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ABSTRACT 

Environmentally harmful boiler rooms that use coal and liquid fuels (heavy fuel oil and heating 

oil) remain in operation across Serbian cities, either as parts of centralised systems or as 

stand-alone units. Although they significantly degrade air quality, their decommissioning is 

often delayed because feasibility studies indicate unfavourable financial outcomes. While 

greenhouse gas emissions can be monetised through emission trading schemes, no widely 

accepted method exists for valuing local air pollution in investment assessments. This paper 

proposes a fuzzy decision-making model that integrates financial, climate, and environmental 

criteria to support fuel-switching and decommissioning decisions. The model evaluates 

pollutant reductions, investment needs, and payback periods, converts them to fuzzy linguistic 

variables, and applies max–min composition for overall prioritisation. A case study of 25 boiler 

rooms in six Serbian cities demonstrates the approach. Results show that including 

environmental indicators highlights projects with substantial ecological benefits that would 

otherwise be overlooked under purely financial assessments. 

KEYWORDS 

Fuel switch, Heating, District heating system, Renewable energy sources, Decision-making, Fuzzy 

model. 

INTRODUCTION 

Urban heating systems, particularly those relying on fossil fuel combustion, are a 

significant source of local air pollution in cities. District heating plants and individual boilers 

emit particulate matter (PM), nitrogen oxides (NOₓ), and sulphur dioxide (SO₂), which 

contribute to poor air quality and adverse health impacts [1]. Transitioning to cleaner heating 

technologies and increasing the share of renewable heat can substantially reduce urban air 

pollution and associated health risks [2]. 

Obsolete coal and fuel oil-fueled boiler rooms, which are the subject of this research, are 

located mainly in the inner-city centres in highly populated areas in Serbia and represent a 

significant source of emission of NOx, SO2, particulates (PM2.5, PM5, PM10), CO, soot, etc. 

[3], especially during the heating season [4]. Together with other sources of air pollution and 
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unfavourable weather conditions, these boiler rooms cause poor air quality in Serbian cities 

during heating seasons. 

Projects for decommissioning harmful boilers are mostly very capital-intensive. In 

situations where limited resources must be allocated among different decommissioning 

projects for harmful boiler houses, it is important to establish clear criteria for project 

prioritisation. This situation is not a problem when the entire design process is conducted 

(including feasibility studies, preliminary design, detailed design, and environmental and 

social impact assessments). In that case, a wide range of indicators of project feasibility is 

available, a comprehensive analysis of all projects across technical, financial, environmental, 

and social aspects is possible [5], and conclusions about project feasibility can be drawn 

relatively easily [6]. 

However, the challenge is significantly greater in the early planning phase, when a 

relatively large number of potential projects must be screened and compared, often based on 

limited, incomplete, or uncertain information. At this stage, conducting full feasibility studies 

for all candidate projects is neither practical nor economically justified. Nevertheless, 

decisions still need to be made on which projects should advance to the following stages of 

development. There is a clear need for a simple, transparent, and methodologically sound 

evaluation framework that can support early-stage decision-making and project ranking [7]. 

In this context, the consideration of a broader set of influential criteria is widely used in 

urban sustainability assessments and in the evaluation and ranking of urban energy projects [8]. 

In this regard, researchers often seek solutions that enable the simultaneous consideration of 

multiple, often conflicting, criteria. According to [9], a review of the literature shows that 

investment cost is the most frequently used criterion in energy project evaluation, as it directly 

determines financial feasibility, and CO₂ emissions follow closely, given the increasing 

importance of climate goals and environmental protection. In another study on energy projects 

[10], the most important indicators are related to technical performance, especially system 

efficiency, which leads to emission reductions and, in turn, to better economic outcomes. 

Similar conclusions were reported in [11], where efficiency, investment cost, and CO₂ 

emissions were identified as the key technical, economic, and environmental criteria. Based on 

[12], investment and operating costs were ranked as the most significant factors in technology 

selection, and other criteria of lower importance included comfort, CO₂ emissions, commercial 

maturity, and economic development in a specific local context. Comparable findings were 

also reported in [13], where economic viability was identified as the dominant factor, alongside 

environmental benefits, job creation, and local context, such as the use of domestic resources, 

social and policy relevance, and community needs. 

A review of the existing literature shows that a similar core set of evaluation criteria is often 

applied, while different decision-support methods are used, with methodological adjustments 

to better capture local conditions and project-specific characteristics [14]. In practice, these 

methods are frequently "tuned" to reflect the local context, including existing infrastructure, 

available technologies, regulatory frameworks, environmental constraints, and the 

socio-economic characteristics of the area [15]. As a result, both the selection of evaluation 

criteria and the definition of feasible alternatives are tailored to the local context and specific 

technological and environmental challenges, particularly in cases involving outdated, 

environmentally harmful heat production facilities. 

The reviewed studies consistently highlight the need for problem-specific, 

context-sensitive ranking frameworks rather than universal or purely generic approaches. Such 

tailored methodologies allow decision-makers to structure and justify project prioritisation in a 

transparent and reproducible manner, even at early stages of planning, thereby strengthening 

the credibility and effectiveness of investment decisions in urban energy transition processes. 

Starting from the above premises, the proposed methodology aims to establish a structured, 

transparent approach to the early-stage evaluation and prioritisation of boiler room 

decommissioning projects. The methodology incorporates all key elements of the standard 
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design procedure; however, these elements are systematically organised and condensed to 

enable a fast, consistent comparison of a large number of projects under limited data 

availability [14]. 

The core of the methodology is the introduction of environmental efficiency indicators, 

used in combination with financial indicators in the decision-making process to rank projects 

for further development. Given the early phase of project preparation, these indicators should 

be interpreted as expected or most probable values, derived from reasonable assumptions and 

design simplifications, rather than as exact or final design outcomes. 

To explicitly address the uncertainty inherent in such early-stage assessments, a dedicated 

Fuzzy Decision-Making (FDM) model [16] is introduced to compare and rank alternative 

project solutions for the decommissioning of environmentally harmful boiler rooms. Fuzzy 

inference systems use logical rules, making them flexible and adaptable to various contexts 

[17], including situations with uncertain, incomplete, or unclear information [18]. They are 

very useful because they allow the processing of complex information in a way similar to 

human reasoning [19]. 

As a case study, 25 boiler rooms fueled by coal, heavy fuel, or heating oil in six Serbian 

cities (Belgrade, Niš, Užice, Valjevo, Novi Pazar, and Smederevo) are considered [20]. The 

current emissions of pollutants (SO2, NOx, and particulate matter) and greenhouse gases 

(GHGs) for each boiler room are calculated and presented. The solutions for boiler room 

decommissioning are then proposed. The analysed decommissioning options are politically 

and institutionally relevant solutions, aligned with the national planning and regulatory 

framework aimed at reducing air pollution, mitigating climate change impacts, and improving 

energy efficiency in the heating sector. The environmental effects (reduction of pollutant 

emissions) and climate impacts (reduction of GHG emissions) of the proposed boiler room 

decommissioning are assessed, and the corresponding indicators of environmental efficiency 

are calculated. In addition to these, key financial parameters, such as the cost of produced 

thermal energy, are calculated, and the simple payback period for each case, along with the cost 

of emission reduction associated with boiler room decommissioning, are explicitly presented. 

