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ABSTRACT: At the time of the study, most of the municipal waste, including solid municipal waste, in the city of St. Petersburg
and in the connected larger Leningrad region is processed by landfilling. This sort of waste processing in open landfills causes
environmental damage, uncontrollable landfill fires, bad and dangerous odors, nearby rivers/streams, groundwater pollution, CHy4
and CO, emissions, to mention a few. Additionally, landfilling is a waste of energy and material resources present in the content
dumped into landfills. In this context, Waste-to-Energy (WtE) incineration is a process that we use to recover the energy the
materials have back to usable form, which we use in the form of heat and electricity. Even though a lot of resources and energy are
available in the (municipal solid) waste, it does not mean that recovering it would always make sense. Our study analyses and
estimates the profitability of a WtE incineration plant(s) in the city of St. Petersburg and the connected Leningrad region. With the
available data and following analysis, we have concluded that the WtE incineration is economically feasible in this specific region
and city areas, given that the implementations follow more traditional (economically less expensive and easier) technical and
process model solutions. As a note of results stability, it needs to be pointed out that the changes in estimates of gate fees, cost of
electricity and heat, and so on do impact the economic feasibility a lot, and larger scale changes in the assumed revenues would
have a high impact on the outcome of repeatability of the results.
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1. Introduction

The global economy’s current growth is in tight connection with the growth of our global waste problem. Not just
waste in general, but a wasteful lifestyle is causing hardships to large portions of the global population, e.g., the ever-
growing world population is continuously hitting the food security issue [1]. At the same time, the generation of solid
wastes is escalating in tandem with the rapid expansion of our global economy and the global population growth too
[2]. Currently, 64% of global municipal solid waste (MSW) generated is mismanaged, 29% of which is openly burned,
18% ends up in dumpsites, and 17% is scattered [3]. Just few years ago, we went already past the global municipal
waste (MSW) generation rate of 2.0 billion tons annually and 3.40 billion tons are expected to be generated by 2050 [4]
and Forecasts by the World Bank predict a more than 1.5-fold increase in global waste by 2050. This projection
underscores the urgency of expanding waste disposal solutions, particularly in areas where landfill expansion is not
feasible [5], also, as we know, the MSW generation forecasts are tied to population growth, which is not showing any
sign of being reduced anytime soon. The global population has already surpassed 8.0 billion, currently hovering at 8.24
billion in early 2025, and is increasing rapidly. The population of 9.7 billion is estimated to be reached in 2050 [6]. The
increasing waste generation leads to an increasing need to process these waste elements and adds pressure to find new
solutions. Landfilling has been “a solution” for waste processing in many countries, however, it comes with many issues,
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especially when poorly managed landfills, open burning, and littering are the main ways of waste disposal in low-
income countries, where options for high upfront investment waste management systems are not a short-term realistic
solution [3]. Due to landfills, nature is exposed to dangerous waste, like leachate and environmentally damaging organic
components [7]. Landfills are also typically located close to cities [8] for transportation cost reasons. As cities grow,
they move closer and closer towards earlier, more distant landfill areas, negatively affecting people’s daily lives. Even
though there are efforts to try to select the landfill location with the best intentions in mind [9], landfilling does cause
environmental problems such as methane and carbon dioxide greenhouse gas releases, bad smells [10] that impact close
communities and landfill leachate [11] that can ruin nearby soils and cause toxification or pollution of waters, rivers
and surrounding lakes, including the groundwater too [12,13]. Also, different gas output [14], potential explosions, and
fire hazards [15] are serious environmental problems in landfills [16], even though there are some potential measures
to reduce these risks [17].

Given all the overall and well-known problems of simple landfilling waste handling solutions, a lot of developed
countries have been steering in the direction of incineration of their municipal solid waste streams. According to [4],
globally, approximately 11% of municipal solid waste is incinerated, whereas in high-income countries, 22% of
municipal solid waste is incinerated. There are multiple benefits when replacing landfilling with incineration, especially
with energy recovery plants. Incineration plants could save significant space compared to large landfills [18,19]. Also,
the problems faced at landfills associated with landfill leachate, fires, and explosions could be avoided. Metals could
also be collected from the bottom ash after incineration, and the bottom ash could be used as material in road and cement
constructions or at least the amount of waste going to landfill can be minimized [20,21].

