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CIRCULAR-ORIENTED ECONOMIC
ASSESSMENT OF INNOVATIONS
USING DIGITAL TWIN
TECHNOLOGY FOR AN AIRCRAFT
HYDRAULIC SYSTEM

The object of this research is the set of processes involved in the economic evaluation of innovative technologies under circular-economy

conditions. The subject concerns the methods and models used to assess their economic efficiency. This is illustrated through the digital
twin of an aircraft hydraulic system. The research substantiates a system of techno-economic indicators for evaluating an innovative
technology. It also prepares the initial scenario data needed for modelling its development under different levels of circular-practice
implementation. Three scenarios — pessimistic, baseline, and optimistic — are modelled. This is followed by an analysis of cash flows
and discounted efficiency indicators (NCE, payback period, NPV, IRR, PI) and a comparative assessment of techno-environmental
parameters. The sensitivity of the results was analysed using the derivative-based method to determine the influence of the key factors.

The modelling of indicators with circular practices showed that even in the pessimistic scenario the technology project is still attractive
for investments. For example, when CAPEX = 1.59 million USD, the project makes NCF = 808.7 thousand USD. The efficiency indica-
tors (NPV = 2.34 million USD, IRR = 42%, PI = 2.47) confirmed that the project is good to do. The baseline and optimistic scenarios
demonstrated that NPV can reach 2.75-2.95 million USD, IRR can be 43—48%, and PI can be 2.59-3.10. In this situation, the payback
period becomes almost 1.57 years. Using circularity factors makes the discounted cumulative cash flow positive from year 2-3. Without

circularity, it becomes positive only at the end of year 3.

The sensitivity analysis proved how strong the circularity influence is. When NCF goes down by 20%, NPV becomes 1.35 million USD
and IRR becomes 25%. When NCF goes up by 20%, NPV grows to 4.15 million USD and IRR grows to 56%.

An analysis of NPV derivatives was also done. The results showed that the marginal effect of early cash flows is almost two times
bigger than the effect of later cash flows, with the CAPEX gradient being negative (~1). This allowed to say that fast income creation

is very important in the early stages Ofthe project.
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1. Introduction

In today’s conditions of global competition and the spread of envi-
ronmental challenges, the key task of economic development of countries
around the world is to simultaneously ensure innovativeness, financial
efficiency and environmental sustainability of technologies. In view of this,
the economic evaluation of capital-intensive innovations becomes par-
ticularly meaningful. Decisions on their investment are made on the basis
of forecasting long-term costs and revenues. However, in practice, the use
of evaluation approaches focused mainly on obtaining financial results
on the principle of “here and now” often dominates. Therefore, such as-
pects as reducing the level of resource intensity of technologies, extending
the life cycle of their components, optimizing waste management and
other social and environmental effects are often ignored. The integration
of circularity principles into the system of economic evaluation of innova-
tions should be considered as a mandatory element of modern economic

analysis, and not just as its complement. Otherwise, a “methodological
gap” will form between the environmental and financial and investment
arguments, which will underestimate the attractiveness of developments.
This is particularly evident in the case of complex engineering technolo-
gies. In particular, in aviation systems, where equipment downtime due
to failures of individual components can reach up to 30% of the operating
time [1]. Each hour of downtime leads to significant financial losses — fines,
canceled flights and, as a result, loss of potential income. An example
of this type of technology is digital twins (DT), which, thanks to predictive
maintenance, are able to reduce the number of emergency stops, extend
the life of expensive components, etc. In turn, this helps reduce repair costs.
It is for such technologies that the problem of substantiating economic
feasibility taking into account the principles of circularity is significant.
After all, DTs require significant initial investments. They have a complex
multi-component cost structure, which, accordingly, makes it difficult
to determine the expected efficiency of their implementation.
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Under the above conditions, there is a need not only to adapt ex-
isting methods, but also to create a comprehensive methodological
approach that would allow for the combination of technical, environ-
mental and cost components, including long-term effects of technol-
ogy operation, and taking into account the principles of the circular
economy. Otherwise, the economic justification risks remaining frag-
mentary. This will reduce its practical value when making management
and investment decisions.

The development of digitalization and the circular economy re-
quires new approaches to assessing the economic efliciency of innova-
tive technologies. At the same time, in scientific works, these areas are
mostly developing in parallel, which complicates their integration into
a single methodology.

In modern research, more and more attention is paid to the eco-
nomic aspects of the DT implementation. In particular, a systematic
review [2] summarizes the existing scientific research in the field of ar-
chitecture, engineering, construction, demonstrating the DT potential
in reducing costs and increasing efficiency. In the work [3], scientists
focus primarily on modeling the economic benefits of production sys-
tems. Whereas the authors of the publication [4] propose a different
plane - a structured framework for investment decisions, built on the
comparison of revenues and costs. These studies form a theoretical
basis for further assessment of the economic feasibility of the DT imple-
mentation. At the same time, their limitation is the focus on financial
and economic indicators, without taking into account the long-term
effects of circularity. This narrows the possibilities of using the obtained
results in the context of sustainable development.

