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Abstract: In view of the current agenda in the field of climate and environmental conservation, the
requirements for environmental project appraisal are being tightened: the evaluation of environmental
indicators of project implementation should be carried out on a par with indicators of its economic
performance. Current approaches to the assessment of environmental and economic efficiency do not
completely cover the negative environmental impacts of a project’s implementation, and this reduces
the effectiveness of the evaluation. Therefore, it is necessary to develop a system of environmental
indicators that will address the specifics of the industry. This is made possible on the basis of
determining a list of key factors that should be included in the evaluation system. The purpose of this
study is to determine the most significant factors for establishing a simple yet thorough assessment
framework to evaluate the efficiency of energy investment projects. Research methodology includes
an a priori ranking method and analysis of interrelations between factors. Based on the results
obtained, the authors have formed a list of key factors that could become the basis of a future system
of environmental indicators for the efficiency assessment of energy projects.

Keywords: efficiency assessment; eco-modernization; energy sector; fossil fuels

1. Introduction

The modern agenda in the field of climate and environmental conservation and the
global energy transition to low-carbon production are tightening the requirements for
investment projects and their management [1-3]. The circular economy (CE) principles,
including the availability of an effective waste management system, secondary use of waste
generated for energy production or processing, and rational resource consumption, also
significantly influence the justification of new projects [4-6]. Consequently, environmental
indicators have a role to play in the decision-making process on the implementation
of an investment project. Current approaches for environmental and economic project
evaluation are more focused on evaluation of their economic performance: environmental
efficiency and the environmental impact of the project is estimated at the stage of cash flow
modeling, when environmental costs and benefits from the implementation of the project
and environmental protection measures are calculated [6]. In most cases, the environmental
component of the project is considered for evaluating investment projects that could be
conditionally classified into two groups: criteria focused on accounting estimates (PP,
investment performance indicator), and criteria based on discounted estimates (NPV, PI,
IRR, DPP).

Negative environmental impact within the considered approaches is estimated as the
ecological costs of minimizing environmental impact or the payment amount for pollution.
Both ecological costs and pollution charges could vary considerably depending on the
ecological legislation of the country and the availability of environmental technologies. That
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fact might lead to a reduction in the objectivity of estimations of environmental performance
and makes it difficult to compare alternative investment projects [6,7]. For instance, a small
amount of fines for pollution, due to the lack of strict environmental legislation, will have
a lesser impact on economic efficiency, even if the investment project demonstrates a low
level of environmental efficiency. In this case, when selecting investment projects, the real
environmental component is not fully taken into account in the decision-making process
and is reduced to a relatively small amount of environmental payments that overlap with
potential profit [7].

In addition, current approaches to the appraisal of environmental and economic effi-
ciency do not consider the specifics of various sectors of the economy, which complicates
the comparison between alternative investment projects and negatively affects the effec-
tiveness of decisions taken at the stage of their selection [8-10]. It is therefore necessary
to develop simplified approaches to consider the specifics of economic sectors in order to
improve the effectiveness of environmental performance assessment and the possibility of
visual comparison of projects by their environmental component [11].

Energy is a strategic sector of the economy, ensuring the sustainable social develop-
ment and economic well-being of a country and its national security. Energy consumption
in 2021 was 14,221 Mtoe worldwide [12], and it will keep growing in the foreseeable future.

Almost 83% of consumed energy is obtained from fossil fuel. Oil is the major energy
source, then in decreasing order, come natural gas and coal [13]. The generation of power
based on fossil fuels has a number of critical impacts on environment, including the deple-
tion of the ozone layer, greenhouse gas (GHG) emissions, global warming, air pollution,
contamination of water bodies, soil contamination, the extinction of wildlife and rainforest
loss [14]. For instance, more than 2/3 of global GHG emissions come from the energy sector.
The total energy-related GHG emissions reached 40.8 Gt of CO; equivalent (CO, eq) in
2021 [15]. The global GHG emissions by source within the last decades is presented in
Figure 1.
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Figure 1. Energy related GHG emissions by source worldwide [13].

In the energy sector, carbon dioxide is the main contributor of the emission of GHGs,
followed by nitrous oxide and methane [16], which have a much stronger GHG effect [17].

The strategic nature of the energy sector and its substantial environmental pressure
mean that development and investment policies are of foremost significance. However,
these issues are characterized by the following features:

high capital intensity and long-term investment;
regulated nature of operational and capital activities;
limited external investment;

organizational and technical complexity;

high demand for qualified personnel.
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For an accurate and comprehensive economic and environmental evaluation of the
energy sector investment projects, the definition of the basic drivers which affect the matte
is of a great importance.

There is a great variety of factors which influence the energy sector, all of which are
affected by economic evolution, political background, agenda in the field of climate and
environmental protection, technological state of the art, resource endowment, and the sup-
ply and demand trend in the market [18,19]. The way how these factors relate to assessing
investment in energy projects is considered by multi-criteria decision-making methods
(MCDMM). Gao et al. [20] highlighted four groups of factors—economy, environmental,
social and risk, while Tao et al. [21] mentioned the following groups under MCDMM:
economic benefits, technical benefits, social benefits and environmental benefits. Thus,
environmental factors are necessarily part of the assessment procedure and are closely
interrelated with other groups of factors.

The economic factors have significant impact on the evaluation process of projects in
energy industries. Such indicators as the return on investment (ROI) and payback period are
predominantly used for economic attractiveness of capital investment evaluation [22-24].
These values depend on a huge number of parameters that affect the investment costs,
revenues and savings, and operational expenditures [24]. Capital costs for power plant
construction have significant fluctuations depending on energy source and the technique
used. Rocha et al. [25] give the following values for various energy sources, which refer
to 2016: natural gas combined cycle 969-978 $/kW, advanced nuclear 5880-5945 $/kW,
onshore wind 1686-1877 $/kW, photovoltaic 2277-2671 $/kW and coal 3493-5104 $/kW.
Even the difference in the types of monofuel (e.g., coal) significantly affects the efficiency of
the project, as it has different physical and economic characteristics: calorific value, cost
per unit of production, composition of emissions through combustion, etc. Riansyah and
Chalid [26] considered that generation of non-renewables, e.g., 0il and coal, unexpectedly
requires substantial CAPEX for exploration of the resources, which leads towards an
increased risk regarding its availability over a long period.

The assessment of an investment project from cradle to grave reveals the majority
of the factors affecting an investment project in the energy sector. It is worth saying that
improvements in the technological process can provide significant savings. Szafranko [27]
points out that investment into energy and resource efficiency decreases the negative envi-
ronmental impact, reduces natural resources consumption, minimizes harmful emissions
to the world around us, and creates possibilities to fulfill international obligations; these
factors can be expressed in terms of performance indicators.

Gajdzik and Sroka [28] examined resource productivity and intensity as a crucial
element of a company’s management, and highlighted this as an important factor for
evaluating investment projects. The key objective for sustainable development is to increase
the efficiency of the resources while decreasing the intensity of its consumption. The
nature of a sustainable business model in terms of the circular economy concept lies in the
understanding that resources are limited, particularly when speaking about energy, soil,
water, spare parts and raw materials.

The increase of energy efficiency in the industrial and power sectors has become one
of the key targets of energy policies in most of the world [29]. Yingjian et al. [30] consider
the assessment of energy efficiency as a mandatory part of an energy investment project
evaluation as it is directly connected with natural resource consumption and technological
efficiency of energy production. A project could be considered effective if it uses less energy
to ensure the same level of energy supply for buildings or technological processes in energy
production [31,32].

Becchetti et al. [33] presented the Green Investment Financial Tool Approach (GIFTA)
to provide indicators for measuring the environmental efficiency for private and public
investments tools. They mentioned the following drivers for the GIFTA framework: mitiga-
tion of and adaptation to climate change, conscious use and maintenance of water resources,
transition towards principles of circular economy, pollution control and ecosystem recovery.
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A suitable indicator (or set of indicators) was selected to evaluate each driver in terms
of investments.

In contrast to previously mentioned research, Riansyah and Chalid [26] also considered
local infrastructure and access to land, tax incentives, transparency of local authorities and
regional asset-generating commissioning plan (including incentives for renewable energies)
as factors affecting the feasibility study of energy investment projects.