Large quantities of municipal and industrial waste generation is a significant problem that needs to be solved in
Russia. According to Jadmeri [22], approximately 14,000 legal landfills and 60,000 illegal landfills still exist in Russia.
Approximately 70 million tons of municipal solid waste (MSW) are generated in Russia in a year, and the amount is
increasing. At the moment, 94% of Russian MSW is approximated to be transported directly to landfills without sorting,
4% 1is recycled, and 2% is incinerated. For comparison, according to European Environment Agency [23] 48% of
European waste was recycled in 2016, and according to [4], in high-income countries, 39% of waste is sent to landfill,
35% recycled and composted and 22% incinerated. A reform of the Russian waste system started in 2019 as part of the
Russian Ecology project, which aims to organize recycling, ban illegal or operating landfills with old technology, and
establish waste processing centers and landfills using new technologies [22]. According to Pddkkonen & Saarto [24]
the area of Leningrad and St. Petersburg creates over two million tons of waste annually. Many landfills are being run
down, and new ones are being opened further from cities and villages [24].

With Waste-to-Energy (WtE) technologies, St. Petersburg and Leningrad waste management could be handled
more environmentally friendly. The current waste management system in Russia is based on landfilling, and incineration
can be seen as the first step taken towards a circular economy as most of the current waste collection, logistics, and
transportation solutions, related to landfilling strategies, can still continue to be used when mobbing towards waste
incineration strategy. WtE projects have already been successful in many countries on different continents. According
to [25], a WtE project is economically feasible, reduces pollution, and creates new jobs in Italy. In Indonesia, WtE
projects success has been seen to be significantly influenced by strong local government commitment, supported by
political, financial and regulatory backing from the national government. For example the Benowo WtE power plant’s
development demonstrates that with adequate support, WtE can be a viable solution for managing MSW and generating
energy in developing countries [26]. Also, existing WtE projects across different states highlight successful case studies
in India. These include e.g., the Okhla WtE plant in Delhi and the Narela-Bawana plant, which have demonstrated
considerable capacity in waste processing and energy generation [27]. According to [28], similar study results have also
been achieved in Thailand, and with WtE, material recovery could be enhanced. Zhao et al. [29] stated that in China,
due to changes in government support policies, mature technology, and low costs, WtE projects are economically
feasible. However, the profitability of WtE projects is highly due to country specific factors such as policies, labor
availability, and costs, the composition of the (municipal) waste streams, energy prices in the markets, feasibility of
utilization of district heating generation and electricity trading laws and regulations and so on.

This paper aims to propose a model for the economic feasibility assessment of Waste-to-Energy (WtE) incineration
of municipal solid waste (MSW) projects in the Russian context, especially in the city of St. Petersburg and Leningrad
region cases. The model is based on the project’s cash flows. Net present value (NPV), internal rate of return (IRR),
static payback period (SPP), and dynamic payback period (DPP) are key results of the model. A sensitivity analysis of
the results is conducted to highlight the most sensitive factors to focus on. The data used in appraisal parameters is
based on related academic literature and professional study context sources. The study also concerns other countries,
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where the waste management system is based on landfilling; however, the parameters used in the appraisal will vary
depending on the country.

2. The Model

The goal of the model is to measure the profitability of a WtE incineration investment project by inserting
parameter inputs. The basic logic of the model is illustrated in Figure 1. After inputting the parameters, the model
presents the economic feasibility of the investment in terms of Net Present Value (NPV), Internal Rate of Return (IRR),
Static Payback Period (SPP), and Dynamic Payback Period (DPP) based on cash flows and discount rate. In this
particular research process, we have excluded from the investigation the matters of who owns the facility. In the end of
the study, the model is used for one parameter sensitivity analysis.

Revenues
- Economic life
Operating costs NPV, IRR, PPD, PPS
) Cash flows ¢ o
Investment costs results and sensitivity

Discount rate
Residual value

Figure 1. Basic logic of the WtE investment appraisal model.

The annual cash flows are calculated from the revenues, operating costs, initial investment costs and residual value.
Initial investment costs occur in first years, and after that, the revenues and operating costs occur annually until the
economic life of the investment is reached. Residual value is considered a percentage of investment costs in the last
year of economic life. Cash flows are discounted using a determined discount rate. In the appraisal, the cash flows are
inputted as real cash flows (cash flows are fixed, development of costs and revenues are considered in the discount rate).
The discount rate used is the real interest rate due to challenges in forecasting price developments and inflation of
different factors separately. Taxes are not considered.