Finally, project prioritisation is performed using the Fuzzy Decision-Making model, based on a 

combined evaluation of actual values and expected ranges of simple payback periods, relative 

emission reductions, and relative costs of emission reduction. 

PROCEDURE FOR SELECTING A PROJECT SOLUTION FOR 

DECOMMISSIONING HARMFUL BOILER ROOMS 

The procedure for selecting project solutions for harmful boiler room decommissioning has 

two phases. The first phase involves a classical engineering approach in determining project 

solutions. The procedure is based on a current-state analysis and identification of available 

"new" energy sources, followed by the definition of new technical concepts/options for using 

selected sources. Assessment of environmental benefits and financial analysis of the proposed 

concept are completed by determining financial and environmental indicators for each project 

solution. 

• Description of the current situation − Baseline Data Collection. Baseline Data 

include basic technical and operational characteristics of the selected boiler rooms, 

energy production, and consumer characteristics. Data should be collected for the 

last few heating seasons. To avoid the effects of unusually cold or warm years, the 

series should include at least the last three heating seasons. Using these data, energy 

efficiency indicators, as well as average GHG and pollutant emissions for at least the 

last three heating seasons, are calculated. In addition, the current operational cost of 

energy production is calculated based on fuel costs only. The collected data, along 

with the calculated data based on them, are presented in Table 1. 
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Table 1. Baseline Data for a selected boiler room 
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• Identification and assessment of available energy inputs include consideration of 

energy sources to replace the presently used fossil fuels. Acceptable sources of energy 

include district heating networks and renewable energy sources. Use of natural gas in 

boiler houses is acceptable only in combination with renewables, when RES will cover 

the base load, and natural gas will be used to cover peak demand. Therefore, in this 

phase, the location and description of the district heating network, available renewable 

energy sources, and, in some cases, the natural gas network are considered. 

• Technical concepts/options for the new heating source include, inter alia, the general 

scheme(s) of the proposed technological option(s) [21], heat power of the new heating 

source(s), energy efficiency of the new heating source(s) [22], thermal storage size (if 

necessary), sources and amount of substitute energy/RES, heat power of backup and 

peak facilities (if required) [13], as well as all other characteristics needed for 

understanding of new system operation. 

• Assessment of environmental benefits is obtained by calculating the annual GHG and 

pollutant emissions from new heat sources and the reduction in emissions compared to 

the present state. The greenhouse gases considered are carbon dioxide (CO2), methane 

(CH4), and nitrous oxide (N2O). In calculations, these GHGs are introduced as CO2 

equivalents, calculated using their global warming potentials [23]. The pollutants 

considered are sulphur dioxide (SO2), nitrogen oxides (NOx), carbon monoxide (CO), 

and particulate matter (PM). Their emissions are calculated based on the annual fuel 

consumption, the lower heating value of fuels, and corresponding emission factors. 

The emission factors are taken from the literature [24]. 

• The financial analysis of proposed concepts presents a rough financial analysis of 

different projects, including, inter alia, a cost table that provides the best estimates of 

the costs of technical concept realisation and the expected operational fuel expenditure 

for each proposed technical concept. The benefit of this approach is that it allows 

defining the break-even point for each project using costs per unit of used energy, 

enabling comparison of their quality [25]. 
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• The calculation of indicators, environmental benefits, financial analyses, and the 

carbon trade potential of proposed concepts for decommissioning environmentally 

harmful boiler rooms serves as the basis for further project development activities. In 

the decision-making process, it is helpful to have indicators that integrate different 

aspects of projects as follows. 

 

Simple payback period (SP) indicator:  The financial benefit of the project, including GHG 

reduction; it is calculated as the ratio of investment costs in a new heat source and the reduction in 

operating and GHG emission costs due to the introduction of a new heat source, see eq. (1): 

 

𝑆𝑃 =
𝐶𝑜𝐼 

(𝐶𝑜𝐸𝑆 − 𝐶𝑜𝑁𝑆) + 𝐶𝑜𝐺𝐻𝐺
 [year] (1) 

 

Where: CoI [EUR] is the cost of investments in the new heat source − the investment cost 

includes the cost of a new RES-based facility (heat pump, biomass boiler, solar collectors, etc.) 

or the cost of connecting to the district heating network (cost of a connecting pipeline and 

heating substation), and in the case of RES use, this cost also includes the cost of a peak boiler 

and/or heat storage (where necessary). CoES [EUR/year] is the annual cost of the existing 

boiler room operation − it includes only fuel costs. CoNS [EUR/year] is the annual cost of the 

operation of the proposed new facility (for connecting to DHS, the calculation is based on the 

actual cost of heat production in the existing heating plant, using the energy production 

calculated and presented in Table 1; in the case of RES, this cost includes energy costs, i.e., 

electricity costs for heat pump operation, biomass costs, natural gas costs for peak boiler 

operation, etc.; regarding operating costs that are not included − costs of labour, maintenance, 

etc. − small boiler rooms either remain small in the case of RES use [20], not affecting other 

operation costs apart from the mentioned energy costs, or they become part of an extensive 

district heating system where their contribution to other operation costs is marginal, hence 

negligible [26]. CoGHG [EUR/year] is the cost of avoided GHG emissions, calculated as 

project income, using the CO2 price in the EU ETS [27]. 

Relative emission reduction (RE) indicator: emissions reduction per unit of thermal power in 

boiler rooms. It compares the sum of pollutant (NOx, SO2, CO, PM) emissions reduction and the 

heat power of the boiler house that needs to be replaced, see eq. (2) [28]: 

 

𝑅𝐸 =
𝐸𝑜𝐸𝑆−𝐸𝑜𝑁𝑆 

𝐻𝑃
 [kg/MW]  (2) 

 

Where: 𝐸𝑜𝐸𝑆 [kg] is the sum of annual pollutants (NOx, SO2, CO, PM) emissions from the 

existing boiler room, calculated and presented in Table 1. 𝐸𝑜𝑁𝑆 [kg] is the sum of annual 

pollutants (NOx, SO2, CO, PM) emissions from the proposed new facility; in the case of 

connection to the DHS, this emission is calculated based on the energy production, calculated 

and presented in Table 1, regarding the existing DHS's fuel mix. HP [MW] is the thermal 

power of the boiler house that needs to be replaced. The value of RE depends on the fuel being 

replaced, the energy source that will be used for replacement, the efficiency of heat production 

before and after, etc. Higher values of this indicator indicate higher environmental efficiency of 

the proposed solution. 