The literature review presents a number of different groups of factors which affect the
evaluation of energy investment projects’ efficiency. Among these factors both in and within
functional areas (economic, environmental, technological and managerial), the volatile and
multiple correlation was determined. At this point, the task of carrying out clear and sound
assessment and having a common conclusion reached by various stakeholders seems to be
a complex objective.

However, most researches admit the importance of environmental factors and indica-
tors in the framework of investment projects’ efficiency evaluation. Despite a large number
of studies devoted to improving approaches to assessing the environmental and economic
efficiency of investment projects, the development of simplified approaches that allow for
quick management decisions remains an urgent task.

To improve performance and objectivity of the environmental and economic efficiency
evaluation process, approaches adapted to industry specifics need to be developed [11].
The development of adapted approaches will both allow consideration of the specifics
of investment projects in different economy sectors under conditions of the transition
towards a circular economy, and offer a balanced system of indicators for thoughtful
management decisions.

In this paper, the authors focus on determining the minimum set of factors sufficient
to conduct a qualitative ecological and economic assessment of investment projects in the
energy sector, considering the specifics of the industry and its impact on the environment.
The objective of this research is to define the most significant factors for establishing a
simple and at the same time thorough assessment framework to evaluate the efficiency
of energy investment projects. As a result, the authors compiled a list of the minimum
number of factors which enable further development of environmental indicators for an
efficiency assessment.

2. Materials and Methods

The study included the following stages:

1. Formation of a list of factors for the appraisal of environmental and economic
project efficiency that will consider the specifics of the energy industry.

2. Double screening of selected factors to determine the minimum sufficient set of key
factors for the appraisal of environmental and economic project efficiency.

2.1. Conducting the first screening of factors by a priori ranking by qualified experts.
Selection of the most significant factors based on the results of processing the received data.

2.2. Conducting a second screening aimed at identifying the relationships between
the factors selected at the previous stage. Determination of a minimum sufficient set of
the most significant factors for the formation of a system of environmental indicators for
evaluation of the environmental and economic efficiency of energy investment projects.

3. Approbation of the proposed system of environmental indicators in the example of
a regional energy project for the eco-modernization of an energy facility.

2.1. Formation of a List of Factors for the Appraisal of Environmental and Economic Project
Efficiency That Considers the Specifics of the Energy Industry

Based on the review and analysis of the scientific literature conducted by the authors,
and on discussions with experts in the field of energy and environmental protection, as
well as the authors’ existing experience, 44 factors were identified and classified. All factors
are adjusted to the specifics of the energy industry and can be potentially included in the
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procedure for the appraisal of the environmental and economic efficiency of energy projects.
The factors were divided into 5 groups:

1. Resource intensity of energy production;

Environmental payments;

Management of the energy facility;

Environmental costs and cost of energy production;

The environmental impact of the energy facility (atmospheric air; water resources;
soil and land resources; and production-related waste generation).

AR

A factors tree is shown in Figure 2. Explanations of the factors’ codes from Figure 2
are presented in Table 1.
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Figure 2. Classification of factors determining the environmental and economic efficiency of energy

investment projects.

Table 1. Names of factors determining the environmental and economic efficiency of investment
projects in the energy sector.

Factor Code Name of the Factor Reference

1. Resource intensity of energy production

X1 Type of fuel used (natural gas, coal, fuel oil) [9,34]
X2 Fuel consumption for energy production per year [34]
X3 Specific fuel consumption for energy production per unit of produced energy capacity [9]
X4 Water consumption for production needs per year [35]
X5 Specific water consumption for energy production per unit of produced energy capacity [35]
X6 Land occupation for the implementation of the investment project [36]

X7 Land occupation per unit of produced energy capacity [9,36]
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Table 1. Cont.

Factor Code Name of the Factor Reference
2. Environmental payments
X8 The amount of annual environr?ental payments (fee for emissions, fee for discharges, proposed by experts
ee for waste disposal)
X9 The amount of envirompental paymen'ts (fee for emissions, fee for'discharges, fee for proposed by experts
waste disposal) per unit of produced energy capacity
3. Management of the energy facility
X10 Availability of an environmental management system at the energy facility [37]
X11 Compliance of the energy facility management system with international standards proposed by authors
X12 Availability of a waste management system at the energy facility [38]
4. Environmental costs and cost of energy production
X13 The share of “green” investments in the total amount of project investments proposed by authors
X14 Availability of own energy rav;rré;ziriﬁll; 1feor:1 :Ef;giz r11:>r0ductior1 in the region of the proposed by experts
X15 Availability of the necessary transport infrastructure proposed by experts
X16 Cost of energy production [25]
5. The environmental impact of the energy facility
Atmospheric air
X17 Volume of greenhouse gas emissions per year [39]
X18 Specific volume of greenhouse gas emissions per unit of produced energy capacity proposed by authors
X19 Composition and structure of toxic substance emissions [40]
X20 Volume of toxic substance emissions per year [41]
X21 Specific volume of toxic substance emissions per unit of produced energy capacity proposed by authors
X22 Toxicity of emission components [41]
X23 Volume of oxygen consumption during fuel combustion per year proposed by authors
x04 Specific oxygen consumption during Cf;l;isi(;;nbustion per unit of produced energy proposed by authors
X25 Thermal pollution of the atmosphere proposed by authors
X26 Compliance of emission purification technologies with the best available techniques proposed by authors
Water resources
X27 Volume of wastewater discharges per year [42]
X28 Specific wastewater discharges per unit of produced energy capacity proposed by authors
X29 Composition and structure of discharges of pollutants into water bodies [42]
X30 Specific volume of discharges of pollutants per unit of produced energy capacity proposed by authors
X31 Toxicity of discharge components [42]
X32 Thermal pollution of the water bodies proposed by authors
X33 Compliance of waste treatment technologies with the best available techniques proposed by authors
Soil and land resources, production-related waste generation
X34 The degree of change in the natural landscape o.f .territories during the construction of [36]
an energy facility
X35 Volume of soil and land resource pollution [36]
X36 Specific soil and land resource pollution per unit of produced energy capacity [36]
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Table 1. Cont.

Factor Code Name of the Factor Reference
X37 Thermal pollution of the soil proposed by authors
X38 Production-related waste generation per year [43]
X39 Specific production waste generation per unit of produced energy capacity [9]
X40 Land occupation for storage of production-related waste proposed by experts
X41 Hazard class of production-related waste [43]
X42 Specific volume of residual waste per unit of produced energy capacity [9]
X43 The volume of waste used s;sr (s)g(ilocr;iaerr}ierf;;gz;e;cii?yown production per unit of proposed by authors
Xdd The volume of production-related waste sent for useful use to other enterprises per unit proposed by authors

of produced energy capacity

The authors believe that most of the factors are of limited significance in the envi-
ronmental and economic assessment of investment projects due to their close relationship
with other factors. According to the hypothesis of the study, those factors that are directly
related to the type and amount of fuel used for energy production will have the greatest
significance. The type of fuel has a direct impact on the resource efficiency of the project
(consumption of fuel and water resources per unit of energy produced) and its environ-
mental efficiency (the volume and composition of emissions of harmful substances and
greenhouse gases, the volume and composition of discharges of harmful substances and
the volume and composition of production-related waste).

2.2. Double Screening of Selected Factors to Determine the Minimum Sufficient Set of Key Factors
for the Appraisal of Environmental and Economic Project Efficiency

For the first screening of factors, the authors used an a priori ranking method based on
the individual assessment of factors by a group of experts with the required qualification in
the study area.

To obtain more objective data, the authors compared the opinions of 10 experts who
were divided into 2 groups: (1) ecologists working in the field of energy; (2) engineers
working in the field of energy. Each group included 5 experts with at least 18 years of
experience in the industry. Each group included:

two experts holding major management positions in the industry;
two research experts, working in universities or for the Academy of Sciences;
one expert working at an energy company in scientific cooperation with universities.

The method allows the exclusion of the factors that have the least significant impact
on the process under study. The advantages of the method are its simplicity and versatility.
The disadvantages include the subjectivity of experts” opinions and the influence of their
qualifications on the final results. To obtain more objective data, the opinions of experts
from several groups and different schools are compared. In this regard, the analysis was
carried out with the invitation of two groups of experts: specialists in the field of energy
and environmentalists.