Further development of the topic is presented in the works [5-7],
where the authors investigate the relationship between DT and the
circular economy. In particular, in [5] a thorough systematization
of scientific sources on this topic was carried out. Based on this, a con-
ceptual model of the DT use in closed production cycles was pro-
posed. At the same time, such a model is mostly declarative in nature;
it is not accompanied by formalized economic tools for assessing its
effectiveness. This, in turn, narrows the possibilities of its practical
use when making investment decisions. On the other hand, in [6] the
emphasis is shifted towards analyzing investment in the field of re-
newable energy (while DT is considered as an auxiliary optimization
tool). The economic effects of their implementation are estimated
indirectly. The authors did not single out the DT contribution to the
formation of the life cycle cost of technologies. In [7] the potential
synergy between DT and the Internet of Things is demonstrated
using the example of energy projects. In this publication, the analy-
sis is focused mainly on technical and organizational aspects. The
economic justification of circular effects remains fragmentary. The
studies presented in the above publications confirm the promising
potential of digital technologies for sustainable development. It re-
mains an open question whether they do not form a holistic method-
ology for economic assessment. Obviously, an assessment is needed
that would take into account both the innovativeness and circularity
of technological solutions. A significant body of research concerns
the analysis of the economic results of circular strategies at the macro
level [8-10]. Thus, in [8] the authors convincingly demonstrate the
long-term economic feasibility of such strategies based on panel data,
and in [9] they provided empirical evidence of the positive impact
of circular approaches on the economic development of EU countries.
In [10] the scientists focused on the role of economic, technologi-
cal and environmental factors. They considered these factors as key
drivers of circular transformations. Collectively, these works confirm
the strategic importance of the circular economy as one of the factors
of long-term development. At the same time, it should be noted that
these studies are of a generalizing nature and are focused primarily
on systemic and institutional effects. As a result, the economic results
of the implementation of specific innovative technologies at the micro

level remain outside the scope of the analysis. For example, the DT
impact on the formation of long-term efficiency in the conditions
of a circular economy is practically not considered in such works.
This complicates the use of the conclusions obtained to substantiate
management decisions.

In the Ukrainian scientific discourse, it is worth noting the
works [11-13], which have developed methodological approaches to
assessing the impact of technological changes on the activities of busi-
ness entities. In particular, in work [11], a toolkit for measuring the
parameters of technological changes and assessing their determining
role in the context of the economic sustainability of enterprises is pro-
posed. In the study [12], intellectual and innovative technologies are
considered in their relationship with sustainable development, while
in [13], the dynamics of economic progress of enterprises under the
conditions of technological transformations are analyzed. Without
a doubt, these works are of great importance for the formation of a sys-
tem of indicators for the economic assessment of innovations. They also
create an important methodological basis for further research. At the
same time, their focus is usually on general processes of technological
changes, linear models of enterprise development, etc. As a result, the
issue of using DT as a separate innovation tool in circular economy
models remains beyond consideration. Therefore, this limits the pos-
sibilities of practical implementation of the proposed approaches for
evaluating modern digital technologies.

A separate group is formed by studies covering the development
of technical and economic methodologies for evaluating innova-
tions [14-17]. Thus, in the work [14], improvement of investment ap-
proaches through the concept of NPV-consistency is proposed. This
allows for a more accurate comparison of costs and expected revenues
from the implementation of projects. In the study [15], probabilistic
models for assessing efficiency under conditions of uncertainty were
developed, which is essential, given the high level of risk of innovative
technologies. The authors of the publication [16] carried out a system-
atic review of modern directions of technical and economic analysis.
In [17], attention is focused on the specific difficulties of evaluating
carbon capture and utilization (CCU) technologies at the early stages
of their development. It can be argued that the above studies significant-
ly expand the tools for economic evaluation of innovations, since their
application is mostly based on classical approaches focused on linear
models of the life cycle of technologies. As a result, the specifics of the
circular economy (effects of asset life extension, component reuse, etc.)
do not receive proper analytical coverage. In addition, DT, as a com-
plex innovative technology, is practically not considered within the
framework of these methodologies. Accordingly, this somewhat limits
their suitability for assessing the economic efficiency of modern digi-
tally-oriented solutions. Applied and interdisciplinary studies [18-21]
significantly deepen the understanding of the possibilities of practical
implementation of circular solutions in various sectors of the economy.
For example, in the study [18], scientists carried out a technical and
economic assessment of integrated processes in palm oil production
aimed at increasing the efficiency of resource use within the framework
of a circular economy. In the article [19], the key barriers and pos-
sible routes for the implementation of circular principles in industry
are analyzed (this demonstrates the important applied value for the
transformation of production systems). The work [20] deserves special
attention, which proposes a comprehensive approach to the integration
of economic and environmental aspects of the functioning of biorefin-
eries. In the work [21], the marketing dimensions of the development
of circular solutions are considered. In general, these studies illustrate
the potential of circular strategies in various industries. However, their
focus is mainly on industry-specific, process-oriented solutions. As a
result, DT, as a universal innovative technology capable of systemati-
cally influencing the economic models of enterprises, does not become
the subject of systemic analysis.