The cost of emission reduction (CR) indicator correlates the costs of the proposed solution 

with the emission reduction, see eq. (3): 

 

𝐶𝑅 =
𝐶𝑜𝐼 

𝐸𝑜𝐸𝑆 − 𝐸𝑜𝑁𝑆 
 [EUR/t] (3) 
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In general, this indicator could include GHG emissions (EUR/t CO2eq reduction) [29] and 

pollutant emissions (EUR/t SO2+NOx+PM+CO reduction) [30]. However, here, only an 

indicator related to pollutant emissions will be used for prioritisation, as GHG emission 

reductions are included in the calculation of the simple payback period [20]. 

METHODOLOGY FOR THE EVALUATION AND RANKING OF PROJECT 

SOLUTIONS − FUZZY DECISION-MAKING MODEL 

The traditional approach in multi-criteria decision-making (MCDM) relied on classical 

(crisp) quantitative methods that assumed precise, deterministic input data and clear 

boundaries between alternatives. Simple weighted scoring models, Analytic Hierarchy 

Process, cost-benefit analysis, linear programming, and ELECTRE, among others, were 

commonly used with exact numerical values and binary logic (true/false, yes/no) [31]. 

Fuzzy decision models are widely applied within MCDM frameworks to address 

uncertainty, vagueness, and subjective judgment that often arise when evaluating complex 

alternatives [17]. Instead of relying on precise numerical inputs, fuzzy approaches use 

linguistic variables (e.g., low, medium, high) and membership functions to represent imprecise 

data and expert opinions, enabling a more realistic representation of real-world conditions [32]. 

In a fuzzy MCDM model, criteria weights, performance ratings, and aggregation procedure can 

all incorporate fuzzy numbers, allowing decision-makers to compare alternatives even when 

information is incomplete or ambiguous [33]. 

The Fuzzy Decision-Making (FDM) model proposed in this paper uses a fuzzy inference 

engine to transform input indicators into a single overall indicator [34]. The resulting indicator 

is used in the decision-making process to rank project solutions. An FDM model is selected for 

ranking project solutions because, in the initial phase of project consideration, most figures 

related to project financials and subsequent operational parameters are relatively uncertain. 

The investment costs are evaluated by considering similar realised projects or 

recommendations of local DH companies. In addition, emission reduction can vary around the 

average values used for indicator calculation. Therefore, instead of numerical indicator values, 

FDM used their linguistic interpretation. The model enables classification and grouping of 

input parameters, with the composition outcome resulting from two-dimensionally defined 

input parameters based on experience and intuition, in a form that is more flexible and adaptive 

than other optimisation methods [35]. 

All input indicators are presented as fuzzy sets (FS), and the outcome of the composition is 

a fuzzy number (FN). In FDM, the proposition phase involves defining linguistic variables 

(LVs) and the FS structure (shape and layout). The structure of FS is based on the intuition and 

experience of experts. By selecting different shapes and layouts, it is possible to represent LV 

more objectively and achieve greater flexibility in shaping the composition, thus avoiding a 

linear conclusion model. FN is defined by the membership function (μ) and the unit of 

measurement (j class) for the observed phenomenon. The general form of a fuzzy number is 

shown in eq. (4): 

 

𝐹𝑁(𝜇, 𝑗) = 𝜇𝐹𝑁(𝑗 = 1),  𝜇𝐹𝑁(𝑗 = 2), … ,  𝜇𝐹𝑁(𝑗 = 𝑛) (4) 

 

Where μ  (0,1) is the membership function, and j = 1…n represents the class of the 

measurement unit. Each j-th class is mapped to the real value of the input indicator. The experts 

usually define the mapping rules. 

 

There are three input indicators for prioritising boiler rooms for decommissioning: Simple 

Payback Period (SP), Relative Emission Reduction (RE), and Costs of Emission Reduction 

(CR). Determining the boundaries and shapes of fuzzy sets for these indicators is a critical step 

in developing the fuzzy model. Generally accepted thresholds for different levels of investment 
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profitability (denoted as SP), environmental efficiency (denoted as RE), and financial 

efficiency of emission reduction (denoted as CR) do not exist. Therefore, for each specific case, 

it is necessary to carefully analyse the indicator values and classify them into a certain number 

of characteristic states, taking into account both their absolute values and their relative 

relationships. 

In this paper, based on the authors' experience and the calculated indicator values 

(presented in the Case Study section), each indicator is represented by four characteristic states, 

each described as a linguistic variable. A trapezoidal shape of the fuzzy sets was adopted [33]. 

Trapezoidal boundaries are determined based on the authors' consensus on assigning indicator 

values to specific linguistic categories. Overlaps between linguistic categories reflect different 

subjective perceptions of belonging to specific linguistic categories. The following linguistic 

variables and their boundaries are proposed for each indicator: 

• SP: Extremely profitable (<5 years), Profitable (4−12 years), Marginally profitable 

(10−16 years), Unprofitable (>15 years). 

• RE: Very high reduction (>800 kg/kW), High reduction (400−1000 kg/kW), 

Reduction (80−500 kg/kW), Minimal reduction (<100 kg/kW). 

• CR: Very expensive reduction (>2000 EUR/t), Expensive reduction (1000−3000 

EUR/t), Moderately expensive reduction (100−1200 EUR/t), Cheap reduction 

(<200 EUR/t). 

Graphical representations of SP, RE, and CR fuzzy sets, linguistic variables, and mapping 

rules for the connection between indicator values and classes j (where j = 1 to n, and n = 10) are 

presented in Figure 1. This means that each project solution will be represented by three fuzzy 

numbers 𝑆𝑃(𝜇, 𝑗), 𝑅𝐸(𝜇, 𝑗), and 𝐶𝑅(𝜇, 𝑗), while the assessment of a single solution will be the 

fuzzy number 𝑃𝐴(𝜇, 𝑗). 

 

 

Figure 1. Fuzzy sets, linguistic variables, and mapping rules for: simple payback period (a), relative 

emission reduction (b), cost of reduction (c), and project assessment (d) 

If the boundaries defining the linguistic variables were to change, this would have an 

impact on the project assessment of a specific project only if one of the membership functions 

of its indicators were to change (e.g., changing the boundaries would cause a "profitable" 

project to become "marginally profitable" or "extremely profitable"). However, if the 

membership function of the selected indicator remains unchanged as the boundaries of the 

linguistic values change, the project assessment will not change. It is important to note that the 
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project assessment does not depend on the absolute boundaries of the linguistic values, but 

rather on the shape and the values of the membership functions at the points relevant to the 

specific project. 

Fuzzy composition represents the operation of combining multiple fuzzy relations [36]. In 

fuzzy algebra, the most used operations are max-min and min-max. The first is used in 

decision-making and optimisation processes, while the second is used in risk analysis. In the 

observed example of boiler room decommissioning prioritisation, the max-min composition is 

used [37]. 