The main stages of the a priori ranking method in relation to the purpose of the study
were as follows:

1. Preparation of a questionnaire with a preliminary list of previously selected fac-
tors on the basis of the analysis of the factors affecting the environmental and economic
performance of energy investment projects.

2. Formation of groups of qualified experts.

3. Instructing experts on filling out the questionnaire.

4. Individual assessment of the proposed factors by experts, with their placement in
descending order of their influence on the energy project’s performance. The factor with
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the greatest influence is ranked in first place, the factor with the second greatest influence
is ranked in second place, etc. If it is difficult to determine the significance of a factor in
comparison with one or several other factors, then they are assigned consecutive places in
a row, while indicating in the explanation that the factors having the corresponding codes
have equal significance (related ranks).

5. Processing of the results of the expert survey:

5.1 Recalculation of related ranks into standardized ranks by dividing the sum of the
places occupied by related ranks by their number;

5.2 Summarizing the survey results, and considering the recalculation of related ranks
into a priori ranking tables (Appendix A);

5.3 Determination of the ranks sum of each factor;

5.4 Determination of the deviation of the ranks’ sum of each factor from the average
sum of the ranks, A;;

5.5 Calculation of Kendall’s coefficient of concordance (W) (Equations (1)-(3)) for
testing the hypothesis of the existence of consistency of expert opinions:

S
W= M2k —k) —m¥; T; @
S=Yr. A v
_ Ly
T] - ﬁ -~ ( u tu) (3)

where m is the number of experts, k is the number of factors, u is the number of groups
formed by factors of the same rank in the j-th ranking, and t, is the number of identical
ranks in the u—th group of the j-th ranking.
The concordance coefficient can vary from 0 to 1. If it differs significantly from zero,
then we can assume that there is a certain agreement between the opinions of experts.
The significance of the concordance coefficient W is established using the Pearson’s
chi-squared test. To do this, X% was found (Equation (4)):

Xy =mk—1)W (4)

The calculated value of X% is compared to the table value of )(;27 from the chi-square
distribution table [44], found for the accepted significance level and the number of degrees
of freedom f = k — 1. The hypothesis that the opinions of the experts are consistent is
accepted if X% > ¥

5.6 Construction of a priori ranking diagram showing the distribution of factors by
the sum of ranks;

5.7 Selection of the most significant factors.

One of the ways to identify the main factors is to compare the ranks of a given factor
with their average values for all factors. The most significant factors are those whose sum
of ranks does not exceed the average sum of ranks.

After the initial selection of factors by the a priori ranking method, the authors
analyzed the interrelationships of factors in order to determine the minimum set of
key factors having quantitative expression for the energy project’s environmental and
economic evaluation.

Based on the results of the screening, a bubble diagram is constructed, with the
designation of the main relationships between the factors; then, a list of key quantitative
factors is formed as the basis of the system of indicators for the environmental and economic
evaluation of energy investment projects.



Int. |. Environ. Res. Public Health 2022, 19, 11716 9 of 21

2.3. Approbation of the Proposed System of Environmental Indicators in the Example of a Regional
Energy Project for the Eco-Modernization of an Energy Facility

In order to test the results obtained, the authors carried out calculations of the
specific performance indicators of the regional energy facility X (CHP), situated in the
Sverdlovsk region, Russia, before and after implementation of the investment project on
eco-modernization. The purpose of the considered energy project is the transition from a
coal type of CHP to a gas—oil type. Prior to the start of the project, CHP X used coal as the
main fuel type (Chelyabinsk brown coal) that led to the entry of significant amounts of
harmful substances into the atmosphere. The implementation period of the energy project
was 2 years. The project involved the complete eliminating of the old coal infrastructure.
The continuous energy supply to the locality in which the CHP is situated should be
provided in parallel. Table 2 shows the main performance indicators of the energy facility
before and after implementation of the energy project.

Table 2. Key indicators of the CHP X operation before and after investment project implementation.

Indi Before Project After Project
ndicator R .
Implementation Implementation
Energy production, kWh 178,550 191,700
Total fuel consumption *,
tons/tons of fuel equivalent 539,220/387,520 224,500/323,520
including:
Natural gas, m® /tons/tons of oil 11 900 /97 500 /140,670 275,000,/220,000/317,350
equivalent
Fuel oil, tops/tons of oil 3700,/5070 4500/6170
equivalent
Coal, tons/tons of oil equivalent 438,000/241,780 0
Water consumption, m3 175,280 154,920
Residual production waste, tons 319,300 169,200
Total emissions of harmful
substances, tons 0.89 0.75
including
SO,, tons 0.39 0.02
NOy, tons 0.17 0.15
CO, tons 0.14 0.49
PM, tons 0.19 0.09
CO, emissions, tons 933,668 535,769

* For converting tons and m? to tons of fuel equivalent, authors used the following coefficient: natural gas = 1.154;
fuel oil = 1.37; coal = 0.552 [45].

3. Results
3.1. Key Factors for Environmental and Economic Evaluation of Energy Investment Projects

The expert analysis demonstrated a sufficient degree of consistency of the opinions of
the interviewed experts: the concordance coefficient (W) is 0.55 which indicates that there
is some consent between the opinions of the respondents. Testing of the hypothesis of non-
randomness of experts’ agreement showed that with a 5% significance level and the number
of degrees of freedom (k — 1) = 43, the calculated value of the Pearson criterion (234.86) is
greater than the table one x? (59.3) which confirms the hypothesis of consistency of experts’
opinion and allows the use of the data obtained for further research.

In order to identify the most significant factors, the authors resorted to comparing the
ranks of a given factor with their average value for all factors: those factors whose sum of
ranks does not exceed the average sum of ranks are considered the most significant. The
average sum of the ranks for 44 factors was 224.59.

The processing of the results of the expert survey allowed the authors to determine
the 20 most significant factors for the environmental and economic evaluation of energy
projects. The results of a priori ranking of factors are presented in Table 3 and Figure 3.
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Table 3. The results of a priori ranking of factors for environmental and economic evaluation of

energy investment projects.

The Sum of Ranks

Name of the Factor Factor Code
Absolute Value %
Type of fuel used (natural gas, coal, fuel oil) X1 25.5 0.26
Specific fuel consumption for energy production per unit of produced X3 51 0.52
energy capacity '
Specific volume of toxic substance emissions per unit of produced energy capacity X21 77.5 0.78
Specific volume of greenhouse gas emissions per unit of produced energy capacity X18 95.5 0.96
Share of “green” investments in the total amount of project investments X13 116 1.17
Compliance of emission purification technologies with the best available techniques X26 117 1.18
Toxicity of emission components X22 123.5 1.25
Composition and structure of toxic substance emissions X19 130.5 1.32
Specific oxygen consumption during fuel cF)mbustlon per unit of produced X24 1305 132
energy capacity
Availability of an environmental management system at the energy facility X10 132.5 1.34
Specific volume of discharges of pollutants per unit of produced energy capacity X30 148.5 1.50
Specific volume of residual waste per unit of produced energy capacity X42 148.5 1.50
Hazard class of production-related waste X41 151 1.53
Specific soil and land resource pollution per unit of produced energy capacity X36 165.5 1.67
Compliance of waste treatment technologies with the best available techniques X33 166 1.68
Toxicity of discharge components X31 169 1.71
Cost of energy production X16 170 1.72
Specific wastewater discharges per unit of produced energy capacity X28 188 1.90
Specific water consumption for energy pr.oductlon per unit of produced X5 1915 1.93
energy capacity
Specific production-related waste generation per unit of produced energy capacity X39 206 2.08
Composition and structure of discharges of pollutants into water bodies X29 215 217
450
400
350
» 300
&
« 250
o
5 200
]
F 150
100
o 11
S H 0 MmO N T OO NDOUM OO ONONMNO S MOMS 0TS AN OSSN
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Figure 3. The diagram of a priori ranking of factors.
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It is necessary to analyze the relationship of quantitative and qualitative factors se-
lected by experts in order to improve the system of appraisal of the environmental and
economic efficiency of energy investment projects and to form a list of sufficient factors.
Drawing up a list of sufficient factors will allow the determination of the key indicators
that will form the basis of the future system for the environmental and economic efficiency
evaluation of energy projects.