=
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Additional practical context is formed by studies [22-31]. They
summarize numerous cases of implementation of circular models
in different industries and regions. In particular, in [22], scientists
analyzed the integration of circular economy principles into business
strategy within the framework of EU-LAC cooperation. In [23], prac-
tical aspects of implementing circular approaches in the paper and
retail industries were considered. The effectiveness of using digital
tools to increase the productivity of production processes was dem-
onstrated in [24]. In [25], the possibilities of the impact of circular
measures on the development of digital startup projects were high-
lighted. In [26], the relationship between economic growth and the
transition to a circular economy was investigated. The authors of this
publication proposed the concept of post-growth circularity as more
consistent with the principles of sustainable development. Of particu-
lar note is the publication [27], in which scientists conducted a critical
review of existing circularity metrics and also showed the possibili-
ties of measuring real progress in achieving sustainable development
goals. In [28], the relationship between economic complexity and
the level of circularity was analyzed. An important addition is the
study [29], devoted to assessing the level of economic circularity
in EU countries, as well as the paper [30], which clarified the theo-
retical foundations and practical limits of implementing a circular
economy (including its connection with the processes of cyclical-
ity, entropy, etc.). The publication [31], which authors proposed ap-
proaches to assessing the environmental attractiveness of the coun-
try’s investment and innovation environments, is also distinguished
by its scientific significance in the specified context. In general, these
studies significantly expand the empirical base, demonstrating the
variety of practical approaches to implementing the principles of a
circular economy. However, they are fragmentary in nature and focus
mainly on individual sectors, institutional levels, general indicators
of circularity, etc. In this regard, there is no systematic methodological
approach to the DT economic evaluation as an innovative technology
in the context of a circular economy.

The generalization of the results of the analysis of scientific sources
indicates the presence of a scientific and practical gap — the lack of a ho-
listic methodological approach to the economic evaluation of innova-
tive technologies (in particular, DT) taking into account the principles
of the circular economy.

The above has determined the aim of research - to substantiate
the methodological support for the economic evaluation of innovative
technologies based on the principles of the circular economy (using the
example of the DT technology of the aircraft hydraulic system).

To achieve the set aim, it is necessary to perform the following
tasks:

- to characterize the innovative technology - the object of econom-

ic evaluation;

— to substantiate the system of technical and economic parameters

for evaluating the technology and generate scenario data for its de-

velopment on the principles of circularity;

— to model scenarios for the development of technology in a circu-

lar economy, analyze cash flows and the discounted efficiency of its

implementation;

— to assess the sensitivity of indicators of the effectiveness of tech-

nology implementation taking into account circular practices and

determine the sensitivity of results using the derivative method;

— to substantiate the controversial provisions and key limitations

of research of the economic evaluation of technology.

2. Materials and Methods

The object of research is the processes of economic evaluation of in-
novative technologies in the context of a circular economy. The subject
of research is methods and models for evaluating the economic effi-

ciency of innovative technologies taking into account the principles
of circularity (using the example of the DT technology of the aircraft
hydraulic system).

The methodological basis of this work is the author’s model of the
system of economic evaluation of innovations. It combines the analysis
of technical parameters of reliability, operating costs, carbon footprint
of the technology, as well as financial indicators of the efficiency of the in-
vestment project. This approach corresponds to modern directions of de-
velopment of the technical and economic analysis of innovations in the
context of sustainable development and circular economy [14-17, 27].

The results of the practical work of the DT technology develop-
ment group (Lviv Polytechnic National University, Lviv, Ukraine) were
used to form the initial data. In addition, generalized statistical and
regulatory reference data of the aviation industry (duration of main-
tenance cycles, failure probabilities, cost of spare parts, labor costs,
electricity tariff, specific CO, emissions, etc.) were taken into account.
Based on these data, the basic values of the variables were determined:
failure frequency, downtime and repairs (with and without DT), readi-
ness level, equipment working time fund, margin per hour, etc. CAPEX,
OPEX, tariff, CO, price, specific network emissions (EFg,.,-d) and parts
production (EF,qy) indicators were also established.

For the economic assessment of the effectiveness of the innovative
technology, the scenario analysis method was used, which is a gener-
ally accepted tool for assessing investment decisions under conditions
of uncertainty [14, 15]. Within the framework of this approach, three
scenarios of technology development were modeled - pessimistic, base-
line and optimistic, which differ in the level of implementation of cir-
cular practices (from their absence to full-scale reuse of components).
For each scenario, the following were calculated:

— technical and economic indicators: number of failures, downtime,

energy consumption, volume of spare parts reserves, CO, emis-

sions, etc.;

— financial indicators: annual costs and savings, net cash flows

(NCF), payback period, net present value (NPV), internal rate of re-

turn (IRR), profitability index (PI), discounted and cumulative cash

flows.

Additionally, a sensitivity analysis was performed, which made
it possible to determine the impact of variations in key input parameters
(NCF, CAPEX, discount rate, planning horizon) on the integral indi-
cators NPV and IRR [15, 16]. To deepen the assessment, an approach
to analyzing the derivatives of NPV for NCF,, CAPEX and r was applied.
This made it possible to quantitatively determine the marginal contri-
bution of each parameter [14, 17], and contributed to the assessment
of the speed of formation of the economic effect over time.

The environmental dimension of economic efficiency is estimated
based on the calculation of CO, emissions using the specific carbon
intensity coefficients of electricity EF;gand production of components
EFyq1. Also, by monetizing them at a fixed carbon price, which is consis-
tent with modern approaches to integrating environmental effects into
the economic evaluation of innovations [27, 29, 31].

The results obtained are analyzed in terms of financial, techni-
cal and environmental efficiency, taking into account the principles
of circularity. This corresponds to a comprehensive approach to the
evaluation of innovative technologies in the context of sustainable de-
velopment.