Let: 𝑆𝑃(𝜇, 𝑗), 𝑅𝐸(𝜇, 𝑗), and 𝐶𝑅(𝜇, 𝑗) be the three FNs representing project indicators. The 

max-min composition is defined as FN, obtained as Cartesian products of indicators FNs  

(eq. (5), eq. (6), and eq. (7)): 

 

𝑃𝐴 = 𝑆𝑃 ○ 𝑅𝐸 ○ 𝐶𝑅 = 𝜇𝑃𝐴(𝑗 = 1), … , 𝜇𝑃𝐴(𝑗 = 𝑛) = 𝑀𝑋(𝑗 = 1), … , 𝑀𝑋(𝑗 = 𝑛) (5) 

 

Where: 

 

𝑀𝑋(𝑗) = max𝑗{𝑀𝑁𝑂=𝑗𝜇(𝑆𝑃)⋀𝑀𝑁𝑂=𝑗𝜇(𝑅𝐸)⋀𝑀𝑁𝑂=𝑗𝜇(𝐶𝑅)}, for all j =1…n (6) 

 

𝑀𝑁𝑂𝜇(𝑆𝑃, 𝑅𝐸, 𝐶𝑅) = min𝑂=𝑗{𝜇(𝑆𝑃, 𝑅𝐸, 𝐶𝑅)𝑗}, for j = O (7) 

 

The outcome O is an integer rounded value that is determined for any combination of input 

parameters c = j (eq. (8)): 

 

𝑂𝑐 = ((𝑗𝑆𝑃)𝑐 + (𝑗𝑅𝐸)𝑐 + (𝑗𝐶𝑅)𝑐)/3 (8) 

 

Such membership functions could create C = n3 mutual combinations, varying all three 

indicators and class j. Each combination represents a possible input to the project assessment 

(PA), see eq. (9). 

 

𝑃𝐴𝑐 = (𝜇𝑆𝑃,𝑅𝐸,𝐶𝑅)
𝑐=1…𝐶

= (𝜇𝑆𝑃
𝑗=1…𝑛

, 𝜇𝑅𝐸
𝑗=1…𝑛

, 𝜇𝐶𝑅
𝑗=1…𝑛

), for all c =1…C (9) 

 

To analyse individual projects, it is necessary to transform relationship (9), using the best-fit 

identification method, into eq. (10) [36]. 

 

PA=(μ(j=1),..., μ(j=n) → PA=(μ(A), μ(B), μ(C), μ(D)) (10) 

 

Where the marks A, B, C, and D represent the LV for Project Assessment: Highly Acceptable 

Project, Very Acceptable Project, Acceptable Project, and Low Acceptable Project, 

respectively. 

For easier comparative analysis of the obtained results for various projects, the horizontal 

coordinate of the 'centre of mass' of fuzzy number (10) will be calculated and accepted as the 

project score, eq. (11) [16]: 

 

𝑍(𝑃𝐴) =
𝜇(𝐴)∙𝑋𝐶−𝐴+𝜇(𝐵)∙𝑋𝐶−𝐵+𝜇(𝐶)∙𝑋𝐶−𝐶+𝜇(𝐷)∙𝑋𝐶−𝐷

𝜇(𝐴)+𝜇(𝐵)+𝜇(𝐶)+𝜇(𝐷)
  (11) 

 

Where 𝑋𝐶−𝐴, 𝑋𝐶−𝐵, 𝑋𝐶−𝐶, and 𝑋𝐶−𝐷 represent horizontal coordinates of centres of mass for 

fuzzy sets: Highly Acceptable Project, Very Acceptable Project, Acceptable Project, and Low 

Acceptable Project, respectively. 
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CASE STUDY 

Exactly 25 boiler rooms in 6 Serbian cities (Belgrade-BG, Niš-NI, Užice-UE, Valjevo-VA, 

Novi Pazar-NP, and Smederevo-SM) that are sources of significant pollution are considered. In 

Appendix Table A1, the list of boiler rooms is presented together with their basic technical and 

operational characteristics: total heat power [MW], fuel type, average annual fuel consumption 

[t], consumer, and heated space [m2]. 

The total capacity of 25 boiler rooms is 241.7 MW. The average annual consumption of 

these boiler rooms is 13,450.2 t of heavy fuel oil, 2,567 t of coal, and 452.66 t of heating oil. In 

total, these boiler rooms provide heat for over 990,000 m2 of residential, public (schools, 

kindergartens, hospitals, etc.), and commercial buildings. 

Using these data, indicators of energy efficiency and GHG and pollutant emissions are 

calculated. In addition, the costs of energy production related only to fuel used are calculated. 

The obtained data are presented in Appendix Table A2. 

An overview of the presented data reveals significant differences in energy efficiency. The 

average relative consumption of heat is 121.3 kWh/m2 or 0.053 kWh/m2/HDD, with the ratio 

between the minimal and maximal values of 1:8 in the first case and 1:10 in the second. This 

situation indicates that, in boiler room decommissioning projects, energy efficiency measures 

should be implemented on the consumption side. Concerning emissions, these facilities, 

located mainly in the downtown areas, currently emit 47,392.67 t of CO2eq, 65 t of NOx, 58 t of 

SO2, 3.2 t of CO, and 6.1 t of PM annually. The average operation cost of thermal energy 

production is 0.093 EUR/kWh. 

Each of the considered boiler rooms is a unique case in terms of the availability of the 

district heating network for connection, and the renewable energy source that can be used. 

 

 

Figure 2. Layout of existing DH network, connecting pipeline, and schematic of heat substation 

As an example, the typical case of connection to an existing DH network is presented in 

Figure 2 (the case NP2: 2,711 m2 large public buildings currently heated by a 0.6 MW heating 

oil boiler). Figure 2 presents the layout of the existing DH network, along with the route of the 

connecting pipeline to be built from the connection point to the existing DH network to the 

location of the existing boiler room, where it is envisaged that the DH substation will be 

installed. The presented heat substation enables the integration of existing consumers into the 

district heating system. 

Connection to the DH network reduced heating costs from 0.074 EUR/kWh to 0.056 

EUR/kWh, and the simple payback of investments (in pipelines and heating substation) is 5.3 

years. Annual emissions reductions due to the decommissioning of this boiler house are 64.1 t 

CO2eq, 41.6 kg NOx, 12.4 kg SO2, 1.2 kg CO, and 0.75 kg PM. Calculated Relative Emission 

Reduction and Costs of Emission Reduction are 112 kg/kW and 1,063 EUR/t, respectively. 
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The second type of project is related to the substitution of harmful boiler houses with a new 

RES-based heat source. The general case of substitution is presented in Figure 3. RES-based 

(biomass, solar thermal, or ambient heat via heat pump) heat source is used for base load, while 

the natural gas boiler is used, if necessary, as a secondary energy source for peak load. Heat 

accumulator (storage) is an option to improve system feasibility, especially when RES is 

intermittently available (e.g., solar energy). 
 