The type of fuel used (X1) has the smallest sum of ranks, thus being the most significant
factor affecting the specific fuel consumption (X3) [34], the specific water consumption
(X5) [46], the composition and structure of toxic emissions (X19) [41], the composition and
structure of discharges of pollutants into water bodies (X29) [42,45], specific production-
related waste generation (X39) and their hazard class (X41) [44]. In view of the different
costs of fuels, it also influences the cost of energy production, for example, the average cost
of 1 Btu of coal in 2021 in the United States averaged $1.98, compared to $4.98 for 1 Btu of
natural gas [47].

The cost of energy production (X16) directly depends on the specific fuel consump-
tion, as well as being associated with specific emissions of greenhouse gases (X18), toxic
substances (X21), specific oxygen consumption (X24), specific wastewater discharges (X28)
and production-related waste generation (X39). The factor of specific oxygen consumption
(X24) correlates with the specific emissions of greenhouse gases (X18) and toxic substances
(X21): the higher the volume of specific emissions from fuel combustion, the higher the
oxygen consumption. Thus, this factor can be excluded from the assessment. Specific
fuel consumption may indirectly affect the indicator of specific water consumption, but
the determining factors of the efficiency of water resource use are the energy production
technologies used at the energy facility and the type of fuel used [48].

It is advisable to include indicators of specific consumption of fuel and water resources,
specific emissions of greenhouse gases and toxic substances, and specific wastewater dis-
charge in the proposed system of indicators. These make it possible to evaluate comprehen-
sively the resource efficiency of energy production and the negative impact of the facility
on atmospheric air and water resources.

The factor of specific water consumption (X5) has a direct effect on cost of the energy
production (X16), and on the specific wastewater discharges per unit of produced energy
capacity (X28). Water consumption during energy production can reduce the cost of a
unit of produced energy and the level of negative impact of an energy facility on water
resources: the more rational the usage of water and the higher the quality of wastewater
treatment from harmful impurities, the lower the specific volume of wastewater discharges
and toxic substances contained in them. Emission treatment technologies in this case play
a primary role.

Experts attributed the composition and structure of emissions of toxic substances
(X 19), the toxicity of emission components (X22) and the toxicity of discharge components
(X31) to significant factors, while factor X19 and factor X22 correlate with each other.
The toxicity of emissions and discharges is characterized by the maximum permissible
concentrations of pollutants established by sanitary and hygienic standards [49].

These quantitative factors could be used for the environmental and economic appraisal
of energy projects as additional information about their negative effects on atmospheric air
and water resources [50-53].

Specific formation of production waste (X39) affects the cost of energy production (X16)
and the specific soil and land resource pollution per unit of produced energy capacity (X36).
However, in terms of the environmental and economic appraisal, factor X42 “The specific
volume of residual waste per unit of energy capacity produced” is more informative. It
objectively assesses the efficiency of the waste management system at the energy facility: a
low volume of residual waste is linked to the transfer of most of the production waste for
recycling, reuse or disposal by specialized enterprises.

The hazard class of production waste (X41) also influences the factors X16 and X39: the
lower the waste class, the lower the amount of costs and payments for processing and/or
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disposal of hazardous production-related waste. The hazard class of waste is an important
component of assessing the impact of an energy facility on soil and land resources, but it
does not allow for quantifying the scale of the impact. In this regard, factor X41 may be
an additional, but optional, factor in the environmental and economic appraisal of energy
investment projects.

The specific volume of residual waste per unit of produced energy capacity (X42) is
primarily affected by the factor relating to the availability of an environmental management
system (EMS) at the energy facility [37]. The presence of EMS implies the introduction of
an efficient waste management system at the energy facility that contributes to an increase
in the proportion of waste sent for recycling for secondary use in own or third-party
production or sent to the companies responsible for the regional waste management.

The share of “green” investments in the total amount of investments (X13) allows
us to evaluate the degree of environmental friendliness of the project in the context of
investments: the higher the share of investments in environmental protection measures,
the more likely the project will meet all relevant requirements in the field of environmental
protection. Therefore, factor X13 can determine factors X10 (presence of EMS), X26 “Com-
pliance of emission purification technologies with the best available technologies” and X33
“Compliance of discharge purification technologies with the best available techniques”.
Factor X10 affects factors X26, X33, as well as X42 (as mentioned above, the presence of EMS
implies the functioning of a waste management system at an energy company facility).

Compliance of emission purification technologies with the best available techniques
(X26) directly affects the composition and structure of emissions of toxic substances (X19)
and contributes to their reduction (X18). Compared to older systems, modern sewage
treatment plants more effectively clean emissions from toxic gaseous substances and soot,
thereby reducing the anthropogenic load [54-56].

A similar pattern is observed with respect to factors X33 “Compliance of waste
treatment technologies with the best available techniques”, X30 “Specific volume of
discharges of pollutants per unit of produced energy capacity” and X31 “Toxicity of
discharge components”.

Factors X26 and X33 can have an impact on the cost of energy production (X16). For
instance, according to the ecological legislation in Russia, in addition to benefitting from
reduced fees for negative environmental impact, enterprises using best available techniques
receive state support in the form of tax benefits and benefits for reducing negative impact
on the environment in accordance with environmental legislation [49].

Since the factors X10, X13, X26, X33 are qualitative and interrelated with other factors
having quantitative expression, they can be excluded from further consideration. Quantita-
tive factors allow the assessment of change in the level of impact in dynamics (for example,
before/after project implementation) and give an idea of the overall efficiency of the use of
certain technologies in the framework of the project’s implementation [55].

The cost of energy production (X16) depends on most of the factors under considera-
tion and is characterized by high economic significance. Its inclusion in the list of indicators
for environmental and economic appraisal may be of a recommendatory nature: the cost
structure is considered in more detail at the stage of forming the cash flows of an investment
project to calculate its economic efficiency indicators.

A graphical representation of the factors’ relationship is presented in Figure 4.

The authors have compiled a list of key factors that make it possible to form a system
of specific indicators for environmental and economic appraisal of energy investment:

specific fuel consumption for energy production per unit of produced energy capacity;
specific water consumption for energy production per unit of produced energy capacity;
specific volume of toxic substance emissions per unit of produced energy capacity;
specific volume of greenhouse gas emissions per unit of produced energy capacity;
specific volume of discharges of pollutants per unit of produced energy capacity;
specific volume of residual waste per unit of produced energy capacity;

specific wastewater discharges per unit of produced energy capacity.



Int. |. Environ. Res. Public Health 2022, 19, 11716 13 of 21

Environmental factors

Organizational and
technological factors

Economic factors

Figure 4. Interrelations between factors affecting the environmental and economic appraisal of
energy projects.

3.2. Case-Study
According to the available data on CHP X, the following indicators were calculated:

specific fuel consumption for energy production per unit of produced energy capacity;
specific water consumption for energy production per unit of produced energy capacity;
specific volume of toxic substance emissions per unit of produced energy capacity;
specific volume of greenhouse gas emissions per unit of produced energy capacity;
specific volume of residual waste per unit of produced energy capacity.

To calculate the specific mass of emissions of toxic substances, it is necessary to
estimate the reduced mass (G) considering the relative toxicity of the emission components
(Equation (5)):

G= i(Gi‘ki) &)
izl

where Gi is the actual mass of the i-th pollutant entering the atmospheric air during the
reporting period, tons; and k;, is the coefficient of relative environmental hazard of the
i-th pollutant.

The calculation of the reduced mass of emissions is presented in Table 4.

Table 4. Reduced mass of harmful substance emissions before and after project implementation.

Before Project After Project
. Implementation Implementation
Name of Substance k;
Reduced Mass, Reduced Mass,
tons tons
tons tons
SO, 20.00 0.39 7.80 0.02 0.40
NOy 16.50 0.17 2.81 0.15 248
CcO 0.40 0.14 0.06 0.49 0.20
PM 2.70 0.19 0.51 0.09 0.24
Total - 0.89 11.17 0.75 3.31

*Source: [57].
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Calculation of specific discharges of wastewater and toxic substances in this case is not
required, due to the discharge of wastewater into the sewer, and not into a water body: in
this case, discharges of toxic substances don’t affect the environmental state of water bodies,
and in view of this, the volume of wastewater discharge and pollutants is not recorded.

