogg, D., Costs for Municipal Waste Management in the EU, Final Report to Directorate General Envi-
ronment, European Commission, Eunomia, Bristol, UK, 2001

[16] Murphy, J. D., McKeogh, E., Technological, Economic and Environmental Analysis of Energy Produc-
tion from Municipal Solid Waste, Renew. Energ., 29 (2004), 7, pp. 1043-1057

[17] Braber, K., Anaerobic Digestion of Municipal Solid Waste: a Modern Waste Disposal Option on the
Verge of Breakthrough., Biomass Bioenerg., 9 (1995), 1-5, pp. 365-376

[18] Bolzonella, D., et al., Semi-Dry Thermophilic Anaerobic Digestion of the Organic Fraction of Municipal
Solid Waste: Focusing on the Start-up Phase, Bioresource Technol., 86 (2003), 2, pp. 123-132

[19] ***, The World Bank, Municipal Solid Waste Incineration, Technical Guidance Report, Washington,
D. C. 1999

[20] Schwanecke, R., Formulas and Nomograms for Use of the Technical Guide for Air Pollution Control (in
German), Wasser, Luft und Betrieb, 20 (1976), 11, p. 607

[21] Buswell, A. M., Mueller, H. F., Mechanisms of Methane Fermentation, Ind. Eng. Chem., 44 (1952), 3,
pp. 550-552



Milutinovi¢, B. B., et al.: Mathematical Model for Evaluation of Cost Effectiveness of ...
S1584 THERMAL SCIENCE, Year 2016, Vol. 20, Suppl. 5, pp. S1573-S1584

[22] ***, Friends of the Earth, More Job, Less Waste — Report, 2010, http://www.foe.co.uk/sites/default/files/
downloads/jobs_recycling.pdf

[23] ***, 2011 Census of Population, Household and Dwellings in Republic of Serbia, Age and Sex, data by
settlements (in Serbian), Statistical Office of the Republic of Serbia, pp. 464-472, Belgrade, 2012

[24] ***, Local Waste Management Plan of City of Nis for Period 2011-2021 (in Serbian), City of Nis,
www.ni.rs/uploads/doc/uprave/ukdes/110310LPUotpad.pdf

[25] Tchobanoglous, G., et al., Integrated Solid Waste Management — Engineering Principles and Manage-
ment Issues, McGraw-Hill Book Co., New York, USA, 1993

[26] ***, Waste Management Strategy for Period 2010-2019 (in Serbian), Republic of Serbia, Official Ga-
zette of Serbia, Belgrade, 29/2010

[27] ***, Decree on Incentives for the Production of Electricity from Renewable Energy Sources and Com-
bined Production of Electricity and Heat (in Serbian), Republic of Serbia, Official Gazette of Serbia
8/13, Belgrade, 2013

[28] Stefanovi¢, G., Markovi¢, D., Life Cycle Assessment of Municipal Solid Waste Management: Case
Study of Nis, Serbia, Proceedings, 24" International Conference on Efficiency, Cost, Optimization,
Simulation and Environmental Systems, Novi Sad, Serbia, 2011, pp. 3930-3937

[29] ***, Global Environmental Exchange, EU Emission Allowances, 2016, https://www.eex.com/en/market-
data/emission-allowances/spot-market/european-emission-allowances#!/2016/06/13

Paper submitted: April 2, 2016
Paper revised: September 15, 2016
Paper accepted: September 19, 2016


http://www.foe.co.uk/sites/default/files/downloads/jobs_recycling.pdf
http://www.foe.co.uk/sites/default/files/downloads/jobs_recycling.pdf