Revenues created at WtE facilities are related to products saved from the waste, which typically means the sales
of energy in the forms of electricity and heat but can also include sales of sorted materials such as metals [30]. According
to Rogoff & Screve [31] investment costs of WtE are related to the planning and acquiring of equipment, land, and
building of the plant. Operating costs are related to labor, maintenance, utilities, emission testing, ash disposal, etc.
Residual value means the value that can be received from selling the invested assets [32]. In this model, the revenues
consist of sales of electricity power, sales of district heating, gate fees, and sales of recovered metals (Figure 2).
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Figure 2. Revenue generation of the model.
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In this model, the costs consist of operating and investment costs (Figure 3). The operating costs include all
operating and maintenance costs without division into individual factors or fixed and variable costs. As with operating
costs, the investment cost is not divided into different factors such as building, equipment, and construction work,
however, all the investment costs are included.

Operating costs
(RUB/ton) . Annual operating costs
(RUB)

Initial investment costs

4

Plant capacity (ton/year)

<Y

Investment costs (RUB)
(RUB/(ton/year))

Figure 3. Costs of the model.

3. Analysis and Discussion

The data used in this research is collected from articles, reports, and professionals about WtE project appraisals
worldwide and from Russia. In Table 1, the parameter values used in the appraisal are illustrated. The plant is assumed
to be a combined heat and power (CHP) plant. The capacity used in this appraisal is 1.8 million tons/year, which is 90%
of 2 million tons/year. In a Russian electricity only producing WtE project for 5 incineration plants with a capacity of
3,350,000 tons/year, an investment cost of 37,881 RUB/(ton/year) was used [33]. In CHP WtE projects in Finland and
Denmark, the investment cost varies from 75,000 to 100,000 RUB/ton when converted to RUB [34]. However, in
studies from Thailand, China, and Italy, the investment costs varied from 15,000 to 40,000 RUB/(ton/year) when
converted to RUB [25,28,29]. Equipment is needed for district heating production also, and because of this, a cost of
45,000 RUB/(ton/year) is used in this appraisal. Residual value is expected to be 5% of the initial investment, and
working capital is expected to be included in the investment cost and released as part of the residual value. In the
Russian project for 5 plants, an operating cost of 768 RUB/ton was used [33]. In Danish projects, operating costs varied
from 4000 RUB/ton to 5700 RUB/ton [34]. In China, these costs were 2000 RUB/ton and 2500 RUB/ton in Thailand
when converted to RUB [28,29]. This appraisal assumes that some operating costs may have been left out of the number
announced by the project of 5 plants. Due to this, an operating cost of 2000 RUB/ton is used.

Table 1. Parameters used in the appraisal model.

Parameter Variable Assumption
Capacity ton/year 1,800,000
Initial investment costs per capacity RUB/(ton/year) 45,000

Operating costs per capacity RUB/(ton) 2000

Price of metals RUB/ton 3000

Gate fee price RUB/ton 1800

Price of electricity RUB/MWh 3000

Price of heat RUB/MWh 1300
% of metals % 4.0

Recovery % of metals % 50.0
Electricity generation MWh/ton 0.5
Heat generation MWh/ton 1.4
Economic lifetime of investment year 25

Construction period year 3

Real discount rate % 2.7
Residual value (% of Initial investment) % 5.0

According to professionals, gate fees in Russia for MSW vary from 1600 to 2300 RUB/ton. 1800 RUB/ton is used
in this appraisal. According to [35], the electricity tariff for private customers in St. Petersburg varies from 3480 to
4650 RUB/MWh. The selling price of electricity for the WtE plant can be assumed to be lower. In this appraisal, the
electricity selling price is assumed to be 3000 RUB/MWh. According to GPTEK [36] the tariff of heat for private
customers in Leningrad varies from 1463 to 1765 RUB/MWh. The selling price of electricity for the WtE plant can be
assumed to be lower. In this appraisal, the electricity selling price is assumed to be 1300 RUB/MWh. 50% of the metals
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in the MSW are expected to be collected from the bottom ash. The percentage of metals in the MSW is expected to be
4%, and the selling price for the metals is expected to be 3000 RUB/ton.