 

Figure 3. General scheme of RES utilisation for boiler house decommissioning 

 

 

Figure 4. Load duration curve 

For each case, a heat load duration curve is created (Figure 4). The area under the curve 

represents the yearly heat demand. It is used to select the optimal heat power for the base-load 

device and the peak boilers. As with the DH network connection, a simple payback period is 

calculated using investment costs and the difference in the costs of produced heat before and 

after boiler room decommissioning. Emission reduction is calculated using emission factors. 

Solutions for decommissioning each of the boiler houses are presented in Table 2, 

together with calculated values of indicators (based on data presented in Appendix Table A3 

and Table A4). 
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Table 2. Project Solutions and Indicators of project feasibility and environmental efficiency 

Project 

code 
Project solutions 

Payback 

period 

[year] 

Relative emission 

reduction [kg/kW] 

Costs of emission 

reduction [EUR/t] 

BG 1 

Air-Water HP (2 × 250 kW  

+ 200 kW) 

NG boiler (3.6 MW)  

9.4 1,156 374 

BG2 Connection to DH system 2.6 1,488 69 

BG3 Connection to DH system 54.3 574 871 

BG4 Connection to DH system 2.2 141 1,112 

BG7 
Air source HP (2 × 0.6 MW) 

NG boiler (6MW)  
9 249 876 

BG9 Connection to DH system 14.6 714 752 

BG10 
Air source HP 200 + 300 kW, 

NG boilers (2 × 2 MW)  
8 981 229 

BG11 Connection to DH system 2 192 661 

BG12 Connection to DH system 2.7 79 3,407 

BG13 
Hybrid solar-gas heating system - 

solar thermal collectors  
2.6 48 2,096 

BG14 Air source HP 150 kW 30.9 144 7,176 

SM1 Waste heat from ironworks 9 1,216 654 

VA1 
Air source HP 400 kW, PV plant 

150kW 
13.4 682 1,067 

VA2 Connection to DH system 9.2 711 1,408 

UE1 Connection to DH system 8 201 1,964 

UE2 
Water source HP 3 MW, 

NG boilers (2 × 7 MW) 
6.6 4167 312 

NP1 
Pellet boiler (0.15 MW) 

NG boiler (0.45 MW) 
11.7 955 244 

NP2 Connection to DH system 5.3 112 1,063 

NP3 Pellet boiler (2 × 0.6 MW) 21.1 254 1,182 

NP4 
Air source HP (0.15 MW) 

NG boiler (0.5 MW) 
33.9 545 834 

NI1 
Woodchips boiler (2 MW) 

NG boiler (4 MW) 
26.1 264 1,602 

NI2 
Pellet boiler (0.25 MW) 

NG boiler (0.75 MW) 
8.7 611 534 

NI3 
Woodchips boiler (1 MW) 

NG boiler (3 MW) 
13.3 242 2,700 

NI4 Wood residues boiler (1 MW) 159 196 3,330 

NI5 
Air source HP (40 kW) 

NG boiler (150 kW) 
12.1 194 9,295 

 

For 9 of the boiler houses, the solution is the connection to DH networks. A combination of 

air-to-water heat pumps (HPs) and natural gas (NG) boilers is proposed for 6 cases, with an 

additional HP as a stand-alone solution. 
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Biomass-based solutions (wood chips, pellets, wooden residues) are considered in 6 cases. 

The solution proposed for decommissioning several boiler rooms in Smederevo (SM1) is the 

construction of an 11 km long heating pipeline from nearby ironworks, supplying local heating 

substations to be installed at the locations of the existing boiler rooms. The other RES-based 

solutions include one water-to-water heat pump and one hybrid solar-gas heating system. 

Proposed project solutions provided 55% reductions in GHG (CO2eq) emissions, 88% 

reductions in NOx emissions, 99% reductions in SO2 emissions, 74% reductions in CO 

emissions, and 93% reductions in PM emissions. 

The traditional approach in project selection is based on the payback period. Projects with 

the shortest payback would have priority in realisation. However, a more detailed investigation 

of Table 2 shows that some very feasible projects have a relatively modest impact on emission 

reduction (BG12) and relatively high costs of relative emission reduction (BG12, BG13). On 

the other hand, some projects with very long payback periods are highly favourable from an 

environmental perspective (BG14, NI3, NI4, etc.). The proposed FDM model addresses this 

problem by assigning equal significance to all indicators in the ranking process. 

In addition, the overview of indicator values shows a very wide range of values. A simple 

payback period is in the range from 2 years to more than 50 years! The relative emission 

reduction in the most efficient case exceeds 4000 kg/kW, but for some solutions, it is less than 

100 kg per kW of installed new capacity. Similarly, the cost of reducing pollutant emissions 

ranges from a very low 69 EUR/t to an incredibly high 9,295 EUR/t. This great variety of 

indicator values is the consequence of local specificities, which should be examined in detail in 

further phases of the project's development. However, for project comparison and ranking, the 

FDM model is shown to be suitable for handling these wide ranges. Indicators are grouped into 

sets described by linguistic description/linguistic variables of fuzzy sets – see Figure 1. In the 

same Figure, very simple linear mapping rules between indicators and class j are presented by 

two parallel horizontal axes. 

The FDM model implementation for evaluating two project solutions (NP2 and NP3) is 

presented as an example. The NP2 project involves boiler room decommissioning via 

connection to the local DH network, while the NP3 project involves boiler room 

decommissioning by installing a new pellet boiler. The FDM procedure is presented briefly in 

Table 3. The graphical interpretation of the input fuzzy sets and project assessments for these 

two cases is presented in Figure 5 and Figure 6. 

Table 3. Assessments of project solutions for NP2 and NP3 boiler rooms by using FDM 

 NP2 NP3 

In
p
u
t 

 

d
at

a 

Simple Payback 5.3 years 

Relative Emission Reduction 112 kg/kW 

Costs of Emission Reduction 1,063 EUR/t 

Simple Payback 21.1 years 

Relative Emission Reduction 254 kg/kW 

Costs of Reduction 1,182 EUR/t 

F
u
zz

y
  

se
ts

 

SP − 1 × profitable 

RE − 1 × moderate reduction 

CR − 0.7 × moderately expensive reduction  

 0.3×expensive reduction 

SP − 1 × unprofitable 

RE − 1 × moderate reduction 

CR − 0.1 × moderately expensive reduction 

 0.9 × expensive reduction 

P
A

, 
P

ro
je

ct
 

A
ss

es
sm

en
t 21% (highly acceptable) 

24% (very acceptable project) 

27% (acceptable project) 

29% (low acceptable project) 

19% (highly acceptable) 

18% (very acceptable project) 

35% (acceptable project) 

29% (low acceptable project) 

Z(PA) 5.86 6.26 
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Figure 5. Indicators' fuzzy sets and project assessment for NP2 boiler room 

 

 

Figure 6. Indicators' fuzzy sets and project assessment for NP3 boiler room 

Comparing the "Project assessment" fuzzy sets for these two project solutions, it is clear 

that NP2 decommissioning remains the preferable project, as the initial simple payback periods 

comparison shows. However, the differences between the solutions are not so extreme. The 

"centre of mass" for NP2 has a lower value (5.86) and belongs to the "Very Acceptable" and 

"Acceptable" fuzzy sets, while the dominant fuzzy set in the fuzzy number of project 

assessment for NP3 is "Acceptable". In this way, all aspects of interest, both financial and 

environmental, are considered. 

