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ABSTRACT

Environmentally harmful boiler rooms t
oil) remain in operation across Serls
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d lighid fuels (heavy fuel oil and heating
ithe parts of centralized systems or as

standalone units. Although they significantly degra¥g air quality, their decommissioning is often

gas emissions can be monetiz
exists for valuing local aig
decision-making model
fuel-switching decigi
investment needs
applying max—_mi

ourable financial outcomes. While greenhouse
trading schemes, no widely accepted method
ent assessments. This paper proposes a fuzzy
cial, climate, and environmental criteria to support

@ k per10ds, translating them into fuzzy linguistic variables and
nOsigion Ypr overall prioritization. A case study of 25 boiler rooms in six

gpproach. Results show that including environmental indicators
S@pstantial ecological benefits that would otherwise be overlooked

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 sulfur dioxide (SO:), which contribute to
poor air quality and adverse health impacts [1]. Transitioning to cleaner heating technologies
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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 centers in highly populated areas in Serbia and represent a
significant source of emission of NOx, SO, particulates (PM2.5, PMS5, PM10), CO, soot, etc.
[3], especially during the heating season [4]. Together with other sources of air pollution and
unfavorable 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 a
situation where limited resources should be allocated among different decommissioning
projects of harmful boiler houses, it is important to establish clear criteria
prioritization. This is not a problem when the whole design process is conducted

However, the challenge is significantly greater in the early
relatively large number of potential projects must be screened g
limited, incomplete, or uncertain information. At this stage, @
for all candidate projects is neither practical nor economicgifng
still need to be made regarding which projects should advyg
This creates a clear need for a simple, transparent,_and

In this context, the consideration of a bro uential criteria is widely used in
urban sustainability assessments and in th ioMandl ranking of urban energy projects
[8]. In this regard, researchers often see i able the simultaneous consideration
of multiple, often conflicting, criteri i , a review of the literature shows that

determines financial feasibility gWhi
importance of climate goals a i protection. In another study on energy projects

lated to technical performance, especially system

Similar conclusions @ ed in [11], where efficiency, investment cost, and CO:
emissions were iggmi y technical, economic, and environmental criteria. Based on
[12], investment R Mg costs were ranked as the most significant factors in technology
selection, &ritria of lower importance included comfort, CO: emissions,

environmental benefits, job creation, and the local context, such as the use
rces, social and policy relevance, and community needs.
f the existing literature shows that a similar core set of evaluation criteria is often
ile 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 adapted to the local level and to specific
technological and environmental challenges, particularly in the case of outdated and
environmentally harmful heat production facilities.

The reviewed studies consistently highlight the necessity of problem-specific, context-
sensitive ranking frameworks, rather than universal or purely generic approaches. Such tailored
methodologies allow decision-makers to structure and justify project prioritization 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
and transparent approach for the early-stage evaluation and prioritization of boiler room
decommissioning projects. The methodology incorporates all key elements of the standard
design procedure; however, these elements are systematically organized and condensed in
order to enable a fast and consistent comparison of a large number of projects under limited
data availability [14].

The core of the methodology is based on the introduction of environmental efficiency
indicators, which are used in combination with financial indicators within the decision-making
process for ranking projects for further development. Given the early phase project
preparation, these indicators should be interpreted as expected or most probable val ived
from reasonable assumptions and design simplifications, rather than as exac esign
outcomes.

alternative project solutions for the decommissioning of environme
Fuzzy inference systems use logical rules, making them flexi
contexts [17], including situations with uncertain, incompl
They are very useful because they allow the processing of
to human reasoning [19].

As a case study, 25 boiler rooms fueled by coa 1, or Reating oil in six Serbian
edcdgvo) are considered [20]. The

current emissions of pollutants (SO, NOx, 2 pte matter) and greenhouse gases
(GHGs) for each of the boiler rooms are cal ted. The solutions for boiler room
decommissioning are then proposed. T Oommissioning options are politically
and institutionally relevant solutio i he national planning and regulatory

environmental effects (reduction of pollutant
emissions) and climate impact GHG emissions) of the proposed boiler room
decommissioning are ass rresponding indicators of environmental efficiency

are calculated. In additigg t nmental indicators, key financial parameters, such as
the cost of produced are Calculated, while the simple payback period for each case
and the cost of ergssio tioiPassociated with boiler room decommissioning are explicitly
presented. Finall{, prioritization is performed using the Fuzzy Decision-Making model,

based on a

periods, eductions, and relative costs of emission reduction.