This project assumes a lower heating value (LHV) of 8 MJ/kg, which is the same as in the Voskrosensk project in
Russia. In Voskrosensk, the electricity power generation was 0.6 MWh/ton [37]. With the data available, the electricity
generation capability of the WtE plant is assumed to be slightly lower compared to Voskrosensk WtE project because
in that project, only electricity was generated and no heat. In Danish, Finnish, and Thai projects, the electricity power
generation varied from 0.52 to 0.69 MWh/ton [28,34,38]. A value of 0.53 MWh/ton is used, which requires
approximately 24% electricity efficiency when the LHV of MSW is assumed to be 8 MJ/kg. In Finland and Denmark,
the heat generation varied from 1.54 to 2.33 MWh/ton [34,38]. With a lack of available data on CHP WtE plants in
Russia, an assumption of 1.39 MWh/ton is used for district heating generation. 1.39 MWh/ton requires approximately
62.5% heat efficiency when the LHV of MSW is assumed to be 8 MJ/kg. These values seem reasonable as the electricity
efficiency typically varies between 20—27% in CHP WHE plants, and heat efficiency typically varies between 60—65%
in CHP WHtE plants [39].

Economic lifetimes used in the appraisals of WtE projects in Denmark, China, Italy, and Thailand varied from 20
to 30 years, and construction periods in Denmark and China varied from 2 to 3 years [25,28,29,34]. An economic
lifetime of 25 years is used in this appraisal, and a construction period of 3 years is due to the size of the project. In the
appraisal, the cash flows are input as real cash flows (cash flows are fixed, and the development of costs and revenues
are considered in the discount rate). The discount rate used is the real interest rate due to challenges in forecasting price
developments and inflation of different factors separately. According to data from the World Bank [40], Russia’s long-
term average real interest rate is 5.8%. When considering the years 2011-2020, the average real interest rate in Russia
is 2.7%, and when considering the years 2001-2020, the average real interest rate in Russia is 0.6%. 2.7% will be used
in the model as the base assumption.

4. Modelling the WTE Project Investment

With these assumptions, the initial investment would be 81 billion RUB. This model divides the investment cost equally
between the starting time and the end of the first three years. For the first four moments of time, the cash flow of the project
would be —20.3 billion RUB each. After the first three years, the annual operating costs and revenues would be constant until
the end of the plant’s economic lifetime. Annual revenues would be 9.5 billion RUB (heat 34%, electricity 34%, gate fees
30%, metals 1%), and annual operating costs would be 3.6 billion RUB, resulting in an annual cash flow of 5.9 billion RUB.
The residual value of the project would be 4.1 billion RUB. The cash flows are illustrated in Figures 4 and 5.
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Figure 4. Cash flows of the WtE project.
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Figure 5. Cash flows and discounted cash flows of WtE project.

The assumptions make the WtE project in St. Petersburg and Leningrad profitable, with an NPV of 13.1 billion
RUB and an IRR of 4.1% higher than the discount rate used. The SPP of the project is 16.8 years, so the project can be
expected to be paid back in 16.8 years if the time value of money is not considered and DPP of the project is 21.4 years
and so the project is expected to be paid back in 21.4 years if the time value of money is considered.

5. Model-Related Sensitivity Analysis

The uncertainty of the results was encountered with one parameter sensitivity analysis of initial investment costs,
operating costs, economic life, interest rate, and revenues within —15% to +15% change to the assumptions. In this analysis,
each of these parameters was changed individually, as other parameters were at the assumption level. (Figure 6, Table 2).

40000
35000
30000
25000
20000

15000

M RUB

10000

5000

-5000

-10 000

-15000

Change to baseline assumption

e |nitial investment  e====(Qperating costs Economiclife ~ e====Real discount rate === Revenues

Figure 6. NPV sensitivity analysis (Economic life rounded to full years).
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NPV, IRR, and payback periods correlate positively with changes in economic life and revenues. NPV, IRR, and
payback periods have a negative relationship with changes in initial investment, operating costs, and discount rate. Also, a
change in electricity efficiency, electricity production, electricity price, and electricity revenues all have the same effect on
the results. Due to this, only electricity revenues are considered. The effect is the same with heat efficiency, production, price,
and revenues. A change in revenues has the highest impact on the results of the investment appraisal, and the project is not
economically feasible with NPV below 0 RUB if the revenues are reduced by 9.2%. A 15% decrease/increase in any other
parameter does not result in a negative NPV. Some notable factors and their impact on profitability are listed in Table 3.

Table 2. NPV, IRR, payback periods sensitivity analysis (Economic life rounded to full years).