Table 5 shows calculations of specific performance indicators of CHP X before and
after the implementation of the investment project.

Table 5. Calculations of specific performance indicators of CHP X before and after project implementation.

. Before Project After Project
Indicator . .
Implementation Implementation
Specific fuel consumption for energy production per 217 1.69

unit of produced energy capacity
Specific volume of toxic substance emissions per unit
of produced energy capacity (considering the relative 0.06 0.02
toxicity of the emission components, Table 4)
Specific volume of greenhouse gas emissions per unit

. 5.23 2.79
of produced energy capacity
Specific water consumption for energy production per
. . 0.98 0.81
unit of produced energy capacity
Specific volume of residual waste per unit of produced 1.79 0.88

energy capacity

The specific fuel and water consumption decreased by 22.24% and 17.68%, respectively,
while the total electricity generation increased by 7.37%. This indicates a substantial gain in
efficiency of the resource consumption at the enterprise. In addition, there is a decrease in
the negative impact on atmospheric air: the specific volume of toxic substance emissions
and greenhouse gases decreased by 72.39% and 46.55%, respectively. The specific volume
of residual production-related waste per unit of produced energy capacity also showed a
significant decrease—by 50.64%.

The considered investment project is effective from an environmental point of view.
The use of specific indicators selected as a result of the analysis of the interrelation of
factors made it possible to compare the options “before project implementation” and “after
project implementation”, greatly simplifying the evaluation procedure. Despite the lack of
numerous data and the simplicity of calculations, the indicators are informative and quite
comprehensively assess the change in the resource efficiency of an energy facility and the
degree of its negative environmental impact.

Energy investment projects might differ significantly in economic, technological and
organizational aspects, and consequently, the number of calculated indicators also might
vary. For instance, some proposed environmental indicators may not be calculated in a
number of cases: (i) if the project initially provides for a level of wastewater treatment
sufficient to drain into the sewer; (ii) if the entire volume of waste is sent for processing to
third-party organizations and/or is used for a second time at the enterprise and they are
not considered in annual environmental reporting.

The list of key factors selected as a result of the double screening makes it possible
to cover the areas of negative environmental impact of energy enterprises during the
environmental and economic evaluation. In the majority of works devoted to the appraisal
of the environmental efficiency of investment projects for energy enterprises, the most
common indicators of assessment are the amount of fuel consumption and the amount of
greenhouse gas emissions into the atmosphere [58]. Greater analysis of the environmental
impact on atmospheric air, namely the composition, structure, volume and toxicity of
emissions, is presented in [59-63], whereas only the gross volume of emissions of toxic
substances is estimated. The structure of toxic emissions depends to a greater extent on the
fuel used at the energy facility, and at the same time, its analysis at the stage of development
of investment projects contributes to the correct choice of treatment facilities.
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Various approaches to assessing energy facilities’ impact on water resources are pre-
sented in [36,38,63], but specific indicators that simplify the assessment procedure are not
used by those authors.

The most informative characteristics are the specific consumption of fuel and water re-
sources per unit of energy produced and the specific volume of residual production-related
waste per unit of energy produced. These key figures could form a group of indicators
for assessing the resource intensity of energy production. The further development of a
group of integral indicators will allow evaluating the overall environmental and resource
efficiency of a project as components of the environmental and economic appraisal.

In the development of the previously obtained results, the research conducted made it
possible to identify key quantitative factors in energy projects’ environmental and economic
appraisal that consider the specifics of the energy industry and enable a list of environmen-
tal indicators to be formed, the use of which will simplify its procedure. The proposed
list of key factors, therefore, is the basis for further development of a methodology for the
environmental and economic appraisal of energy projects.

The stated hypothesis of the research was confirmed.

4. Conclusions

According to the research, the key factors of energy projects” environmental and
economic evaluation were justified, considering the specifics of the energy industry’s
effects on the environment. Thus, the hypothesis of the study is confirmed: the most
significant factors are those that are directly related to the type and amount of fuel used for
energy production. To improve approaches to the environmental and economic evaluation
of energy projects, it is encouraged to apply these factors as a basis for developing a system
of specific environmental indicators that will allow assessing the resource efficiency and
the degree of projects’ impact on atmospheric air, water, soil and land resources. Proposed
indicators could be calculated in physical and/or monetary units. This will considerably
complement the economic justification of an energy investment project’s appraisal.

The use of a system of specific indicators will improve the evaluation quality, simplify
its procedure and enable comparing alternative investment objects with each other. It could
be used both to evaluate the efficiency of both new investment projects and existing energy
enterprises already operating.

The proposed list of indicators is mostly applicable for traditional energy enterprises
that produce energy using fossil fuels (coal, natural gas, oil). The evaluation factors and,
consequently, indicators should be revised for nuclear power plants and renewable energy
sources in order to consider the specifics of their operation.
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Appendix A

Table A1. Results of a priori ranking of factors.

Fact Number of the Expert The Sum of Ranks
actor
Group of Factors Name of the Factor Code 1 ) 3 4 5 6 o 8 9 10 Absolute %
Value
Type of fuel used (natural gas, coal, fuel oil) X1 1 15 85 6.5 3 1 1 1 1 1 25.5 0.26%
Fuel consumption for energy production per year X2 33 34 375 335 285 3 2 28 10 10 251.5 2.54%
Specific fuel consumption for energy prc?ductlon per unit of X3 2 6 85 175 3 4 3 3 ’ 5 51 0.52%
. . produced energy capacity
Resource intensity of
energy production Water consumption for production needs per year X4 34 395 375 335 285 36 42 29 28 30 338 3.41%
Specific water consumption for energy pr.oduchon per unit of X5 3 16 85 265 175 17 41 18 24 20 1915 1.93%
produced energy capacity
Land occupation for the implementation of the investment project X6 35 395 29 385 375 37 4 44 30 33 327.5 3.31%
Land occupation per unit of produced energy capacity X7 215 265 29 335 285 28 5 3 29 32 268 2.71%
The amount of annugl environmental paymen.ts (fee for emissions, X8 37 425 405 435 44 38 44 33 39 36 3975 4.02%
) fee for discharges, fee for waste disposal)
Environmental
payments The amount of environmental payments (fee for emissions, fee for
discharges, fee for waste disposal) per unit of produced X9 36 34 405 435 375 20 43 34 34 35 357.5 3.61%
energy capacity
The share of “green” investments in the total amount of X10 4 16 85 65 175 23 11 23 16 7 1325 1.34%

project investments

Management of the

energy facility Availability of own energy raw materials for energy production in

the region of project implementation
Availability of the necessary transport infrastructure X12 44 265 19 175 175 25 32 24 17 13 235.5 2.38%

X11 43 425 29 335 415 24 10 22 42 34 321.5 3.25%

The share of “green” investments in the total amount of

project investments X13 5 6 8.5 6.5 3 2 9 2 43 31 116 1.17%

Environmental costs
and cost of energy
production

Availability of own energy raw materials for energy production in
the region of project implementation

Availability of the necessary transport infrastructure X15 42 16 435 415 415 27 8 27 44 44 334.5 3.38%
Cost of energy production X16 7 16 29 335 175 3 6 4 33 21 170 1.72%

X14 6 16 435 415 415 26 7 32 38 43 294.5 2.97%
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Table Al. Cont.