SELECTING A PROJECT SOLUTION FOR
SSIONING HARMFUL BOILER ROOMS

cedure for selecting project solutions for harmful boiler room decommissioning has
two phascs. The first phase involves a classical engineering approach in determining project
solutions. The procedure is based on the current state analysis and identification of available
“new” energy sources, followed by defining the new technical concepts/options for using
selected sources. Assessment of environmental benefits and financial analysis of the proposed
concept is finished by the determination of financial and environmental indicators for each
project solution.

e Description of the current situation - Baseline Data Collection; Baseline Data
includes 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 considering the costs of the fuel only. The collected data and
based on them, calculated data are presented in Table 1.

Table 1. Baseline Data for a selected boiler room

Collected Calculated
Total heat power (kW)

Energy production (kWh)

Efficiency of consumptiog
(kWh/m? year,
kWh/m?*/HDD

Heat power of single boiler
units (kW)

Production and
efficiency

Operation regime (°C/°C)
Efficiency of boilers

Operation period (h/year)

Emission of
GHG (kg)

Type of fuel
Annual fuel consumption
Area of heated residential

Basic technical and operation

characteristics

pace(m?) | z g
23 Area of heated commercial s
g o space (m?)
g S P °
Z: :
S %‘ Heating degree days PM

combination . Yhis means that RES will cover the base load, while
natural gasaa ver peak demand. Therefore, in this phase, the location and
descriptio rict heating network, available renewable energy sources, and, in

gas network are considered.
gp#S/options for the new heating source include, inter alia, the general
of the proposed technological option(s) [21], heat power of the new heating
gy efficiency of the new heating source(s) [22], thermal storage size (if
, sources and amount of substitute energy/RES, heat power of backup and
cilities (if necessary) [23], as well as all other characteristics necessary for
rstanding 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 (CO»), methane
(CH4), and nitrous oxide (N20). In calculations, these GHGs are introduced as CO»
equivalent, calculated by using the global warming potential of these gases [24]. The
pollutants considered are sulfur dioxide (SO»), 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 [25].



Financial analysis of proposed concepts presents a rough financial analysis of different
projects, including, inter alia, a cost table, giving the best estimates of the costs of
technical concepts realization and the expected operational fuel expenditure for each of
the proposed technical concepts. The benefit of this approach is that it allows defining the
break-even point for each project through costs per used energy unit enables their quality
comparison with each other [16].
Calculation of indicators; Environmental benefits, financial analyses, and carbon trade
potential of proposed concepts for decommissioning environmentally harmful boiler
rooms are the basis for further activities related to developing projects. In the process of
decision-making, it is useful to have indicators that integrate different aspects of projects.
o Simple payback period (SP) indicator: the financial benefit of the projec

including GHG reduction. The SP indicator is calculated as a ratio betweerNghae

investment costs in a new heat source and the reduction in operating
emission costs due to the introduction of a new heat source (eq. :
Col
= ear

(COES—CONS)+CoGHG [year] )

SP

Where:
Col [EUR] is the cost of investments in the ne
includes the cost of a new RES-based facilit

includes the cost of a peak boiler and/o 8¢ (where necessary).
CoES [EUR/year] is the annual cos giboiler room operation. It includes
fuel costs only.
CoNS [EUR/year] is the annu,

¢ re not included (costs of labor, maintenance, etc.), small
boiler roog g small (in the case of RES use) [26], not affecting other

: m the mentioned energy costs, or they become part of a large
where their contribution to other operation costs is marginal,

e. The avoided GHG emissions costs are calculated by using the price of

EU ETS [28].

ative emission reduction — RE indicator: emissions reduction per the thermal
ower of boiler rooms. It compares the sum of pollutants (NOx, SO,, CO, PM)

emissions reduction and the heat power of the boiler house that needs to be replaced

(eq. (2)) [29]:

RE = EoESI;;?oNS kg /MW] @)

|Where

EoES [kg] is the sum of annual pollutants (NOx, SO,, CO, PM) emissions from the
existing boiler room, calculated and presented in Table 1.



EoNS [kg] is the sum of annual pollutants (NOx, SO,, 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 heat power of the boiler house that needs to be replaced.

The value of this indicator depends on the fuel that is replaced, as well as on 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.

o Costs of emission reduction — the CR indicator is the indicator that correlates the
costs of the proposed solution with the emission reduction (eq. (3)):

Col
CR = EOES—EONS [EUR/]

In general, this indicator could include GHG emissions (EUR/t COed ] and
pollutant emissions (EUR/t (SO2+NOx+PM+CO) reduction) [31 re only an
indicator related to pollutant emissions will be used in prioritizat G emission
reduction is included in the calculation of a simple payback p
METHODOLOGY FOR THE EVALUATION AND PROJECT
SOLUTIONS - FUZZY DECISION-MAKING MOD

The traditional approach in multi-criteria de akigg (MCDM) relied on classical

(crisp) quantitative methods that assumed preci pstic input data and clear boundaries
between alternatives. Simple weighted sc nalytic Hierarchy Process, cost—
benefit analysis, linear programming, a ong others, were commonly used