3. Results and Discussion

3.1. Characteristics of the innovative technology selected for
economic evaluation

To work out the tasks set in this scientific work, an innovative tech-
nology developed by a group of specialists from the Lviv Polytechnic
National University was used - the aircraft hydraulic system data acqui-
sition system, designed to implement predictive maintenance.
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The data acquisition system technology was created in order not
only to record the technical parameters of the system, but also to see its
state in dynamics and in real time. This also makes it possible to model
the behavior of the hydraulic system, predict the failure of its compo-
nents, etc. The system is necessary for assessing the residual resource
of the system and automated generation of reports using artificial
intelligence (AI) to support maintenance decisions. Unlike traditional
approaches based on periodic analysis of failure statistics, the devel-
oped technology integrates continuous collection of telemetric data.
This is important because it allows for physical and mathematical
modeling of work processes, predictive analytics algorithms based
on machine learning, and intelligent data processing modules based
on Al It should be added that the integration of sensor data with a dig-
ital model makes it possible to predict the residual resource of each
of them, and not only the general technical condition of the system. AI
modules automatically analyze the results. They also generate reports
on the technical condition. Given the dynamics of the development
of modern technologies, it is valuable here that they contain recom-
mendations on the priority of intervention and warnings about critical
risks. So, all of the above provides a basis for selective maintenance
(i ., replacing only those elements that are truly exhausted, while
preserving the functional ones).

From the standpoint of sustainable economic development, this
approach reduces the amount of materials used. It also reduces the need
to produce new parts. More practically, this means reducing the burden
on supply chains, which directly implements the principles of the circu-
lar economy (in particular, it is about extending the life cycle, reusing
components, etc.).

It should be emphasized that the system forms historical degra-
dation profiles of each component: they are used for re-certification,
re-operation after restoration. Also, to create databases for the second-
ary market of regenerated aircraft parts. This means that thanks to ac-
curate forecasting, and, accordingly, timely intervention, the number
of emergency repairs will be reduced. Obviously, this will reduce the
consumption of materials (energy, water, etc.). In addition, it will re-
duce the volume of hazardous waste (actually those that are generated
during disposal).

Thus, there is a situation where a closed material loop is formed
as a result: most components are returned to operation after restora-
tion, and not disposed of. This ensures resource-efficient management
of material flows. These aspects are fundamentally important, as they
confirm the orientation of this technology towards the circular use
of resources in the aviation industry.

The implementation of the above-mentioned high-tech system
requires a thorough economic assessment of its feasibility. Such an as-
sessment, as a key prerequisite for substantiating management and
investment decisions, will allow comparing the costs of development
and integration with the projected reduction in operating costs, losses
from downtime and material costs, will enable the assessment of the
long-term effect, etc.

3.2. Substantiation of the system of evaluation parameters and
scenarios for the development of technology in the conditions of a
circular economy

For a substantiated economic assessment of the feasibility of imple-
menting the aircraft hydraulics DT, a system of technical and economic
parameters should be compiled. Such parameters should comprehen-
sively reflect both the cost and effective aspects of its application.

During the study, it was found that the system should take into
account the specifics of the analyzed technology — Al integration (for
predicting the condition of components), automated reporting, etc.
At the same time, it is important to take into account the factors influ-
encing the extension of the life cycle of parts — in accordance with the
principles of the circular economy.

Based on the study of an array of factors of the subject area, an au-
thor’s system of parameters is proposed (Fig. 1).

A. Reliability and risk parameters

B. Resource parameters

C. Operating cost and downtime parameters

D. Sustainability and circularity parameters

E. Management cost parameters due to technology implementation

Fig. 1. System of technical and economic parameters for evaluating
technologies in a circular economy

A. Reliability and risk parameters are among the key ones,
as they cover the characteristics that determine the technical stabil-
ity of the aircraft hydraulic system. Based on the above, and indisput-
able from a practical standpoint, they make it possible to quantita-
tively assess the probability of failures, their frequency and accuracy
of early detection using DT. The economic meaning of the assess-
ment in this part is to measure the potential reduction in financial
losses from the impact of problem factors. A high level of reliability
reduces direct costs for restoration (and, accordingly, indirect losses
of income from downtime). These parameters can be considered
basic for calculating the economic effect of implementing DT. They
determine the key benefit — reducing technical and financial risks
of operation.

B. Resource parameters reflect the DT ability to extend the life cycle
of components of the hydraulic system, which will increase the ef-
ficiency of using available material resources. The economic meaning
of evaluating this part is to substantiate the potential savings on capital
costs due to more accurate management of their use. Resource opti-
mization reduces the level of “freezing” of working capital. It should
also be noted that resource parameters make it possible to assess the
long-term financial benefit from increasing the efficiency of aircraft
operation.

C. Operating costs and downtime parameters include indicators
that reflect the cost consequences of servicing the aircraft hydrau-
lic system throughout its life cycle. These parameters are the basis
for assessing direct costs (for example, for materials, labor, logistics
for repairs, etc.). Also, importantly, financial losses from downtime
during troubleshooting. Therefore, the economic meaning of their
evaluation is the ability to compare costs under scenarios with and
without DT. In turn, this makes it possible to identify potential sav-
ings due to reducing the duration of downtime and the frequency
of repairs. High maintenance efficiency directly reduces the cost
of operation, increasing the profitability of aviation equipment.
Therefore, it is obvious that the specified parameters contribute
to the measurement of a key component of economic effect — the
increase in operational efficiency.