Fact Number of the Expert The Sum of Ranks
Group of Factors Name of the Factor et
Code 1 5 3 4 5 6 7 8 9 19 Absolue o
Value
Volume of greenhouse gas emissions per year X17 215 44 29 265 285 34 18 30 7 23 261.5 2.64%
Specific volume of greenhouse gas emissions per unit of produced X18 3 16 85 175 95 7 17 6 3 3 95.5 0.96%
energy capacity
Composition and structure of toxic substance emissions X19 23 6 405 175 95 5 13 5 6 5 130.5 1.32%
Volume of toxic substance emissions per year X20 24 34 29 265 285 29 16 25 8 22 242 2.44%
The environmental Specific volume of toxic substance emissions per unit of produced o
impact of the energy energy capacity X21 9 6 8.5 6.5 9.5 8 15 7 4 4 77.5 0.78%
facilit
acty Toxicity of emission components X2 10 15 29 65 95 6 14 36 5 6 1235 1.25%
(atmospheric air)
Volume of oxygen consumption during fuel combustion per year X23 25 395 29 265 285 39 20 26 26 24 283.5 2.86%
Specific oxygen consumption during fuel cpmbustlon per unit of o4 1 16 85 175 95 9 19 8 23 9 1305 1.32%
produced energy capacity
Thermal pollution of the atmosphere X25 38 265 19 385 285 40 21 37 37 37 3225 3.26%
Compliance of emission Purlflcatlon.technologles with the best X26 31 6 85 6.5 3 9 12 14 9 8 117 1.18%
available techniques
Volume of wastewater discharges per year X27 26 34 29 265 375 41 39 38 36 29 336 3.39%
Specific wastewater discharges per unit of produced energy capacity X28 12 265 85 65 285 18 34 17 21 16 188 1.90%
. Composition and structure of dltharges of pollutants into X29 o7 16 29 175 175 10 35 13 22 28 215 217%
The environmental water bodies

impact of the energy o : :

facility (water Specific volume of discharges of pollqtants per unit of produced X30 13 16 85 6.5 95 11 38 12 19 15 1485 1.50%
energy capacity
resources)

Toxicity of discharge components X31 14 16 29 6.5 95 12 36 9 20 17 169 1.71%
Thermal pollution of the water bodies X32 40 34 405 385 285 21 40 21 40 38 3415 3.45%
Compliance of waste treatment technologies with the best X33 3 6 85 6.5 3 » 33 19 18 18 166 1.68%

available techniques
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Table Al. Cont.

Fact Number of the Expert The Sum of Ranks
Group of Factors Name of the Factor et
Code 1 5 3 4 5 6 7 8 9 19 Absolue o
Value
The degree of change in the .natural landscape o.f territories during X34 39 34 19 265 375 30 22 31 35 42 316 3.19%
the construction of an energy facility
Volume of soil and land resource pollution X35 28 34 29 385 285 42 24 20 27 27 298 3.01%
Specific soil and land resource pollu.tlon per unit of produced X36 15 16 85 175 285 13 23 16 14 14 165.5 1.67%
energy capacity

Thermal pollution of the soil X37 41 16 19 265 175 43 37 41 41 39 321 3.24%
'The environmental Production-related waste generation per year X38 29 395 19 335 415 44 26 15 25 25 297.5 3.01%

impact of the energy
facility (soil and land ~ Specific production-related waste generation per unit of produced X39 16 25 85 175 175 31 25 42 11 11 206 2.08%

resources, energy capacity ' ' . ' '
productlon—relgted Land occupation for storage of production-related waste X40 30 265 29 265 285 14 30 43 13 26 266.5 2.69%
waste generation)
Hazard class of production-related waste X41 17 6 29 6.5 95 15 27 10 12 19 151 1.53%
Specific volume of residual waste per unit of produced X42 18 16 85 65 175 16 28 11 15 12 1485 1.50%
energy capacity
The volume of waste u.sed as secondary resources in own production X43 19 25 29 175 285 32 29 39 32 40 292 5 2.95%
per unit of produced energy capacity
The volume of pljoductlon—r.elated waste sent for useful use to other xdd 20 265 85 175 285 33 31 40 31 41 277 2.80%
enterprises per unit of produced energy capacity
The sum of ranks - 990 990 990 990 990 990 990 990 990 990 9900 100.00%




Int. J. Environ. Res. Public Health 2022, 19, 11716 19 of 21

References

1.

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Chirambo, D. Towards the achievement of SDG 7 in sub-Saharan Africa: Creating synergies between Power Africa, Sustainable
Energy for All and climate finance in-order to achieve universal energy access before 2030. Renew. Sustain. Energ Rev. 2018,
94, 600-608. [CrossRef]

Kulczycka, J.; Smol, M. Application LCA for eco-efficiency assessment of investment projects. Acta Innov. 2015, 16, 29-38.
Hennicke, P.; Borbonus, S.; Woerlen, C. The GEF’s interventions in the climate change focal area: The contribution to strategies for
climate change mitigation and sustainable development. Energ. Sustain. Develop. 2007, 11, 13-25. [CrossRef]

Ranjbari, M.; Saidani, M.; Shams Esfandabadi, Z.; Peng, W.; Lam, S.S.; Ashbashlo, M.; Quatraro, E; Tabatabaei, M. Two decades of
research on waste management in the circular economy: Insights from bibliometric, text mining, and content analyses. J. Clean.
Prod. 2021, 314, 128009. [CrossRef]

Rada, E.C.; Cioca, L.I; Ionescu, G. Energy recovery from Municipal Solid Waste in EU: Proposals to assess the management
performance under a circular economy perspective. MATEC Web Conf. 2017, 121, 05006. [CrossRef]

Karaeva, A.; Magaril, E.; Al-Kayiem, H.; Torretta, V.; Rada, E.C. Approaches to the assessment of ecological and economic
efficiency of investment projects: Brief review and recommendations for improvements. WIT Trans. Ecol. Environ. 2021,
253, 515-525. [CrossRef]

Lehni, M.; Schmidheiny, S.; Stigson, B. Eco-Efficiency: Creating More Value with Less Impact; World Business Council for Sustainable
Development: Geneva, Switzerland, 2000.

Jin, X.; Liu, Q.; Long, H. Impact of cost-benefit analysis on financial benefit evaluation of investment projects under back
propagation neural network. J. Comput. Appl. Math. 2021, 384, 113-172. [CrossRef]

Karaeva, A.; Magaril, E.; Rada, E.C. Improving approaches to efficiency assessment of investment projects in the energy sector.
WIT Trans. Ecol. Environ. 2020, 246, 113-123.

ESCAP, Eco-Efficiency Indicators: Measuring Resource-Use Efficiency and the Impact of Economic Activities on the Environment.
Available online: www.sustainabledevelopment.un.org/content/documents/785eco.pdf (accessed on 25 July 2022).

Karaeva, A.; Magaril, E.; Torretta, V.; Ragazzi, M.; Rada, E.C. Green energy development in an industrial region: A case-study of
Sverdlovsk region. Energy Rep. 2021, 7, 137-148. [CrossRef]

Total Energy Consumption. Enerdata. Available online: https://yearbook.enerdata.net/total-energy/world-consumption-
statistics.html (accessed on 25 July 2022).

Global Energy Consumption Only Going Up. The World Counts. Available online: https://www.theworldcounts.com/
challenges/climate-change/energy/global-energy-consumption (accessed on 25 July 2022).

Al-Shetwi, A.Q. Sustainable development of renewable energy integrated power sector: Trends, environmental impacts, and
recent challenges. Sci. Total Environ. 2022, 822, 153645. [CrossRef]

IEA, Energy Related Greenhouse Gas Emissions, 2000-2021, IEA, Paris. Available online: https://www.iea.org/data-and-
statistics/charts/energy-related-greenhouse-gas-emissions-2000-2021 (accessed on 25 July 2022).

Sources of Greenhouse Gas Emissions. EPA. Available online: https://www.epa.gov/ghgemissions/sources-greenhouse-gas-
emissions (accessed on 26 July 2022).