With regard to the prioritisation results for all projects, the list of projects, presented per 

their acceptability (from the highest to the lowest), is shown in Table 4. Just one project for a 

harmful boiler decommissioning can be characterised as "Highly Acceptable", while most of 

the 17 projects belong to the "Very Acceptable" fuzzy set. The "Acceptable" fuzzy set is 

dominant for 7 solutions. This result means that including the environmental benefits of 

considered projects in their evaluation improved their attractiveness for implementation. 
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Table 4. Ranking of projects per the FDM model 

Project code Dominant fuzzy set Project Score 

BG2 Highly Acceptable 1.00 

BG11 

Very Acceptable 

4.00 

BG 1 5.02 

SM1 5.02 

UE2 5.02 

BG10 5.04 

NI2 5.04 

NP1 5,04 

BG4 5.11 

BG9 5.34 

BG7 5.50 

VA2 5.51 

BG3 5.65 

NP4 5.65 

VA1 5.74 

BG13 5.86 

UE1 5.86 

NP2 5.86 

NI5 

Acceptable 

6.04 

NI3 6.06 

NP3 6.26 

NI1 6.28 

BG14 6.54 

NI4 6.54 

BG12 7.00 

DISCUSSION 

The fuzzy sets shown in Figure 1 were derived from the authors' subjective expert 

assessment. From the perspective of the results' sensitivity, projects located at the borders 

between the two linguistic variables are critical. Table 5 presents seven projects whose 

indicators are located within the overlapping regions of two linguistic descriptions. To examine 

the model's robustness to fuzzy-set threshold selection, a scenario was considered in which the 

fuzzy set boundaries were shifted so that the indicators fell within a single fuzzy set. As project 

NP1 contains two indicators positioned within overlapping regions of linguistic variables, a 

total of 16 different cases were examined. The results show that a change in membership to the 

dominant fuzzy set occurred in only two cases (projects NP2 and VA1, where, if the CR 

indicator is classified solely as "Moderately Expensive", the projects become "Very 

Acceptable"). This situation indicates that the boundaries of the linguistic variables were 

selected so that the final project assessment would not change significantly when the thresholds 

are modified. 
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It should also be emphasised that the purpose of the proposed model is not to provide strict 

project rankings, but rather to prioritise projects for the subsequent project development 

process. Therefore, the sensitivity analysis was intentionally focused on the model's robustness 

to the definition of linguistic variables, as these thresholds are the primary source of 

subjectivity in early-stage fuzzy decision-making models. Sensitivity to input data uncertainty 

was not explicitly analysed, as the aim was to assess stability with respect to expert 

interpretation rather than measurement variability. 

Table 5. Effects of the fuzzy sets' thresholds changing to membership of PA fuzzy sets 

Project Indicator 
Project 

Assessment 
Changing in fuzzy sets 

NP1 

SP: Profitable 

/Marginally Profitable 

Very 

acceptable 

SP: Profitable 

PA: Very acceptable 

SP: Marginally 

profitable 

PA: Very acceptable 

RE: Very high 

reduction/ High 

reduction 

Very 

acceptable 

RE: Very high 

reduction 

PA: Very Acceptable 

RE: High reduction 

PA: Very acceptable 

NP2 
CR: Moderately 

expensive/Expensive 
Acceptable 

CR: Moderately 

expensive 

PA: Very acceptable 

CR: Expensive 

PA: Acceptable 

NP3 
CR: Moderately 

expensive/Expensive 
Acceptable 

CR: Moderately 

expensive 

PA: Acceptable 

CR: Expensive 

PA: Acceptable 

VA1 
CR: Moderately 

expensive/Expensive 
Acceptable 

CR: Moderately 

expensive 

PA: Very acceptable 

CR: Expensive 

PA: Acceptable 

BG4 
CR: Moderately 

expensive/Expensive 

Very 

acceptable 

CR: Moderately 

expensive 

PA: Very acceptable 

CR: Expensive 

PA: Very acceptable 

BG13 
CR: Expensive/ Very 

expensive 

Acceptable CR: Expensive 

PA: Acceptable 

CR: Very expensive 

PA: Acceptable 

NI3 
CR: Expensive/ Very 

expensive 

Acceptable CR: Expensive 

PA: Acceptable 

CR: Very expensive 

PA: Acceptable 

 

The proposed method is intended for use in the early stages of project development, when 

the available data on project solutions are relatively limited, and when all project indicators − 

financial profitability, emission reduction potential, and emission reduction costs − are 

considered with equal importance. The equal importance of indicators is consistent with 

screening-level decision-making frameworks, where the objective is not optimisation, but 

identification of broadly preferable alternatives for further detailed analysis. Table 6 presents 

the ranking of projects (top five) obtained both based on individual indicators and using the 

FDM method. It is evident that the “best projects” according to the FDM approach are also 

prioritised when evaluated against individual indicators, while the only project classified as 

"Highly Acceptable" (B2) ranks among the top priorities for each of the three considered 

indicators. The results clearly demonstrate a significant deviation from conventional project 

evaluation approaches that focus exclusively on financial aspects. 

The last column of Table 6 presents the ranking of projects (top five) obtained based on the 

sum of normalised indicator values − scoring model; to ensure a fair comparison with the FDM 

method, equal importance was assigned to each indicator. The results are broadly consistent, 

with three identical projects appearing in both groups, though in slightly different order. At the 
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same time, the findings indicate that the FDM model is less sensitive to extreme values of 

individual project indicators. 

Table 6. Projects ranking by different criteria and methods 

Ranking by 

Shortest SP Highest RE Lowest CR FDM 
Scoring 

model 

BG11 UE2 BG2 BG2 BG2 

BG4 BG2 BG10 BG11 UE2 

BG2 SM1 NP1 BG 1 BG10 

BG13 BG1 BG8 SM1 BG1 

BG12 BG10 UE2 UE2 NP1 

 

The FDM method can be particularly useful in the initial stages of project assessment, when 

available data are relatively uncertain and conclusions based solely on their absolute values − 

especially in the presence of extreme values − may lead to misleading interpretations. These 

findings further support the premise that the fuzzy approach is especially beneficial when the 

available data are highly uncertain. This confirms that the FDM approach provides comparable 

results while offering greater robustness against extreme indicator values. 