D. The parameters of sustainable development and circularity reflect
the environmental and resource-efficient aspects of the DT imple-
mentation. This is becoming increasingly important when assessing
industrial innovations. Thus, let's demonstrate that they create the pre-
requisites for a quantitative assessment of the reduction of greenhouse
gas emissions. Also, reducing energy consumption and waste volumes,
increasing the share of components subject to recovery (or reuse). The
above forms the economic meaning of the assessment in this part -
determining the long-term benefits from reducing environmental pay-
ments, disposal costs and risks associated with regulatory requirements
in the field of ESG. The implementation of the principles of the circular
economy contributes to reducing the need for primary resources and
reducing logistics costs. The proposed group of parameters D makes
it possible to take into account not only the economic, but also the
environmental efficiency of the technology, which enhances its invest-
ment attractiveness.

;34
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E. Management cost parameters due to all costs directly related
to the design, implementation and maintenance of the aircraft hydraulic
system DT technology. Therefore, they include: initial capital invest-
ments for development and integration, annual costs for I'T infrastruc-
ture support, licenses, cloud computing, software maintenance, costs

for training personnel to work with the new system, etc. In this part, the

economic significance lies in substantiating the total cost of ownership
of the technology. Attention should also be paid to determining the

break-even point of its implementation. These parameters form the ba-
sis for calculating key financial indicators of investment efficiency (NPV,
IRR, payback period, etc.). Thus, management cost parameters make
it possible to link the DT technical benefits with the company’s real
financial obligations.

The study conducted made it possible to identify the basic technical
and economic indicators that are part of the above-described groups
of parameters of the evaluation system (Table 1).

Table 1

Basic technical and economic indicators of the system of economic assessment of innovative technologies based on the principles
of the circular ecconomy (for the aircraft hydraulic system DT implementing predictive maintenance)

Groups
of parameters | Indicators . . . .
p ’ Units Characteristics Economic interpretation Data sources
of the evalua- | symbols
tion system
1 2 3 4 ) 6
. e Al analysis of component load
A metric that reflects the probability analy P
" o . e history and operating modes
Probability | Probability of a specific component failing in a Expected losses are calculated
. . . t . o . (telemetry data on pressure,
of compo- | of failure, given period of time or at a certain | taking into account the probability o
o ; . ; . temperature, vibration, on/off
nent [0...100%]/ | interval of operation. It serves as a of failure and the costs associated . .
. . . . . L cycles; history of actual failures
failure, Py cycle basis for assessing technical risks and with it . .
. . . and repairs; trend analysis
forecasting repair and downtime costs . .
of material degradation, etc.)
Number .
. The number of component failures Used to calculate the total costs . .
Frequency of fail- . . . Technical maintenance logs,
. per 1000 hours of operation or other | of repairs and downtime, propor- . .
A Reliabil- | of failures, ures/1000 . ) . operation telemetry, repair and
A ’ N, hours of o fixed amount of operation; shows the | tional to the number of failures for incident history. etc
ity and risk fail o op intensity of failures a certain period ¥, ete
parameters cration
" Probabil- Used to estimate expected fines, . 1 .
Probability | . . . . . Statistics of airline operational
. ity of flight | The proportion of flights delayed due passenger compensation and . .
of flight de- . f . . delays, maintenance logs, logis-
lav. P delay, to hydraulic system failures or repairs | reputational losses due to schedule s svstem analvtice, etc
Y Hdelay [0 ... 100%)] violations ¥ yHes, cte.
. Determines the effectiveness .
Accu- The proportion of correct Al system . . . History of generated Al reports,
Accuracy . . of preventive maintenance - higher RS
racy of Al predictions of future failures among . results of their verification
of Al reports, accuracy reduces the costs of incor- .
reports, o all generated reports; demonstrates . . by technical personnel, database
[0 ... 100%] ot . rect repairs and losses from missed . .
Qrepor the reliability of analytics . of actual failures and repairs, etc.
eport y fail
ailures
Remaining | Hours/op- | The estimated number of hours or cy- | Used to plan component replace- | Operation telemetry, load and
resource, | eration cycles | cles of operation remaining before the | ment and estimate savings from | repair history, Al module degra-
Ry, to failure failure of a specific component maximum use of their resource dation forecasts, etc.
The total number of hours or cycles Allows you to estimate the costs Manufacturer's technical
Compo- Hours/op- . . . . .
. . of operation that a component under- | of purchasing and replacing compo- | documentation, repair and re-
B. Resource nent life | eration cycles Lo . L .. .
. goes from commissioning to the end | nents throughout the life cycle and | placement statistics, digital twin
parameters | cycle, Ly, to failure . L 8 o .
of its service life calculate savings from extending it forecasting results, ctc.
% of parts . . . Maintenance logs, warchouse
P The fraction of components that Used to determine material losses, 08
Scrap frac- | that cannot . . ) reports on write-offs, database
. cannot be restored and are subject disposal costs and establish the . .
tion, Ry, | be restored, . K . of repairs and re-commission-
o to disposal after failure potential for component reuse .
[0 ... 100%] ing, etc.
. . . Used to estimate financial losses
Repair The average duration of restoring the . . . o
. ) o from equipment downtime dur- | Maintenance logs, repair history,
(downtime) Hours component's operability from the mo- | . . . . .
. . . ing repairs, which arise from lost telemetry data on downtime
time, Ty ment of failure to return to operation . K
revenue during downtime
Repair Hours (sup- | The average time required to organize | Used to estimate additional indirect | Logs maintenance, internal
preparation | ply, diagnos- | repair work — delivery of tools and | costs and downtime associated with | logistics reporting, telemetry
time, oy tics, etc.) spare parts, dismantling, diagnostics the start of repair work of preparatory operations
. . . Used to calculate the costs of car-
C. Operat- Mainte- The average cost of paying engineers . . . .
) . o0 . rying out planned and emergency Accounting reporting, time
ing cost and | nance labor | Mon. units/h | and technicians for one hour of main- . ; .
; . work and compare their economic sheets, staff lists
downtime cost, Clupor tenance and repair work o
feasibility
parameters
Used to calculate material costs . .
The average cost of spare parts and . . Accounting reporting, purchase
Parts cost, . . for maintenance and estimate S . .
Mon. units | components used to repair or replace . . invoices, technical service
Charts . savings from reducing the number
hydraulic system components database, etc.
of replacements
Parts . Used to estimate the amount .
. Cost or quantity of spare parts stored . B P Warchouse reports, accounting
inventory . . . of working capital “frozen” in inven- L
Mon. units in the warehouse for repair and . . . reporting, inventory manage-
volume, . tories and the potential for its release
maintenance . ment system, etc.
Sopare through more accurate planning
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Continuation of Table 1