NPV (M RUB) -15% -10% 5% 0% 5% 10% 15%
Initial investment 24,795 20,904 17,012 13,121 9230 5338 1447
Operating costs 21,278 18,559 15,840 13,121 10,402 7683 4964
Economic life 852 7152 10,176 13,121 15,987 21,493 24,137
Real discount rate 17,805 16,203 14,643 13,121 11,638 10,192 8782
Revenues —8368 —1205 5958 13,121 20,284 27,447 34,611
Electricity 6587 8765 10,943 13,121 15,299 17,477 19,655
Gate fees 5780 8227 10,674 13,121 15,568 18,015 20,462
Heat 5751 8208 10,634 13,121 15,578 18,034 20,491
Metals 12,876 12,958 13,039 13,121 13,203 13,284 13,366
IRR -15% -10% 5% 0% 5% 10% 15%
Initial investment 5.6 5.0 4.5 4.1 3.6 3.2 2.9
Operating costs 4.9 4.6 4.3 4.1 3.8 3.5 33
Economic life 2.8 3.5 3.8 4.1 4.3 4.7 4.9
Revenues 1.8 2.6 3.4 4.1 4.8 5.4 6.1
Electricity 34 3.6 3.9 4.1 4.3 4.5 4.7
Gate fees 3.3 3.6 3.8 4.1 43 4.6 4.8
Heat 3.3 3.6 3.8 4.1 4.3 4.6 4.8
Electricity generation 3.4 3.6 3.9 4.1 4.3 4.5 4.7
Heat generation 3.3 3.6 3.8 4.1 4.3 4.6 4.8
Static Payback Period (SPP) (Years) -15% -10% 5% 0% 5% 10% 15%
Initial investment 14.7 15.4 16.1 16.8 17.5 18.1 18.8
Operating costs 15.6 16 16.4 16.8 17.2 17.7 18.2
Economic life 16.8 16.8 16.8 16.8 16.8 16.8 16.8
Real discount rate 16.8 16.8 16.8 16.8 16.8 16.8 16.8
Revenues 21.2 19.4 18 16.8 15.7 14.9 14.1
Electricity 17.9 17.5 17.1 16.8 16.4 16.1 15.8
Gate fees 18 17.6 17.2 16.8 16.4 16 15.7
Heat 18 17.6 17.2 16.8 16.4 16 15.7
Metals 16.8 16.8 16.8 16.8 16.8 16.7 16.7
Dynamic Payback Period (DPP) (Years) -15% -10% 5% 0% 5% 10% 15%
Initial investment 18 19.1 20.3 21.4 22.7 23.9 24.7
Operating costs 19.5 20.1 20.7 21.4 22.2 23 23.9
Economic life 20.8 21.4 21.4 21.4 21.4 21.4 21.4
Real discount rate 20.5 20.8 21.1 21.4 21.8 22.1 22.5
Revenues - - 23.6 21.4 19.7 18.3 17.1
Electricity 23.4 22.7 22 21.4 20.9 20.3 19.8
Gate fees 23.7 22.9 22.1 21.4 20.8 20.2 19.7
Heat 23.7 22.9 22.1 21.4 20.8 20.2 19.7
Metals 21.5 21.5 21.5 21.4 21.4 21.4 21.4

Table 3. Factors affecting profitability of WtE incineration.

Factor Impact on Profitability If Increasing
Energy efficiency Increase
Heating value of MSW Increase
Selling price of heat and electricity Increase
Gate fee price Increase
Utilization rate Increase
Investment costs Decrease
Operating costs Decrease

Economic lifetime of investment Increase
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6. Sensitivity Analysis for Revenues

In Figure 7, the sensitivity of each source of revenue is visualized. Changes in revenues from sales of heat and
electricity and revenues from gate fees all have quite a similar impact on the NPV of the project, with heat having the
slightly highest impact, gate fees second highest, and electricity third highest. The impact of changes in metals sales is
marginal. If customers needed to be attracted to bring MSW to these WtE plants instead of landfills, the gate fees could
be lowered from 1800 to 1317 RUB/ton. With 1317 RUB/ton gate fee, the project would still be barely economically
feasible with NPV of 0 RUB.

25000

20000

15000

M RUB

10000

5000

-15% -10% 5% 0% 5% 10% 15%

Change to baseline assumption

Electricity emmmmGate fees emmmmHeat e Metals

Figure 7. One parameter NPV sensitivity analysis of revenues.