The method is easily transferable to other cases, not only in Serbia but universally. The 

proposed algorithm for analysing and ranking solutions remains the same. Of course, local 

context (e.g., costs of proposed facilities, fuel emission factors, district heating fuel mix, etc.) 

should be taken into account in the calculation. However, the most important change is in the 

determination of thresholds for linguistic variables. They should be carefully adapted in 

accordance with the values of the indicators obtained for the projects under consideration. The 

result cannot be specified in advance; it is determined only after indicators are calculated and 

grouped by value. The expert's judgment is then crucial in determining the linguistic variable 

limits to clearly separate them. 

CONCLUSIONS 

Environmental reasons make it urgent to decommission environmentally harmful and 

obsolete boiler rooms located in densely populated urban areas. These boiler rooms use coal 

and liquid fossil fuels (heavy fuel oil, heating oil). Given the need to decarbonise the heating 

sector soon, as well as potential supply issues, the simple fuel switch of these boiler rooms to 

natural gas cannot be accepted as a desirable option. 

Therefore, this paper proposes a simple procedure for decommissioning harmful boiler 

rooms by replacing them with district heating systems or local heat sources powered by 

renewable sources. Although district heating systems are currently mostly fossil-fueled, their 

local emissions are better regulated and specifically lower. In addition, district heating systems 

are planned for decarbonisation and are expected to develop towards the 4th and 5th 

generations. This situation implies greater reliance on renewables and waste heat as energy 

sources. 

The procedure outlined in this paper specifically focuses on its implementation in 25 boiler 

rooms across six Serbian cities. The effects of these projects' realisation would be a 55% 

reduction in GHG (CO2eq) emissions, an 88% reduction in NOx emissions, a 99% reduction in 

SO2 emissions, a 74% reduction in CO emissions, and a 93% reduction in PM emissions 

compared to the present state. However, the financial and environmental indicators for projects 

are quite different and somewhat difficult to use for project prioritisation. 

The Fuzzy Decision-Making model is proposed for ranking projects based on an overall 

score that comprises three indicators: simple payback period, relative emission reduction, and 
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the cost of emission reduction. Starting from the universal principles for the selection and 

weighting of decision criteria − namely, systemic, consistency, independence, measurability, 

and comparability − the proposed methodology satisfies all these requirements. It is consistent 

with the decision objectives of meeting energy demand while reducing emissions, systemic in 

providing a comprehensive multi-criteria evaluation that yields more robust results than 

single-criterion assessments, and uses independent and measurable criteria that do not overlap 

and can be expressed in quantitative terms. Financial and environmental indicators are defined 

with four linguistic variables each, represented as fuzzy relations based on empirical and expert 

knowledge. The synthesis of fuzzy relations is performed using max-min fuzzy composition, 

yielding the project score. The obtained results show that most of the 17 project solutions 

belong to the "Very Acceptable" fuzzy set. Just one project has even better characteristics and 

belongs to the "Highly Acceptable" fuzzy set, while seven project solutions are evaluated as 

"Acceptable" only. 

The proposed methodology for project solution evaluation was shown to be very suitable 

for boiler decommissioning projects, as it considers both environmental benefits and financial 

parameters of project implementation, helping decision-makers prioritise project realisation. 

The methodology is transferable to other cases with thresholds for linguistic variables, by 

taking into account the provided local conditions. Moreover, if the proposed procedure for 

defining project solutions and the methodology for their evaluation are treated as a single 

integrated process, feedback from the project evaluation can be used to optimise the project 

solutions in subsequent phases of project development. 
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NOMENCLATURE 

Symbols 

CR Costs of emission reduction 

FN Fuzzy number 

PA Project assessment 

RE Relative emission reduction 

SP Simple payback period 

Z Project score 

Greek letters 

μ Membership function value (degree of membership) 

Subscripts and superscripts 

j Class/category of the measurement unit 

Abbreviations 

BG Belgrade 

CH₄ Methane 
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CO Carbon monoxide 

CO₂ Carbon dioxide 

CO₂eq Carbon dioxide equivalent 

DH District heating 

FDM Fuzzy Decision-Making 

FS Fuzzy sets 

GHG Greenhouse gases 

HDD Heating Degree Day 

HP Heat pump 

LV Linguistic variable 

NG Natural gas 

NOₓ  Nitrogen oxides 

N₂O Nitrous oxide 

NP Novi Pazar 

PM Particulate matter  

RES Renewable energy source 

SM  Smederevo 

SO₂  Sulphur dioxide 

UE Užice 

VA Valjevo 
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APPENDIX 

Table A1. Basic technical and operational characteristics of boiler rooms 

Boiler room 

code 

Total heat power 

[MW] 
Fuel 

Average annual fuel 

consumption [t] 
Consumers 

Heated 

space [m2] 

G1 9.65 Heavy fuel oil 376.63 Admin. buildings 26,576 

BG2 40 Heavy fuel oil 1,706.00 
Residential & 

commercial buildings 
92,000 

BG3 15 Heavy fuel oil 208.30 Admin. buildings 42,000 

BG4 10.47 Heating oil 84.88 Admin. buildings 17,600 

BG7 7 Coal  2,224.00 
Residential and 

commercial buildings 
57,409 

BG9 11.63 Heavy fuel oil 618.00 Admin. buildings 44,261 

BG10 4.3 Heavy fuel oil 273.80 Admin. buildings n/a 

BG11 0.62 Heating oil 23.76 Kindergarten 2,296 

BG12 2 Heating oil 75.00 School 7,235 

BG13 1.8 Heating oil 61.93 School 7,114 

BG14 0.15 Heavy fuel oil 9.49 Museum 1,146 

SM1 

43 Heavy fuel oil 3,801.00 Admin. building 31,815.5 

8 Heavy fuel oil 331.07 
Residential and 

commercial buildings 
23,879 

6.86 

Heavy fuel oil 

347.93 

Residential and 

commercial buildings 

33,061 

6.98 436.86 27,257 

5.58 315.87 21,819 

2.56 212.75 9,105 

4.65 259.40 22,119 

6.95 Heavy fuel oil 482.53 
Residential and 

commercial buildings 
34,208 

VA1 0.8 Heavy fuel oil 30.00 School 3,550 

VA2 0.35 Heating oil 24.16 Kindergarten 1,069 

UE1 0.12 Heating oil 11.50 Admin. buildings 750 

UE2 14 Heavy fuel oil 2,227.00 
Residential and 

commercial buildings 
11,891.1 

NP1 2.2 Coal 242.67 
Residential and 

commercial buildings 
5,337 

NP2 0.6 Heating oil 21.00 Public buildings 2,711 

NP3/NP4 1 Coal/Firewood 100.00 School 4,350 

NI1 6.978 Heavy fuel oil 233.66 
Residential and 

commercial budlings 
15,842 

NI2 1.5 Heavy fuel oil 80.66 
Residential and 

commercial budlings 
6,991 

NI3 

1.22 Heating oil 38.82 

Residential and 

commercial buildings, 

School, Kindergarten  

10,299 

3.012 Heavy fuel oil 151.00 12,623 

3 Heating oil 51.60 4,400 

0.4 Heating oil 17.20 1,500 

NI4  0.5 Heavy fuel oil 33.33 Residential buildings 2,836.88 

NI5 0.8 Heating oil 20.73 School 2,495 
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Table A2. Characteristics of boiler room operation   energy efficiency 