Fuzzy decision models are wilely app within MCDM frameworks to address
uncertainty, vagueness, and subgfttiVg juddent that often arise when evaluating complex
i cise numerical inputs, fuzzy approaches use

linguistic variables (e.g., Ig , high) and membership functions to represent imprecise
data and expert opiniong, € realistic representation of real-world conditions [33].
In a fuzzy MCDM m it¢ phts, performance ratings, and aggregation procedure can
all incorporate fu, owing decision-makers to compare alternatives even when

ions because, in the initial phase of project consideration, most figures
inancials and subsequent operational parameters are relatively uncertain. The
ts are evaluated by considering similar realized projects or recommendations of

for indicator calculation. Therefore, instead of exact numbers of indicator values, FDM used
their linguistic interpretation. The model provides the possibility for the classification and
grouping of input parameters, with the composition outcome being obtained as a product of
specifically two-dimensionally defined input parameters based on experience and intuition, in
a form that is more flexible and adaptive compared to other optimization methods [36].

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 (LV)
and the structure (shape and layout) of FS. 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 flexibility in forming the composition outcome, thus avoiding a



linear conclusion model. FN is defined by the membership function (n) and the unit of
measurement (j class) for the observed phenomenon. The general form of a fuzzy number is as
follows (eq. (4)):

FN(u,j) = upnG = D, upn(G = 2), oo, upn(j = n) )

Where p € (0,1) is the membership function, and j = 1...n represents the class of the
measurement unit. Each class j is mapped to the real value of the input indicator. The mapping
rules are usually defined by the experts.

There are three input indicators for prioritizing boiler rooms for decommissionings, Simple
Payback Period (SP), Relative Emission Reduction (RE), and Costs of Emissio
(CR). Determining the boundaries and shapes of fuzzy sets for these indicators jgs8
in developing the fuzzy model. Generally accepted thresholds for different levels
profitability (denoted as SP), environmental efficiency (denoted as g8
efficiency of emission reduction (denoted as CR) do not exist. Therefore,
it is necessary to carefully analyze the indicator values and classify 1
of characteristic states, taking into account both their absolute
relationships.

In this paper, based on the authors’ experience and the

€S of the indicators
) characteristic states
described as linguistic variables. A trapezoidal shape oW sets was adopted [34].
Trapezoidal boundaries are determined based on th¢Pd® Qnsensus on assigning indicator
values to specific linguistic categories. Overlapgybdg inguistic categories reflect different
subjective perceptions of belonging to speciff€ li dategories. The following linguistic

e RE: Very high reduction
(80-500 kg/kW), Minim: 0 kg/kW).

Moderately expepsi i 0-1200 EUR/t), Cheap reduction (<200 EUR/).
Graphical repres ' , and CR fuzzy sets, linguistic variables, and mapping
ect] yndicator values and classes j (where j =1 to n, and n = 10)
eans that each project solution will be represented by three
,j), and CR(y, j), while the assessment of a single solution will

are presented in
fuzzy numb
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Figure 1. Fuzzy sets, linguistic variables, and mappifi§
a. — simple payback period, b, - relative emissiQa

ould have an impact
bership functions of its
indicators were to change (e.g., changing the boup cause a “profitable” project to

of the selected indicator remains identical whe g8 of the linguistic values change, the

project assessment will not change. It is i Pthat the project assessment does not
depend on the absolute boundaries of th isti , but rather on the shape and the values
of the membership functions at the p

Fuzzy composition represent of combining multiple fuzzy relations [37]. In

(5)
MX(j) = max;{MNy-;u(SP)AMN,_;u(RE)AMNo_;u(CR)}, for all j=1...n (6)
MNyu(SP,RE,CR) = min,_;{u(SP,RE,CR);}, forj=0 (7)

The outcome (O) is an integer rounded value that is determined for any combination of input
parameters (¢ =) (eq. (8)):

Oc = (Usp)c + Urede + Ger)e)/3 (8)

Journal of Sustainable Development of Energy, Water and Environment Systems 8



¢ Such membership functions could create C=n> mutual combinations, varying all three
indicators and class j. Each combination represents one possible input for evaluation
of project assessment (PA4) (eq. (9)).

PAc = (usprecr) _, = (e "ouhe "oulg ™) foralle =1...C ©)

e To analyze individual projects, it is necessary to transform the relation (9) into (10)
using the best-fit identification method (eq. (10)) [37].