In sales of energy in the form of electricity, power, and heat, the sensitivity of revenues is due to changes in the
MSW waste stream, energy efficiency of the plant, capacity of the plant, and selling prices of electricity and heat. The
LHV of MSW has a direct link to energy sales. If the MSW has a lower LHV than expected, less energy can be generated,
and vice versa if the MSW has a higher LHV than expected, more energy can be generated. It is also possible that due
to changes in consuming habits or waste processing, the composition of MSW can change over time, and so the LHV
of MSW can change over time. For example, plastics have high LHV, and if effective recycling of plastics takes place
in St. Petersburg and the Leningrad area, the LHV of MSW decreases. However, the portion of food waste in waste
streams of St. Petersburg and Leningrad is high [41,42]. The LHV of food waste is relatively low and if effective sorting
of food waste occurs, the LHV of MSW can be increased.

It must also be considered that if more efficient sorting takes place, and we find ways to educate and put on use
the newest technologies like artificial intelligence [43—46], Industry 4.0 [47], resource management trough fleet
technologies [48,49], waste generation and process related waste reporting capabilities in operations management
systems [50], larger scale Digital Citizen Science sustainability support solutions [51-53] and transforming physical
assets to digital solutions [54,55] and manage operations in larger fleets [49], the overall amount of MSW generation is
going to decrease. This would result in a demand reduction for WtE plant incineration capacity, which could result in
lower than desired utilization rates in WtE plants. Lower utilization rates of WtE plants can result in lower profitability
and higher environmental impacts, but on the other hand, the change will not happen overnight, and the current plants
have their own decommission dates too. But if the waste amounts go down per plant, so will the revenues received from
the gate fees. Due to this, the future of MSW waste stream needs to be further analyzed before making decisions of the
desired MSW incineration capacity. The investment project could become more profitable if less capacity is needed
and the MSW has a higher LHV. The efficiency of the equipment also has a significant impact on the revenues. With
lower efficiency, more energy is lost in the process and not recovered for sale. The efficiency of the plant also decreases
over time and without proper maintenance, the change can be significant. Here, WtE solution sector should look e.g.
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high value items preventive maintenance strategies [56], and select easy and affordable options to be included to waste
management sector, to enhance long run financial feasibility of the plants and their related operational activities.

Changes in the selling price of electricity, power, and district heating affect the project’s profitability. In the
appraisal, the selling prices are expected to increase at the same pace as inflation. However, it would be possible that
the sales of energy from WtE plant would be incentivized and so, the selling prices would be increased to a higher level
compared to, for example, energy generated using fossil fuels. However, the prices in the energy markets can decrease
or increase due to other factors. Gate fee prices can also increase faster or slower than inflation. If policy changes to
incentivize WtE plants are made, these prices might increase, creating higher revenues.

Another uncertainty factor when considering energy sales is the contracts made for the sale of energy. The energy
will be created constantly on a WtE plant; if there is no customer for the energy, there will also be no revenues. Long-
term contracts, especially for electricity, should be preferred, and customers should be acquired before constructing a
WIE project. There are also uncertainties surrounding the sale of metals due to difficulties in finding buyers and the
varying quality of the metals. However, the revenues generated from the sale of metals are quite marginal, and in the
case of no sales of metals, the project would still be profitable with an NPV of 11.5 billion RUB, an IRR of 3.9%, and
an SPP of 17 years and a DPP of 21.9 years. The sales of bottom ashes for construction purposes could also increase
revenues slightly or at least reduce operating costs by avoiding landfilling.

7. Electricity Only Generation Case

In case of no heat sales, the project would not be profitable with NPV of —36 billion RUB, IRR of —1.9% and
negative payback periods. In this assumption, the plant would be built with the technology to utilize heat production.
However, the parameters would have to be slightly altered if the plant were built to generate electricity only. Investment
costs can be assumed to be lower due to simpler plant technology; electricity power generation can be better due to only
electricity production, and the operating costs can also be lower. The initial investment cost would be changed to 37,900,
the electricity power generation would be 0.6, and the operating cost would be 1500. With these changes, the project
would still not be profitable with an NPV of —5.0 billion RUB, an IRR of 2.1%, an SPP of 20.5, and a negative DPP.
In addition, it is worth mentioning that other resources would have to be used to generate the heat needed in Leningrad
and St. Petersburg, which would not be generated in this case from waste.