5

6

Used to assess the impact of techni-
cal reliability on profitability —
a higher availability ratio means
more productive time and income

Operation telemetry, main-
tenance logs, logistics system
analytics, etc.

Used to measure energy costs and
potential cost savings and CO,
emissions reductions through
improved energy efficiency

System telemetry, energy meters,
manufacturer's technical docu-
mentation, etc.

Used to factor environmental costs
into total maintenance costs and
estimate savings through waste
reduction

Accounting and environmental
reporting, disposal certificates,
environmental payment calcula-
tions, etc.

Considered as a component of op-
erating costs and used to estimate
the total cost of ownership of a
technology

Accounting reporting, contracts
with IT suppliers, budgets of IT
and maintenance departments,
etc.

Included as part of the initial
investment and used to estimate
the total cost of implementing
a technology

Estimates of training programs,

accounting reporting, contracts

with training centers or internal
budgets, etc.

1 2 3 4
C. Operat- Fraction The amount of time during which
ing cost and | Availability | of operating | a component or system is in working
downtime factor, U time, condition and ready to perform its
parameters [0 ... 100%] functions
Pum ..
ener fon The amount of electricity consumed
) sunigytion kWh/year | by a hydraulic pump during operation
D. Sustain- EP ’ over a certain period
ability and ‘pump
circularity The total costs due to waste disposal,
parameters | Eco-impact | Mon. units/ | cleaning of working fluids, payment
cost, C,,p year of environmental fees and compensa-
tion for environmental damage
IT infra- Mon. units The annual costs of supporting soft-
structure (one.timc) ware, servers, cloud services, licenses
E. Manage costs, Crr and maintenance of the digital twin
ment cost
Investment . .. .
parameters . . One-time costs for training engineers
in person- | Mon. units/ . .
due to the ) and technical personnel to work with
. nel train- year L .
implementa- | . I the digital twin
tion of the 108> Lirain
digital twin Cvber The annual costs of ensuring informa-
ybel Uni tion security of the digital twin — pro-
protection nits ine d k inf
tecting data, network infrastructure
costs, Cpyper d
and user access

Considered as part of operating
costs and used to estimate the
total cost of ownership and risks
of losses from cyber incidents

IT department budgets,
contracts with cyber security
providers, accounting reporting,
etc.

The proposed evaluation system covers key aspects of the technol-
ogy's functioning (comprehensively: technical, economic, social, and
environmental). According to the indicators presented in Table 1, it is
possible to successfully assess the level of implementation of the prin-
ciples of the circular economy in practice. This is obvious, for example,
in terms of taking into account the reduction of waste volumes and
the extension of the life cycle of components. In addition, the system
significantly reflects the factor of reducing the need for the production
of new parts (including increasing the resource efficiency of already
used parts).

An important feature of this is that, if necessary, the composi-
tion of individual indicators within the parametric groups can
be changed - this depends on the specifics of the technologies be-
ing evaluated. However, the basic logic of building the system itself
remains constant.

Before moving on to deeper analytical conclusions, let’s consider
the technical and economic indicators of the DT of the aircraft hydrau-
lic system that implements predictive maintenance. This will be the
basis for further economic assessment of the effectiveness of its imple-
mentation. A number of key economic parameters of this technology
have been studied under the conditions of the baseline, pessimistic and
optimistic scenarios of its development:

— The baseline scenario reflects the expected average operating con-

ditions (in particular, this includes stable flight operations, standard

maintenance costs, etc.). In this context, it is possible to add that
it provides for the implementation of basic elements of the circular
economy, which reduces costs throughout the life cycle.

— The pessimistic scenario describes a decrease in flight intensity.