PA=(u(G=1),..., uG=n) — PA=(u(4), u(B), w(C), u(D))

The marks A, B, C, and D represent the LV for Project Assessmen
Project, Very Acceptable Project, Acceptable Project, and Low
respectively.

e For easier comparative analysis of the obtained r
horizontal coordinate of the 'center of mass' of fuzz
accepted as project score (eq. (11)) [38]:

_ u(A)Xc_a+u(B)Xc_p+u(C),
Z(pa) = 1(A)+u(B)+u

Where X¢c_4, Xe_p, Xe—¢,and Xo_p rizOg##l coordinates of centers of mass for
fuzzy sets Highly Acceptable Project, ccoptabl@Project, Acceptable Project, and Low

Acceptable Project, respectively.
CASE STUDY

Exactly 25 boiler room an cities (Belgrade-BG, Nis-NI, Uzice-UE, Valjevo-VA,
Novi Pazar-NP, and Smed are sources of significant pollution are considered.

idered boiler rooms is presented together with their basic
e Total heatfpowSiy( ¥
e Fuel
e Avefdge anntlf
([ ]

bgristics:
consumption,

m?).
city of 25 boiler rooms is 241.7 MW. The average annual consumption of
oms is 13,450.2 t of heavy fuel oil, 2,567 t of coal, and 452.66 t of heating oil.
In to se boiler rooms provide heat for over 990 thousand sq. meters of residential, public
(schools, kindergartens, hospitals, etc.), and commercial buildings.

Using these data, indicators of energy efficiency are calculated, as well as GHG and
pollutant emissions. In addition, the costs of energy production related only to fuel used are
calculated. The obtained data are presented in Appendix - Table B.

An overview of the presented data reveals significant differences in the efficiency of energy
use. The average relative consumption of heat is 121.3 kWh/m? 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
case. This indicates that, simultaneously with the development of boiler room
decommissioning projects, energy efficiency measures should be implemented on the
consumption side. Concerning the emissions, currently, these facilities, located mostly in the



cities' downtowns, annually emit 47,392.67 t of COzeqv., 65 t NOx, 58 t SO, 3.2 t CO, and 6.1
t PM. The average operation cost of heat energy production is 0.093 EUR/kWh.

Each of the considered boiler rooms is a unique case from the aspects of the availability of
the district heating network for connecting to, as well as regarding the renewable energy source
that can be used.

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, as well as a route of the
connecting pipeline that should 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 is
installed. The presented heat substation enables the integration of existing consumcainto the
district heating system.

TSR @ ®
. : B > [ ] __.i“ >
y R L DAy S
‘ A 4 T) 3 g @
<« —kr— -
L
Existing pipeline " 4
Conecting pipeline
Figure 2. Layout of existing DH netw onnsgling 'ﬁine, and schematic of heat substation

Connection to the DH netwquk r&uced gosts’ of heating from 0.074 EUR/kWh to 0.056
EUR/kWh, and the simple payH ck of Myestlents (in pipelines and heating substation) is 5.3
years. Annual emissions re ue tQ the decommissioning of this boiler house are 64.1 t
CO2¢q., 41.6 kg NOx, 12. CO, and 0.75 kg PM. Calculated Relative Emission
ction are 112 kg/kW and 1,063 EUR/, respectively.
The second typeg o is¥glated to the substitution of harmful boiler houses with a new

bient heat by heat pump) heat source is used for base load, while
18¢d, if necessary, as a secondary energy source for peak load demand.
rage) is an option for increasing system feasibility, especially when RES
ddble (e.g., in the case of solar energy use). For each case, a heat load

created (Figure 4). The area under the curve represents heat demand during
sed for selectmg the optimal heat power of the base load device and peak boilers.

Heat acc

using ivestment costs and the difference between the costs of produced heat before and after
boiler room decommissioning. Emission reduction is calculated using emission factors.
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Solutions for decommissio e th@ boiler houses are presented in Table 2, together

with calculated values of i
the boiler houses, the sol
water heat pumps (H
additional HP is
pellets, woode
decommissiQii

ased on data presented in Appendix — Table C). For 9 of

nection to DH networks. A combination of air-to-
gas (NG) boilers is proposed for 6 cases, while one
tand-alone solution. Biomass-based solutions (woodchips,
considered in 6 cases. The solution proposed for
tler rooms in Smederevo (SM1) is the construction of an 11 km
nearby ironworks and supplying local heating substations that will

and one hybrid solar-gas heating system. Proposed project solutions
issions reduction of GHGs (COzeqv.), 88% emissions reduction of NOx, 99%

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

. . Costs of
Relative emission ..
. . Payback . emission
. Project solutions . reduction .
Project period (year) (ke/kW) reduction
code & (EUR/)
Air-Water HP
BG 1 (2x250kW+200kW) 9.4 1,156 374
NG boiler (3.6MW)
BG2 Connection to DH system 2.6 1,488 69

Journal of Sustainable Development of Energy, Water and Environment Systems 11
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of Ta

. . Costs of
Relative emission ..
. . Payback . emission
. Project solutions . reduction .