8. Scenario Analysis of Discount Rate

The discount rate plays a significant role in defining whether an investment project is profitable or not. In the one
parameter sensitivity analysis, the discount rate did not significantly affect the project’s profitability as other parameters.
However, the variance in the discount rate can be expected to be significantly higher compared to other parameters. As
earlier mentioned, three potential real interest rates are 0.6%, 2.7%, and 5.8%. 2.7% was used as the assumption. In this
scenario analysis, 0.6% is used as the optimistic assumption, 2.7% is used as the most likely assumption, and 5.8% is
used as the pessimistic assumption. With optimistic assumptions, the NPV is as high as 42.7 billion RUB, and DPP
would be 17.5 years, whereas with pessimistic assumptions, the project seems to be unprofitable with an NPV of —=12.9
billion RUB and a negative DPP. For the project to be economically feasible by reaching 0 NPV with the pessimistic
real discount rate of 5.83%, the gate fees would have to be increased to 2495 RUB/ton or the electricity selling price
would have to be increased to 4300 RUB/ton or heat selling price would have to be increased to 1800 RUB/ton. Also,
some sort of combination of all these three could be arranged.

9. Discussions and Conclusions

It is good to remember that these results are country-specific, and in this special context, a typical development
path has been a correlation of an increase in energy costs, when labor costs and the cost of materials and products are
also going up. Also, the climate where incineration is done and the re-treatment of the waste to be incinerated, can affect
the efficiency of the process, as proper pre-treatment will contribute to the enhancement of operational efficiency in
waste-to-energy plants [57]. And further adoption of sustainable waste disposal practices, that would prioritize
ecological responsibility and resource utilization should also be considered [58] for enhanced process and ecological
efficiencies. So, within that correlative context, one can assume that if a WtE facility were financially feasible in current
cost structures and cultural context, it would also have a good chance to stay so in the near future. In relation to financial
feasibility, future studies could compare the effect of ownership of the facility on its efficiency, effectivity, and financial
feasibility, e.g., governmental facility vs. privately owned one.
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Considering the WtE project from the societal point of view, one should consider the positive effect of utilizing
WHE plants, the costs of landfilling for society would be decreased due to the decreased need for landfilling altogether.
On the appraisal front, landfilling and related costs could be added to the appraisal model on the cost savings side when
compared to the current waste management system and the possibility of utilizing WtE solutions. We also suggest that
future research add precision to the calculations compared to realized projects (only a handful were in progress in the
case country at the study’s time). We also suggest a comparison of the modeled data to the technology provider’s views
on specific countries. The calculations would be made as local taxation, import and export customs fees, and technology
know-how, which will definitely affect the smaller details of the costs. Finally, the correlation of WtE facility size, the
population density, transportation, vehicle & labor costs should be considered too. In long-term planning, the general
energy prices and political views on the level of sustainability of waste-to-energy conversion and related scenario
analysis and forecasts would be needed too.

Finally, the cultural environment and local populations’ knowledge about the realities of modern WtE facilities
[59] have to be taken into account too. It is a general opinion of local academics that near the St. Petersburg city, the
local population has, at least in recent history, been against the idea of having WtE plants anywhere near the city,
especially their own living regions. This pushback against these facilities is related to a general worry that there will be
smells, noise, and other forms of unwanted fumes, particle emissions, etc. Generally speaking, the population expects
issues related to burning and handling waste. We suggest continuing to study the phenomena, especially focusing on
firsthand information and a wide range of surveys within the general population [60]. Additionally, gender differences
[61] in thinking lines and engineering perspectives [62] could be considered to help both find new, novel and more
sustainable ways to solve possible shortcomings and to support built educative content fit for all genders to add
understanding the importance of staying away from landfilling solutions. Also, the situation has changed a lot with the
WHE facilities emissions, in fact, modern emissions limiting structures enhance the heat capture of the facility [63], for
distance heating purposes. In short, even if the financial side might look good on a calculation basis, the social, cultural,
front-line industrial process automation level development [64] and country specific political matters have to be taken
into consideration too.

With the use of real options, the risks of the project could be mitigated. According to Trigeorgis [65] the traditional
real options of investments are: the option to defer, the option to stage, the option to abandon, the option to change scale,
the option to stop/restart operations, the option to grow and the option to change inputs/outputs. These options should
be considered when implementing the WtE plant. For example, the project could be implemented incrementally if the
plant is only built partially at first and later, and if successful results are achieved, the rest of the plant will be built. It
could be also possible to plan the WtE project for the whole MSW stream of the area but first implement it for only part
of the stream. For example, if the most economically feasible option would be to create multiple WtE plants, only one
plant could be built first, and in case of successful implementation, the rest of the plants should be built.