Importance of Methane. EPA. Available online: https://www.epa.gov/gmi/importance-methane (accessed on 26 July 2022).
Xu, Y,; Yang, K.; Zhao, G. The influencing factors and hierarchical relationships of offshore wind power industry in China.
Environ. Sci. Pollut. Res. 2021, 28, 52329-52344. [CrossRef] [PubMed]

Abdul Wahhab, H.A.; Al-Kayiem, H.H. Environmental Risk Mitigation by Biodiesel Blending from Eichhornia crassipes: Perfor-
mance and Emission Assessment. Sustainability 2021, 13, 8274. [CrossRef]

Gao, J.; Men, H.; Guo, F; Liang, P,; Fan, Y. A multi-criteria decision-making framework for the location of photovoltaic power
coupling hydrogen storage projects. J. Energy Storage 2021, 44, 103469. [CrossRef]

Tao, U.; Wu, Y,; Wu, M,; Luo, X,; He, E; Gao, R.; Zhang, L. Multi-criteria decision making for comprehensive benefits assessment
of photovoltaic poverty alleviation project under sustainability perspective: A case study in Yunnan, China. J. Clean. Prod. 2022,
346, 131175. [CrossRef]

Zhang, C.; Hu, M,; Laclau, B.; Garnesson, T.; Yang, X.; Tukker, A. Energy-carbon-investment payback analysis of prefabricated
envelope-cladding system for building energy renovation: Cases in Spain, the Netherlands, and Sweden. Renew. Sustain. Energy
Rev. 2021, 145, 111077. [CrossRef]

Chiang, C.; Young, C.-H. An engineering project for a flood detention pond surface-type floating photovoltaic power generation
system with an installed capacity of 32,600.88 kWp. Energy Rep. 2022, 8, 2219-2232. [CrossRef]

Kiselev, A.; Magaril, E. Financial tools for biogas project implementation at wastewater treatment plants: A case study of the
Russian Federation. WIT Trans. Ecol. Environ. 2022, 255, 63-77. [CrossRef]

Rocha, D.H.D.; Siqueira, D.S.; Silva, R.J. Effects of coal compositions on the environment and economic feasibility of coal
generation technologies. Sustain. Energy Technol. Assess. 2021, 47, 101500. [CrossRef]

Riansyah, S.; Chalid, D.A. Consideration factors in domestic investment for renewable energy development in Indonesia. E3S
Web Conf. 2020, 202, 08002. [CrossRef]

Szafranko, E. Assessment of the economic efficiency of energy-saving projects, methodology based on simple and compound
methods. Energy Sci. Eng. 2022, 10, 423-438. [CrossRef]


http://doi.org/10.1016/j.rser.2018.06.025
http://doi.org/10.1016/S0973-0826(08)60560-8
http://doi.org/10.1016/j.jclepro.2021.128009
http://doi.org/10.1051/matecconf/201712105006
http://doi.org/10.2495/SC210421
http://doi.org/10.1016/j.cam.2020.113172
www.sustainabledevelopment.un.org/content/documents/785eco.pdf
http://doi.org/10.1016/j.egyr.2021.08.101
https://yearbook.enerdata.net/total-energy/world-consumption-statistics.html
https://yearbook.enerdata.net/total-energy/world-consumption-statistics.html
https://www.theworldcounts.com/challenges/climate-change/energy/global-energy-consumption
https://www.theworldcounts.com/challenges/climate-change/energy/global-energy-consumption
http://doi.org/10.1016/j.scitotenv.2022.153645
https://www.iea.org/data-and-statistics/charts/energy-related-greenhouse-gas-emissions-2000-2021
https://www.iea.org/data-and-statistics/charts/energy-related-greenhouse-gas-emissions-2000-2021
https://www.epa.gov/ghgemissions/sources-greenhouse-gas-emissions
https://www.epa.gov/ghgemissions/sources-greenhouse-gas-emissions
https://www.epa.gov/gmi/importance-methane
http://doi.org/10.1007/s11356-021-14275-w
http://www.ncbi.nlm.nih.gov/pubmed/34013412
http://doi.org/10.3390/su13158274
http://doi.org/10.1016/j.est.2021.103469
http://doi.org/10.1016/j.jclepro.2022.131175
http://doi.org/10.1016/j.rser.2021.111077
http://doi.org/10.1016/j.egyr.2022.01.156
http://doi.org/10.2495/EPM220061
http://doi.org/10.1016/j.seta.2021.101500
http://doi.org/10.1051/e3sconf/202020208002
http://doi.org/10.1002/ese3.1032

Int. J. Environ. Res. Public Health 2022, 19, 11716 20 of 21

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Gajdzik, B.; Sroka, W. Resource Intensity vs. Investment in Production Installations—The Case of the Steel Industry in Poland.
Energies 2021, 14, 443. [CrossRef]

Yingjian, L.; Abakr, A.Y.; Qi, Q.; Xinkui, U.; Jiping, Z. Energy efficiency assessment of fixed asset investment projects—A case
study of a Shenzhen combined-cycle power plant. Renew. Sustain. Energy Rev. 2016, 59, 1195-1208. [CrossRef]

Shah, W.U.H.; Hao, G.; Yan, H.; Yasmeen, R.; Padda, .U.H.; Ullah, A. The impact of trade, financial development and government
integrity on energy efficiency: An analysis from G7-Countries. Energy 2022, 255, 124507. [CrossRef]

Yao, X.; Shah, W.U.H.; Yasmeen, R.; Zhang, Y.; Kamal, M.A.; Khan, A. The impact of trade on energy efficiency in the global value
chain: A simultaneous equation approach. Sci. Total Environ. 2021, 765, 142759. [CrossRef] [PubMed]

Nie, P-Y.; Chen, Z.-R.; Wang, W.; Chen, X.-L. Innovation analysis under trading energy efficiency. Energy 2019, 186, 115866.
[CrossRef]

Becchetti, L.; Cordella, M.; Morone, P. Measuring investments progress in ecological transition: The Green Investment Financial
Tool (GIFT) approach. J. Clean. Prod. 2022, 357, 131915. [CrossRef]

Treshcheva, M.; Anikina, I.; Sergeev, V.; Skulkin, S.; Treshchev, D. Selection of Heat Pump Capacity Used at Thermal Power Plants
under Electricity Market Operating Conditions. Energies 2021, 14, 226. [CrossRef]

Muthuraman, M. Reduction in power plant specific water consumption. Int. Power Plant OM Conf. 2016, 1, 1-8. [CrossRef]
Zurano-Cervell, P; Pozo, C.; Mateo-Sanz, ].M.; Jiménez, L.; Guillén-Gosalbez, G. Sustainability efficiency assessment of the
electricity mix of the 28 EU member countries combining data envelopment analysis and optimized projections. Energy Policy
2019, 134, 110921. [CrossRef]

Iosifov, V.V,; Ratner, S.V. Environmental management systems and environmental performance: The case of Russian energy sector.
J. Environ. Manag. Tour. 2018, 9, 1377-1388. [CrossRef]

Maia, R.; Ottoni, M.; Barros, J.; Aurélio, M.D.S. Assessment of the waste management reporting in the electricity sector. Clean.
Responsib. Consum. 2021, 3, 100031. [CrossRef]

Odeh, N.A.; Cockerill, T.T. Life cycle GHG assessment of fossil fuel power plants with carbon capture and storage. Energy Policy
2008, 36, 367-380. [CrossRef]

Cormos, A.-M.; Dragan, S.; Cormos, C.-C. Integration of membrane technology for decarbonization of gasification power plants:
A techno-economic and environmental investigation. Appl. Therm. Eng. 2022, 205, 118078. [CrossRef]

Maysyuk, E.P; Ivanova, LY. Environmental assessment of different fuel types for energy production in the Arctic regions of the
Russian Far East. Arct. Ecol. Econ. 2020, 1, 26-36. [CrossRef]

Toxic Wastewater from Coal Plants. Available online: https://environmentalintegrity.org/wp-content/uploads/Toxic-
Wastewater-from-Coal-Plants-2016.08.11-1.pdf (accessed on 18 July 2022).

Demir, C.; Yetis, U.; Unlu, K. Identification of waste management strategies and waste generation factors for thermal power plant
sector wastes in Turkey. Waste Manag. Res. 2018, 37, 210-218. [CrossRef] [PubMed]

Chi-Squared Distribution. Available online: https://en.wikibooks.org/wiki/Engineering_Tables/Chi-Squared_Distibution
(accessed on 13 July 2022).