Project period (year) (ke/kW) reduction
code & (EUR/)
BG3 Connection to DH system 54.3 574 871
BG4 Connection to DH system 2.2 141 1,112

Air source HP (2 x 0.6 MW)
BG7 | NG boiler (6MW) ? 249 876
BGY9 Connection to DH system 14.6 714 752

Air source HP 200+300kW,
BG10 NG boilers (2x2MW) 8 o81 229
BGl11 Connection to DH system 2 192
BG12 Connection to DH system 2.7
BGI3 Hybrid solar-gas heating system - 26

solar thermal collectors
BG14 Air source HP 150kW 30.9
SM1 Waste heat from ironworks 9

Air source HP 400 kW, PV plant
VALl 150k W 13.4
VA2 Connection to DH system
UEl Connection to DH system
UE2 Water source HP 3MW,

NG boilers (2 x 7 MW)

Pellet boiler (0,15 MW)
NP1 NG boiler (0,45 MW) 935 244
NP2 Connection to DH system 112 1,063
NP3 Pellet boiler (2 x 0.6 MW) 254 1,182

Air source HP (0.15
NP4 | NG boiler (0.5 MW) 245 834

Woodchips boil
NI1 NG boiler (4M#G 26.1 264 1,602
NI2 Pellet boilg 8.7 611 534
NI3 ) 13.3 242 2,700
NI4 boiler (1 MW) 159 196 3,330
NI5 12.1 194 9,295

1 approach in project selection is based on the payback period. Projects with
Ayback would have priority in realization. However, a more detailed investigation

hows 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 very favorable regarding
environmental indicators (BG14, NI3, NI4, etc.). The proposed FDM model overcomes this
problem and introduces all indicators with equal significance into 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! Relative emission reduction
in the most efficient case is over 4000 kg/kW, but for some solutions, it is less than 100 kg per
kW of installed new capacity. Similarly, the cost of pollutant emissions reduction ranges from
a very cheap 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
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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 the evaluation of 2 project solutions (NP2 and NP3)
is presented as an example. The NP2 project is boiler room decommissioning by connection to
the local DH network, while the NP3 boiler room decommissioning is done by installing a new
pellet boiler. The FDM procedure is presented briefly in Table 3. Graphical interpretation of
input fuzzy sets and project assessments for these two cases is presented in Figure 5 and Figure

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

NP2 NP3
Input Simple Payback 5,3 years Simple Payback
data Relative Emission Reduction 112 kg/kW Relative E
Costs of Emission Reduction 1,063 EUR/t | kg/kW
Costs g
Fuzzy SP - 1xprofitabile SP -
sets RE - 1xmoderate reduction
CR - 0.7 xmoderate expensive reduction
0.3xexpensive reduction re
xexpensive reduction
= 21% (highly acceptable) 0 (highly acceptable)
% 24% (very acceptable project) o (very acceptable project)
.8 2 27% (acceptable project) Yo (acceptable project)
é S 2 29% (low acceptable project 29% (low acceptable project)
O]
Z(PA) 5.86 6.26
o Profitable ol vrorofit wop Ve high redeon i reductio
1.00 1.00
090 ﬁ 090 X
080 / 080 .
0.70 ! 0.70 t
060 R E 060 T
050 —4——r—— - — 050 1
040 t t 040 X T
= 7 //// n - 77
0.10 J 0.10 \ o~ r
000 = F 3 [ ] ]9 m‘ l > el F 3 r [s (- ST
1 2 3 5 6 B ‘; ‘0 lrl 1’2 13 {4 15 16 1‘7= 1000 9]00 800 ;00 6r00 500 400 3‘00 2‘00 l‘iDO -
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) b.
w r :Ptnsiw Very expensive uw 4 A-Highly B-Very ] D-Low
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e ] +
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-
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Figure 5. Indicators’ fuzzy sets and project assessment for NP2 boiler room
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Figure 6. Indicators’ fuzzy sets and project assessment fo

mple payback periods
so extreme. The “center
“Very Acceptable” and
e fuzzy number of project
assessment for NP3 is “Acceptable”. In this ‘ ts of interests, financial but also

With regards to the prioritization re
their acceptability (from the highes e lowest acceptability), is presented in
Table 4. Just one project for a ha missioning can be characterized as “Highly
Acceptable,” while most of th j 17)Welong to the “Very Acceptable” fuzzy set. The
“Acceptable” fuzzy set is i solutions. This means that the inclusion of
environmental benefits of: cts in their evaluation improved their attractiveness
for implementation.