In this case, attention should be paid to the problems of increas-

ing the frequency of failures and increasing repair and downtime

costs. Accordingly, this negatively affects the economic efficiency
of the technology. There is practically no effect from circular prac-
tices.

— The optimistic scenario models conditions with increased flight

intensity (and therefore, with reduced maintenance costs). It is valu-

able to take into account the in-depth level of application of circular
approaches. Component renewal and modernization, waste mini-

mization, etc. will allow reducing resource consumption. In turn,

this will increase the DT overall cost-effectiveness.

The initial data for the analysis was obtained by generalizing the
technical characteristics and operational indicators of hydraulic systems
(based on open technical sources, manufacturers’ reference materi-
als, etc.). Additionally, average market economic and environmental
indicators (costs, prices, CO, emission factors, etc.) were used. On this
basis, a calculation model was formed. It made it possible to collect
sets of initial data for scenarios for implementing the technology of the
analyzed DT (Table 2).

Analysis of the data shown in Table 2 showed significant differences
between all three scenarios for the development of the aircraft hydraulic
system DT technology. This gave rise to a deeper consideration of the
conditions for implementing this technology. In particular, the pes-
simistic scenario assumes increased failure risks (Pr=0.10), a higher fre-
quency of incidents (Ng;1= 4.00), and lower DT efficiency (Redj1= 0.80).
It follows that in the complex, this reduces the level of system readiness.
It will also lead to longer downtime. In such conditions, despite the
lower initial cost of labor and components, the system will require larger
volumes of spare parts. In addition, it is also necessary to pay attention
to significant energy costs (Eg= 8000 kWh/year). These aspects will also
cause environmental impact. And from an economic point of view, this
increases the total operating costs, and, accordingly, extends the payback
period of the project.

The baseline scenario demonstrates moderate improvements
in key parameters. A decrease in the failure rate (Py= 0.08), a decrease
in repair time, energy savings, and almost half the need for spare
parts — these and other factors indicate that the elements of the circu-
lar economy are finally beginning to be implemented in the baseline
scenario. For example, it is about the reuse and recovery of compo-
nents, the modernization of components, a decrease in waste gen-
eration, etc. In fact, this contributes to a decrease in the cost of parts
(Cparss) and direct environmental costs (Ceppr) — While simultane-
ously reducing the carbon footprint. It should also be noted that
an increase in the availability factor (Upr = 0.96) with an increase
in the equipment working time fund provides stable income by in-
creasing the margin.
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Table 2

Input data for the economic assessment of the feasibility of implementing the technology of a digital twin
of the aircraft hydraulic system, which implements

Scenarios
Indicators, symbols Units
Pessimistic Baseline Optimistic

Basic probability of component failure per cycle, Py 0.10 0.08 0.06 frequent per cycle
Failure rate (without DT), N 4.00 3.50 3.00 fault rate per 1000 hours
Failure reduction factor due to DT, Reds 0.80 0.89 0.98 fraction [0 ... 1]
Accuracy of Al reports, Qo 0.92 0.94 0.95 frequent [0 ... 1]
Repair preparation time, 7}”,41, 11 10 9 hours
Repair time (without DT), T;.pir0 40 38 36 hours
Repair time (with DT), Tepainr 20 17 15 hours
Labor cost (MO), Clp0r 88 90 92 USD/hour
Average cost of parts per incident, Gy 12000 11500 10500 USD/Incident
Spare parts reserves (without DT), Syure0 120000 130000 140000 USD
Spare parts reserves (with DT), Syuenr 64247 50354 57208 USD
Availability factor (without DT), U 0.92 0.92 0.93 frequent [0 ... 1]
Availability factor (with DT), Upr 0.95 0.96 0.96 frequent [0 ... 1]
Equipment working time fund, H,, 2900 3000 3200 hours/year
Margin (income per hour), Margin 1400 1900 2400 USD/hour
Energy consumption (without DT, year), Ey 8000 7800 7200 kWh/year
Energy consumption (with DT, annual), Epr 6200 5600 5200 kWh/year
Electricity tariff energy, Zariff 0.14 0.14 0.14 USD/kWh
Specific grid emissions, EFy;y 0.35 0.35 0.35 kg CO,e/kWh
CO, price, COpriee 80 80 80 USD per t CO,e
Carbon footprint of production of a set of parts, Eg: 120 100 90 kg CO,¢/incident
Direct eco-costs (without DT), C,,..0 4000 3000 2500 USD/year
Direct eco-costs (with DT), C,,..pr 2200 1500 1200 USD/year
Initial investment, CAPEX 1542.815 1695.668 1315.070 thousand USD
IT and cybersecurity support (annual), OPEXIT 55000 45000 40000 USD/year
Training (one-time), [y, 30000 30000 30000 USD
Discount rate, DiscRate 0.15 0.12 0.10 frequent [0 ... 1]
Horizon (years), Horizon 7 7 7 years

It should be understood that the optimistic scenario models
the conditions for maximum disclosure of the DT potential. Here,
the lowest probability of failures is observed (Pf: 0.06). Also, here,
the highest incident reduction coefficient due to DT (Redj,i = 0.98).
And what is important, this makes it possible to almost completely
avoid unplanned downtime. Note that the high accuracy of Al re-
ports, halving the repair time, increasing the working time fund (H,, =
= 3200 hours/year) and the highest margin (2400 USD/hour) create
conditions for a sharp increase in profitability. It is in this scenario that
the principles of circularity (recovery, reuse of components) are most
fully implemented. To the above, it is possible to add the fact of reduc-
ing the carbon footprint of production (EF,,) and minimizing direct
eco-costs (Cpypr). They cause a significant reduction in both material
and energy resources.