The Procedure for Recalculation of Indicators into Tons of Oil Equivalent. Available online: https://cogeneration.ru/recount/
(accessed on 15 July 2022). (In Russian)

Nihalani, S.A.; Mishra, Y.D. Water Consumption Management for Thermal Power Plant. In Environmental Processes and Manage-
ment; Singh, R., Shukla, P,, Singh, P., Eds.; Springer: Cham, Switzerland, 2020; Volume 91, pp. 135-153. [CrossRef]

Cost of Coal and Natural Gas for Electricity Generation in the United States from 1980 to 2021. Statista. Available online:
https:/ /www.statista.com/statistics /189180 /natural-gas-vis-a-vis-coal-prices/ (accessed on 18 July 2022).

Jin, Y;; Behrens, P.; Tukker, A.; Scherer, L. Water use of electricity technologies: A global meta-analysis. Renew. Sustain. Energy Rev.
2019, 115, 109391. [CrossRef]

Federal Law N 7-FZ of 10.01.2002 (ed. of 12/30/2021) “On Environmental Protection”. Available online: www.consultant.ru/
document/cons_doc_LAW_34823/ (accessed on 20 July 2022).

Adami, L.; Schiavon, M.; Rada, E.C. Potential environmental benefits of direct electric heating powered by waste-to-energy
processes as a replacement of solid-fuel combustion in semi-rural and remote areas. Sci. Total Environ. 2020, 740, 140078.
[CrossRef]

Shvetsova, O.A.; Lee, ].H. Minimizing the environmental impact of industrial production: Evidence from south Korean waste
treatment investment projects. Appl. Sci. 2020, 10, 3489. [CrossRef]

Ragazzi, M.; Ferrari, K.; Adami, L.; Schiavon, M.; Rada, E.C. Potentials of the waste-to-energy sector for an unconventional
district heating system. Int. |. Energy Prod. Manag. 2019, 4, 115-123. [CrossRef]

Kulezycka, J.; Smol, M. Environmentally friendly pathways for the evaluation of investment projects using life cycle assessment
(LCA) and life cycle cost analysis (LCCA). Clean Technol. Environ. Pol. 2016, 18, 829-842. [CrossRef]

Government Support for Business Research and Innovation in a World in Crisis. OECD iLibrary. Available online: https://www.
oecd-ilibrary.org/sites/7a7891a5-en/index.html?itemld=/content/component/7a7891a5-en (accessed on 18 July 2022).

Li, S;; Yu, Y,; Jahanger, A.; Usman, M.; Ning, Y. The Impact of Green Investment, Technological Innovation, and Globalization on
CO, Emissions: Evidence from MINT Countries. Front. Environ. Sci. 2022, 10, 868704. [CrossRef]


http://doi.org/10.3390/en14020443
http://doi.org/10.1016/j.rser.2016.01.042
http://doi.org/10.1016/j.energy.2022.124507
http://doi.org/10.1016/j.scitotenv.2020.142759
http://www.ncbi.nlm.nih.gov/pubmed/33097256
http://doi.org/10.1016/j.energy.2019.115866
http://doi.org/10.1016/j.jclepro.2022.131915
http://doi.org/10.3390/en14010226
http://doi.org/10.13140/RG.2.1.1403.1125
http://doi.org/10.1016/j.enpol.2019.110921
http://doi.org/10.14505//jemt.v9.7(31).02
http://doi.org/10.1016/j.clrc.2021.100031
http://doi.org/10.1016/j.enpol.2007.09.026
http://doi.org/10.1016/j.applthermaleng.2022.118078
http://doi.org/10.25283/2223-4594-2020-1-26-36
https://environmentalintegrity.org/wp-content/uploads/Toxic-Wastewater-from-Coal-Plants-2016.08.11-1.pdf
https://environmentalintegrity.org/wp-content/uploads/Toxic-Wastewater-from-Coal-Plants-2016.08.11-1.pdf
http://doi.org/10.1177/0734242X18806995
http://www.ncbi.nlm.nih.gov/pubmed/30355270
https://en.wikibooks.org/wiki/Engineering_Tables/Chi-Squared_Distibution
https://cogeneration.ru/recount/
http://doi.org/10.1007/978-3-030-38152-3_9
https://www.statista.com/statistics/189180/natural-gas-vis-a-vis-coal-prices/
http://doi.org/10.1016/j.rser.2019.109391
www.consultant.ru/document/cons_doc_LAW_34823/
www.consultant.ru/document/cons_doc_LAW_34823/
http://doi.org/10.1016/j.scitotenv.2020.140078
http://doi.org/10.3390/app10103489
http://doi.org/10.2495/EQ-V4-N2-115-123
http://doi.org/10.1007/s10098-015-1059-x
https://www.oecd-ilibrary.org/sites/7a7891a5-en/index.html?itemId=/content/component/7a7891a5-en
https://www.oecd-ilibrary.org/sites/7a7891a5-en/index.html?itemId=/content/component/7a7891a5-en
http://doi.org/10.3389/fenvs.2022.868704

Int. J. Environ. Res. Public Health 2022, 19, 11716 21 of 21

56.

57.

58.

59.

60.

61.

62.

63.

Best Available Techniques (BAT) for Preventing and Controlling Industrial Pollution. OECD. Available online: https://www.
oecd.org/chemicalsafety/risk-management/policies-on-best-available-techniques-or-similar-concepts-around-the-world.pdf
(accessed on 18 July 2022).

Temporary Methodology for Determining the Prevented Environmental Damage. Available online: http://www.consultant.
ru/law/podborki/vremennaya_metodika_opredeleniya_predotvraschennogo_jekologicheskogo_uscherba/ (accessed on
18 July 2022).

Tsai, W.H.; Lee, H.L.; Yang, C.H.; Huang, C.C. Input-output analysis for sustainability by using DEA method: A comparison
study between European and Asian countries. Sustainability 2016, 8, 1230. [CrossRef]

Arman, H.; Jamshidi, A.; Hadi-Vencheh, A. Eco-innovation analysis: A data envelopment analysis methodology. Environ. Technol.
Innov. 2021, 23, 101770. [CrossRef]

Halkos, G.E.; Polemis, M.L. The impact of economic growth on environmental efficiency of the electricity sector: A hybrid
window DEA methodology for the USA. J. Environ. Manag. 2018, 211, 334-346. [CrossRef]

Sueyoshi, T.; Goto, M. DEA environmental assessment in a time horizon: Malmquist index on fuel mix, electricity and CO, of
industrial nations. Energy Econ. 2013, 40, 370-382. [CrossRef]

Bi, G.B.; Song, W.; Zhou, P,; Liang, L. Does environmental regulation affect energy efficiency in China’s thermal power generationo
empirical evidence from a slacks-based DEA model. Energy Policy 2014, 66, 537-546. [CrossRef]

Tenente, M.; Henriques, C.; da Silva, P.P. Eco-efficiency assessment of the electricity sector: Evidence from 28 European union
countries. Econ. Anal. Policy 2020, 66, 293-314. [CrossRef]


https://www.oecd.org/chemicalsafety/risk-management/policies-on-best-available-techniques-or-similar-concepts-around-the-world.pdf
https://www.oecd.org/chemicalsafety/risk-management/policies-on-best-available-techniques-or-similar-concepts-around-the-world.pdf
http://www.consultant.ru/law/podborki/vremennaya_metodika_opredeleniya_predotvraschennogo_jekologicheskogo_uscherba/
http://www.consultant.ru/law/podborki/vremennaya_metodika_opredeleniya_predotvraschennogo_jekologicheskogo_uscherba/
http://doi.org/10.3390/su8121230
http://doi.org/10.1016/j.eti.2021.101770
http://doi.org/10.1016/j.jenvman.2018.01.067
http://doi.org/10.1016/j.eneco.2013.07.013
http://doi.org/10.1016/j.enpol.2013.10.056
http://doi.org/10.1016/j.eap.2020.05.003

	Introduction 
	Materials and Methods 
	Formation of a List of Factors for the Appraisal of Environmental and Economic Project Efficiency That Considers the Specifics of the Energy Industry 
	Double Screening of Selected Factors to Determine the Minimum Sufficient Set of Key Factors for the Appraisal of Environmental and Economic Project Efficiency 
	Approbation of the Proposed System of Environmental Indicators in the Example of a Regional Energy Project for the Eco-Modernization of an Energy Facility 

	Results 
	Key Factors for Environmental and Economic Evaluation of Energy Investment Projects 
	Case-Study 

	Conclusions 
	Appendix A
	References