. Ranking of projects per FDM model

:Z i)mmant fuzzy Project Score
Highly Acceptable | 1.00
4.00
BG 1 5.02
SM1 5.02
UE2 5.02
BG10 5.04
NI2 Very Acceptable >.04
NP1 5,04
BG4 5.11
BG9 5.34
BG7 5.50
VA2 5.51
BG3 5.65
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DISCUSSION

The fuzzy sets shown in Figure 1 were obtained based
of the authors. From the perspective of the results' sensi
between the two linguistic variables are critical. Tabl
indicators are located within the overlapping regions

considered in which the boundaries of the
within a single fuzzy set. As project NP1 ¢

that a change in membership to the
NP2 and VA1, where, if the CR isdi

jecC
jec
ese se

Project code SI;)mlnant fuzzy Project Score
NP4 5.65
VAl 5.74
BG13 5.86
UE1 5.86
NP2 5.86
NI5 6.04
NI3 6.06
NP3 6.26
NI1 Acceptable 6.28
BG14 6.54
NI4 6.54
BG12 7.00

Xpert assessment
cated at the borders
ven projects whose
istic descriptions. To examine

WghC purpose of the proposed model is not the strict ranking
| prioritization within the subsequent project development
analysis was intentionally focused on the robustness of the
finition of linguistic variables, as these thresholds represent the
b in early-stage fuzzy decision-making models. Sensitivity to input

process. Therefof€ e
model with %
main sourc@of sub

data unc wa§not explicitly analyzed, as the aim was to assess stability with respect to
experfig io@ptather than measurement variability.
¢ 5. Effects of the fuzzy sets’ thresholds changing to membership of PA fuzzy sets
Proj Indicator Project Changing in fuzzy sets
Assessment
NP1 SP: Profitable Very SP: Profitable SP: Marginaly
/Marginaly Profitable | acceptable | PA: Very profitable
acceptable PA: Very acceptable
NP1 RE: Very high Very RE: Very high RE: High reduction
reduction/ High acceptable | reduction PA: Very acceptable
reduction PA: Very
Acceptable
NP2 CR: Moderate Acceptable CR: Moderate CR: Expensive
expensive/Expensive expensive PA: Acceptable




PA: Very
acceptable
NP3 CR: Moderate CR: Moderate CR: Expensive
expensive/Expensive | Acceptable | expensive PA: Acceptable
PA: Acceptable
VAl CR: Moderate CR: Moderate CR: Expensive
expensive/Expensive expensive PA: Acceptable
Acceptable
PA: Very
acceptable
BG4 CR: Moderate CR: Moderate CR: Expensive
expensive/Expensive | Very expensive PA: Very acceptable
acceptable | PA: Very
acceptable
BG13 CR: Expensive/ Very | Acceptable | CR: Expensive
expensive PA: Acceptable
NI3 CR: Expensive/ Very | Acceptable | CR: Expensive
expensive PA: Acceptable

relatively limited data on project solutions are available, a
financial profitability, emission reduction potential, apg
considered with equal importance. The equal importa Q

ctiveMs not optimization, but
led analysis. Table 6 presents
individual indicators and using the
g to the FDM approach are also
hile the only project classified as

“Highly Acceptable” (B2) ranks a
indicators. The presented results cleally demonSggate a significant deviation from conventional

ider &clusively financial aspects.

Ranking by

Lowest CR FDM S;‘Z,ﬁﬁlg
BG2 BG2 BG2
BG10 BG11 UE2

NP1 BG 1 BG10
BGS SM1 BGl

UE2 UE2 NP1

Thi column of Table 6 presents the ranking of projects (top five) obtained based on the
sum of normalized 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, although with a slightly different order.
At the same time, the findings indicate that the FDM model is less sensitive to extreme values
of individual project indicators.

The FDM method can be considered particularly useful in the initial stages of project
assessment, when available data are relatively uncertain and when 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 the analysis and ranking of solutions remains the same. Of course, local
context (costs of proposed facilities, emission factors of fuels used, district heating fuel mix,
etc) should be taken into consideration 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.
This cannot be specified in advance, but only after the calculation and grouping of indicators
in accordance with values. The expert's judgment is then crucial in determination linguistic
variable limits to provide their separation as clearly as it is possible.

CONCLUSIONS

The environmental reasons make it urgent to decommission environ
obsolete boiler rooms located in densely populated urban areas. These |
and liquid fossil fuels (heavy fuel oil, heating oil). Taking into congi
decarbonization of the heating sector soon, as well as the potential
the simple fuel switch of these boiler rooms to natural gas ca |
option.