In the case of recovered metals, the value of metals was near all-time high numbers and we have seen a drop of
20-30% on some of those valuation values (late summer/early autumn 2022), considering the length of time one plans
a WE facilities, the income received from metal capture should be estimated with care, with a safety buffer for possible
long term drop on income received from the material recovery. Luckily, the metal recovery is smaller in proportion on
the income streams than either the distance heating or electricity part, or the gate fees.

Ultimately, even when the WtE conversion would be financially feasible, it is more like a necessary evil, better
than a landfill, but still not an optimal solution to the global waste problem. In the bigger picture, it will be more
important to understand [60] and then try to change the consumption patterns of the local (and global) population,
increase the rate of recycling of materials, and update the general population possible role and innovation contributions
in sustainability matters [66,67], their awareness about sustainability issues [68] and technology utilization possibilities
[47]. Changing the behavior of people can happen in a short period of time, in a limited group and number of people
[69], but a large-scale change needs a long time to become reality. Additionally, the change will progress at different
rates, in different assets groups [70] which, can affect the profitability of WtE installation, in different countries and
living areas. Overall, WtE plant investments offer a lot of potential investment, especially from an environmental point
of view. WtE investments seem financially appealing all the way to the range of 40 years or so as payback time. On one
hand, society development predictions for this sort of timeframes are challenging, but on the other, the waste handling
problem has been a long time with us, and it is definitely best to focus on WtE than landfilling, as long as we do not
have even better options to consider too. Landfills have extensive problems, extending to potential poor construction
and as such later on in need of monitoring methods against landslides [71]. All in all, we still need to keep our eyes
open for other options, like the recent studies considering methanol production from MSW, a waste-to-chemical (WtC)
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alternative based on circular economy principles, comparing it to waste-to-energy (WtE) methods and landfilling with
biogas recovery and incineration [72].

To move forward, within the challenges of municipal solid waste management strategies and implementations and
find short-term solutions, one must also look for long-term options. In the context of municipal solid waste management
techniques, this would mean looking toward proper waste prevention methods [73—76] to overall reduce and prevent
waste [77-81], reduce waste related insecurities like food insecurity [82] and in general push populations to waste
generation minimization directions in the first place. This should be followed by waste minimization, as in many cases
waste cannot be outright eliminated from a variety of component manufacturing use and transportation [83,84] &
warehousing [85,86] processes or because the waste components do not have any valuable reuse options available for
them, but for those that do, should be pushed on minimization direction. This is then to be followed by designing for
sustainability and educating proper design thinking [87] methods, and pushing forward recycling and reuse methods,
using e.g., biological treatment [88,89], investing to proper environmental monitoring systems [90], considering of
artificial intelligences support options for circularity [43], previously discussed incineration, component reutilization,
chemical and mechanical recycling, using both physical [91] and algorithm/virtual robotization [92] and so-on as
efficiency and effective process improvement tools and then in the end of everything else, consider landfill as absolute
last option. In the case of incineration, the biggest concern to be remembered and addressed is the need to properly
mitigate and reduce/remove gas emissions coming from the burning process. This includes proper utilization,
investment, and maintenance of flue gas treatment technology solutions with options like carbon capture control
technologies and pre-treatment of the waste components to reduce the need for post-burn flue gas removal and reduce
CO: and other pollutants.

All in all, none of the top 10 or so recycling/sustainability focused best of the best/top countries, when we take a
look at their wholistic structures in waste processing and management have reached that level in a few years, they have
been working decades, taking steps towards more innovative and smarter waste management models [93], to be able to
reach their current level. Many countries still have a long path ahead of them, SME companies will need green growth-
related success work help [94] and university collaboration [95] for sustainable business models [66,96,97] and
municipal investment in and for incineration plants, should still have around 25 years or so of "’life time” ahead of them,
but at the same time, we need to aim towards innovative zero-waste technologies higher utilization rates, consider new
novel solutions and creative technology [98] options in proper human Al intersection [99], and in general look for ways
to include advanced recycling systems, waste-to-energy conversion and side stream utilization solutions, and better use
of biodegradable materials [ 100] and valorization technologies possibilities [101] to future waste management systems.
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