Boiler room 

code 

Efficiency of consumption 

[kWh/m2/year] [kWh/m2/HDD/year] 

BG1  163.0 0.081 

BG2 139.7 0.073 

BG3 45.7 0.023 

BG4 45.3 0.023 

BG7 120.5 0.060 

BG9 130.4 0.066 

BG10 285.3 0.113 

BG11 96.6 0.048 

BG12 97.7 0.039 

BG13 70 0.031 

BG14 67.13 0.034 

SM1 

137.40 0.052 

114.7 0.137 

121.0 0.048 

184 0.073 

166.67 0.066 

268.67 0.107 

135 0.054 

106 0.042 

VA1 78 0.031 

VA2 169 0.068 

UE1 143.2 0.055 

UE2 125 0.048 

NP1 140.3 0.037 

NP2 73 0.024 

NP3/NP4 102.5 0.033 

NI1 134.67 0.052 

NI2 105.67 0.0404 

NI3 

35.67 0.0136 

197.67 0.0756 

102 0.042 

37 0.0139 

NI4 107.67 0.041 

NI5 78 0.029 

Average 

 /Total 
121.3 0.053 
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Table A3. Characteristics of boiler room operation   emissions and costs 

Boiler 

room code 

Annual emissions 
Costs of energy 

production 

[t CO2eq] [kg NOx] [kg SO2] [kg CO] [kg PM] [EUR/kWh] 

BG1 

 
1,334.3 2,526.0 2,305.0 116.1 230.5 0.079 

BG2 5,381.7 10,335.6 9,421.7 478.0 942.7 0.076 

BG3 658.7 1,261.9 1150.3 58.4 115.1 0.076 

BG4 267.6 168.2 50.0 5.0 3.1 0.152 

BG7 2,643.7 1,661.7 494.3 49.8 30.2 0.038 

BG9 2,016.0 3.8 3.5 177.0 348.0 0.075 

BG10 896.95 1.69 1.55 0.08 0.16 0.075 

BG11 74.90 47.10 14.00 1.40 0.857 0.155 

BG12 236.4 148.6 44.2 4.5 2.7 0.152 

BG13 166.2 104.5 31.1 3.1 1.9 0.178 

BG14 25.7 16.2 4.8 0.5 0.3 0.076 

SM1 

12,338.6 23,138.3 21,092.3 1,070.2 2,110.5 

0.093 

1,074.5 2,015.1 1,836.9 93.2 183.8 

1,129.3 2,117.7 1,930.5 98.0 193.2 

1,335.1 2,503.7 2,282.3 115.8 228.4 

1,025.2 1,922.6 1,752.6 88.9 175.4 

690.5 1294.9 1,180.4 59.9 118.1 

842 1578.9 1,439.3 73 144 

1,566.2 2,937 2,677.3 135.8 267.9 

VA1 99.1 182.6 166.5 8.4 16.7 0.061 

VA2 65.6 40.8 81.8 4.2 8.2 0.122 

UE1 35.39 0.02 0.01 0 0 0.153 

UE2 7157.43 13.55 12.35 0.63 1.24 0.081 

NP1 259.8 256.9 321.5 57.3 6.1 0.038 

NP2 66.2 41.6 12.4 1.2 0.75 0.074 

NP3/NP4 153.9 189.2 192.7 41.2 4 0.049 

NI1 598 1,132.3 1,032.2 52.4 103.3 0.076 

NI2 206.4 390.9 356.3 18.1 35.7 0.077 

NI3 

98.2 61.7 18.4 1.8 1.1 

0.11 
386.4 731.7 667 33.8 66.7 

130.1 81.8 24.3 2.5 1.5 

43.4 27.3 8.1 0.8 0.5 

NI4 85.3 161.5 147.2 7.5 14.7 0.076 

NI5 52.3 32.9 9.8 1 0.6 0.152 

Average 

/Total 
47,284 65,026 57,976 3,226 6,080 0.093 
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Table A4. Expected costs and emissions reduction for proposed project solutions 

Boiler room 

code 

Costs of 

energy 

production 

[EUR/kWh] 

Annual emissions reduction 

[t CO2eq] [kg NOx] [kg SO2] [kg CO] [kg PM] 

BG1 0.044 592.42 2.33 2.30 0.11 0.23 

BG2 0.059 2,087.10 8,857.70 9,414.90 395.40 937.90 

BG3 0.065 171.40 1,261.90 1,150.30 58.40 115.10 

BG4 0.065 74.20 168.20 50.00 5.00 3.10 

BG7 0.046 1,914.90 1,267.20 492.50 27.70 28.90 

BG9 0.065 1,320.7 3,818.1 3,480.5 176.60 348.30 

BG10 0.065 319.00 1.36 1.52 0.06 0.15 

BG11 0.069 18.30 47.10 14.00 1.40 0.86 

BG12 0.065 55.83 33.81 21.37 -1.81 0.26 

BG13 0.037 98.2 67.5 30.9 1.1 1.8 

BG14 0.042 6.5 16.2 4.8 0.5 0.3 

SM1 0.048 14,133 34,313.2 34,176.9 1,556.2 3,410.7 

VA1 0.05 88.6 182.6 166.5 8.4 16.7 

VA2 0.063 16.3 14.3 81.7 2.7 8.1 

UE1 0.097 11.8 0.02 0.01 0 0 

UE2 0.034 1,531.3 6.1 5.6 0.3 0.6 

NP1 0.057 218.0 203.9 316.7 47.0 5.6 

NP2 0.056 64.1 10.6 1.18 0.61 0.073 

NP3 0.046 150.5 52.8 180.4 14.6 2.5 

NP4 0.049 83.8 171.8 192.6 40.2 3.9 

NI1 0.062 560.1 563.6 982.0 -56.8 97.2 

NI2 0.052 158 244.8 343.4 -10.9 34.0 

NI3 0.065 560 306.3 667.9 -70.9 63.7 

NI4 0.095 82.7 57.4 137.8 -12.8 13.6 

NI5 0.044 39.6 26.0 9.7 0.6 0.6 

Average/Total 0.058 26.208 57.078 57.497 2.393 5.665 
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