Therefore, this paper proposes a simple procedure
boiler rooms by replacing them with district heating
renewable sources. Although district heating systes

decarbonization is planned, and their expecte
[39]. This means more renewables and wa

The procedure outlined in this paper
rooms across six Serbian cities. T e projects’ realization would be 55%
emissions reduction of GHGs (CO-%&v.), 88% issions reduction of NOx, 99% emissions

owards the 4th and 5th generation
sources.

cial and environmental indicators of projects are
quite different and some project prioritization.

The Fuzzy Decisio
score, which consist pe Mydicators: simple payback period, relative emission reduction,
and costs of emig tarting from the universal principles for the selection and

iteria—namely the systemic, consistency, independency,

satisfies ents. It is consistent with the decision objectives of meeting energy
dem 1 ing emissions, systemic in providing a comprehensive multi-criteria
i1clds more robust results than single-criterion assessments, and based on
easurable criteria, which do not overlap and can be expressed in quantitative
n&al and environmental indicators are defined with four linguistic variables each,
repre as fuzzy relations based on empirical and expert knowledge. The synthesis of fuzzy
relations is performed using max-min fuzzy composition, resulting in the project score. The
obtained results show that most of the project solutions (17) 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 solutions evaluation was shown to be very suitable
for projects of boiler decommissioning, as it takes into consideration both environmental
benefits and financial parameters of project realization, helping decision makers in
prioritization of project realization. The methodology is transferable to the other cases with
modifications in thresholds for linguistic variables by taking into consideration local
conditions. Moreover, if the proposed procedure for defining project solutions and the
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methodology for their evaluation are treated as a single integrated process, feedback from the

project evaluation can be used to optimize the project solutions in subsequent phases of project
development.
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NOMENCLATURE Q
n Membership function value (degree of membership) Q

BG Belgrade

CH.4 Methane

CcO Carbon monoxide
CO:2 Carbon dioxide

CO2eq. Carbon dioxide equivalent 2
CR Costs of emission reduction

DH District heating

EUR Euro

FDM Fuzzy Decision-Making

FN Fuzzy number

FS Fuzzy sets

GHG Greenhouse gas
HP Heat pump
] Class/categ rement unit
kg
kW
LV
MW
NG
NO«
N2
N
Project assessment
P Particulate matter (fine airborne particles)
RE Relative emission reduction
RES Renewable energy source
SM Smederevo
SO: Sulphur dioxide
Sp Simple payback period
t tonne
UE Uzice
VA Valjevo
Z Project score
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APPENDIX
Table A: Basic technical and operational characteristics gigboiler Foms
Boiler Total heat Heated
room ower (MW) Fuel Consumers space
code P (m?)
BG1 9.65 Heavy fu Administrative | ¢ 576
buildings
Residential and
BG2 40 H fu 06.00 commercial 92,000
buildings
BG3 15 M1 | 208.30 Administrative | 45 5
buildings
BG4 10.4 coil | 84.88 Administrative |5 65,
buildings
Residential and
Coal 2,224.00 commercial 57,409
buildings
Heavy fuel oil | 618.00 Administrative 4 56y
vy ' buildings :
Heavy fuel oil | 273.80 Administrative .
vy ' buildings
BGl11 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 Administrative 31,8155
building
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Boiler Average annual Heated
Total heat .
room ower (MW) Fuel fuel consumption | Consumers space
code P (t) (m?)
Residential and
8 Heavy fuel oil | 331.07 commercial 23,879
buildings
6.86 347.93 33,061
6.98 436.86 27,257
Residential and
5.58 Heavy fuel oil | 315.87 commercial
buildings
2.56 212.75
4.65 259.40
6.95 Heavy fuel oil | 482.53 34,208
VAI 0.8 Heavy fuel oil | 30.00 3,550
VA2 0.35 Heating oil 24.16 indergarten 1,069
UEI 0.12 Heating oil Administrative | 54
buildings
Residential and
UE2 14 Heavy fugl oil | 2,22§,00 commercial 11,8911
buildings
Residential and
NP1 2.2 6 242.67 commercial 5,337
N\ Sy buildings
NP2 0.6 Healgg oil 21.00 Public buildings 2,711
NP3/NP4 oal/Firewoo | 49 9 School 4,350
Residential and
Heavy fuel oil | 233.66 commercial 15,842
budlings
Residential and
Heavy fuel oil | 80.66 commercial 6,991
budlings
1.22 Heating oil 38.82 10,299
3.012 Heavy fuel oil | 151.00 Residentialand | 15 453
NI3 commercial
. . buildings, School,
3 Heating oil 51.60 Kindergarten 4,400
0.4 Heating oil 17.20 1,500
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Boiler Average annual Heated
room Total heat Fuel fuel consumption | Consumers space
code power (MW) (t) (m?)
NI4 0.5 Heavy fuel oil | 33.33 ;fﬁ;‘?fl‘gfal 2,836.88
NI5 0.8 Heating oil 20.73 School 2,495
Table B: Characteristics of boiler room operation (energy efficiency, emissions, costs)
Costs of
Boiler Efficiency of consumption Annual emissions energy
room production
code
kWh/m*year | kWh/m?/HDD/year| t COzq | kg NOx| kg SO, | kg EUR/kWh
BGl1 163.0 0.081 13343 | 2526.0 | 2305.0 0.079
BG2 139.7 0.073 5381.7 10335.6 #2°7 10.076
BG3 45.7 0.023 658.7 1261.9 y 115.1 |0.076
BG4 453 0.023 267.6 3.1 0.152
BG7 120.5 0.060 2643.7 30.2 |0.038
BG9 130.4 0.066 2016.0 348.0 | 0.075
BG10 285.3 0.113 0.16 |0.075
BGl11 96.6 0.048 X . 0.857 | 0.155
BG12 97.7 0.039 6 | 442 4.5 2.7 0.152
BGI13 70 0.031 31.1 3.1 1.9 0.178
BG14 67.13 0.034 4.8 0.5 0.3 0.076
137.40 0.052 23138.3| 21092.3] 1070.2 | 2110.5
114.7 0.13 ' 074.5 | 2015.1 | 1836.9 | 93.2 183.8
121.0 11293 | 2117.7 | 1930.5 | 98.0 193.2
SM1 1335.1 | 2503.7 | 22823 | 115.8 | 228.4 0.093
1025.2 1922.6 | 1752.6 | 88.9 175.4
. . 690.5 12949 | 1180.4 | 59.9 118.1
135 0.054 842 1578.9 | 1439.3 | 73 144
106 0.042 1566.2 | 2937 2677.3 | 135.8 | 267.9
VA 0.031 99.1 182.6 | 166.5 | 8.4 16.7 |0.061
Vv 0.068 65.6 40.8 81.8 4.2 8.2 0.122
3.2 0.055 35.39 0.02 0.01 0 0 0.153
U 125 0.048 7157.43 | 13.55 | 12.35 | 0.63 1.24 |0.081
NP1 140.3 0.037 259.8 2569 | 3215 | 573 6.1 0.038
NP2 73 0.024 66.2 41.6 12.4 1.2 0.75 10.074
NP3/NP4 102.5 0.033 153.9 189.2 | 192.7 | 41.2 4 0.049
NI1 134.67 0.052 598 1.132.3| 1.032.2| 52.4 103.3 {0.076
NI2 105.67 0.0404 206.4 390.9 | 3563 | 18.1 35.7 10.077
35.67 0.0136 98.2 61.7 18.4 1.8 1.1
NI3 197.67 0.0756 386.4 731.7 | 667 33.8 66.7 |0.11
102 0.042 130.1 81.8 243 2.5 1.5
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37 0.0139 43.4 27.3 8.1 0.8 0.5
INI4 107.67 0.041 85.3 161.5 1472 |75 147 10.076
INI5 78 0.029 52.3 32.9 9.8 1 0.6 0.152
ATVO‘*t‘;ge 121.3 0.053 47,284 65,026 (57,976 |3,226 |6,080 |0.093
Table C: Expected costs and emissions reduction for proposed project solutions
Boiler room Costs of Annual emissions reduction
code enelc‘lgy .
{’E%l;‘/it&‘l‘l) tCOeq | kg NOx kg SO, | kg CO PM
BG1 0.044 592.42 2.33 2.30 0.11
BG2 0.059 2087.10 8857.70 9414.90 395.40
BG3 0.065 171.40 1261.90 1150.30 5840
BG4 0.065 74.20 168.20 50.00
BG7 0.046 1914.90 1267.20 492.50
BG9 0.065 1320.7 3818.1 348.30
BG10 0.065 319.00 1.36 0.15
BGl11 0.069 18.30 47.10 0.86
BG12 0.065 55.83 33.81 0.26
BG13 0.037 98.2 67.5 1.8
BG14 0.042 6.5 16.2 0.3
SM1 0.048 14133 3410.7
VAl 0.05 88.6 16.7
VA2 0.063 16.3 8.1
UEI 0.097 11.8 0
UE2 0.034 1531 . . 0.6
NP1 0.057 3.9 316.7 47.0 5.6
NP2 0.056 .6 1.18 0.61 0.073
NP3 0.046 52.8 180.4 14.6 2.5
NP4 171.8 192.6 40.2 3.9
NI1 563.6 982.0 -56.8 97.2
NI2 244.8 3434 -10.9 34.0
NI3 306.3 667.9 -70.9 63.7
NI4 82.7 57.4 137.8 -12.8 13.6
39.6 26.0 9.7 0.6 0.6
26.208 57.078 57.497 2.393 5.665
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