In general, the transition from the pessimistic to the baseline and
optimistic scenarios is characterized by a consistent increase in reliabi-
lity, availability, productivity and marginal revenue while simultane-
ously reducing costs. However, this does not exhaust all aspects of the
study. After all, increasing the implementation of circular approaches
in the baseline, and especially in the optimistic scenarios, provides
additional environmental and economic efficiency. This, accordingly,
increases the overall attractiveness of the DT technology in a favorable
implementation environment.

3.3. Modeling of development scenarios, cash flows and effi-
ciency of technology implementation based on circularity

To assess the feasibility of implementing the DT technology of the
aircraft hydraulic system, scenario modeling of key indicators of its ef-
ficiency was conducted. This approach allows comparing the expected
results of the system operation under different levels of technical risks,
intensity of operation and volume of investment costs. It should be em-
phasized that the above makes it possible to determine the potential
economic return from the DT use.

The calculations were carried out under three scenarios — pessimis-
tic, baseline and optimistic. This helps to identify the range of possible
values of technical, economic and environmental indicators and assess
the stability of the technology to changes in external and internal fac-
tors. It is important that the scenario approach also creates conditions
for assessing the contribution of the principles of the circular economy.
For example, from their partial implementation in the baseline scenario,
to full-scale implementation in the optimistic scenario - in reducing
costs, resource consumption, optimizing the carbon footprint, etc.
Accordingly, this justifies under what conditions the technology will
provide the highest long-term efficiency.

The results of the scenario assessment of the efficiency indicators
of the aircraft hydraulic system digital twin according to the pessimistic,
baseline and optimistic development scenarios are given in Table 3.
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Table 3
Scenario results of the assessment of the efficiency indicators of the aircraft hydraulic system digital twin
Scenarios
Indicators, units Notes
Pessimistic Baseline Optimistic
CO, emissions from energy, t/year N
(cxcluding DT) Ep " EFyiq/ 1000 (t COse / year) 2.8 2.73 2.52
CO; emissions from energy, t/year Epy * EEyq/ 1000 (m COse / year) 2.17 1.96 1.82
(including DT) DT =grid 27 ’ ’ :
CO, cost of energy, USD/year,
(excluding DT) Ground tests 224 2184 201.6
co, cost of ererey. USD/year, Ground tests 173.6 156.8 145.6
(including DT)
Cost of incident, USD/year, Cparts + Clabor ™ (T;elup + T;cpatrO) + Mﬂrgi” * (thup +
(excluding DT) + Trepairo) + Cono + CO, 92112 110244 125364
Cost of incident, USD/year, Coarts + Clapor * (T + Trpairpr) + Margin * (Toepy +
(including DT) + T;’epairDT) +Copupy + CO, 60501.6 66903.6 71681.6
Annual losses, USD/year, Values are obtained by aggregating all incident and
(excluding DT) downtime costs during the year, excluding the DT impact 368443 322392 276336
Number of incidents per year, L .
failure race per 1 OOOP hozrs Nyig = Annual_losses / Cost_per_incident (without DT) 4.0 3.5 3.0
Annual electricity cost savings, .
USD/scan (mluding DT) (Eo- Epr) * Tariff 63889.6896 34600.86504 12523.831
CO, emission reduction, . )
¢ COse/year CO, (without) — CO,(with) 0.252 0.308 0.280
CO, cost savings (per incident) *, _ _
Do e COsparss = (COspyie X EEp ) /1000 50.4 61.6 56
CO, cost savings in detail N
(annual) *, USD/year (Npit = Npit) ™ COzpare 96 8 72
Additional revenue due to in- .
creased readiness (year), USD/year (Upr — Up) x H,, x Margin 741888 737881.2 703836
Other effects (Loss+ + Energy + B . .
+CO,), USD/year (Lossp — Losspr) + Energy_saving + CO,_saving 121800 228000 230400
Total revenue effect, USD/year | Gainy + (Lossg — Losspr) + Energy_saving + CO,_saving 863688 965881.2 934236
Annual support costs, USD/year OPEX = CIT + Lysin + Coper + ... (all operating costs
(OPEX) to support the operation of the digital twin) 55000 45000 40000
Net cash flow, USD/year NCF = Annual_saving — OPEX 808688 920881.2 894236

Notes: * — calculation based on CO, price #80-100 USD/t and specific emissions ~0.5-0.8 t CO,/incident (operational fuel costs). Boundar-
ies — energy emissions only (Scope 1/2), excluding spare parts production or logistics

When analyzing the calculated technical and economic indica-
tors, clear differences are visible between the pessimistic, baseline
and optimistic scenarios for the implementation of the DT technol-
ogy in the aircraft hydraulic system. According to the pessimistic
scenario, the highest CO, emissions from energy consumption are
observed (2.8 t/year without DT and 2.17 t/year with DT), the low-
est electricity savings (63.9 thousand USD/year) and the low effect
of reducing emissions (0.252 t CO,e/year). The cost of one incident
without DT is 92.1 thousand USD, and with its use — 60.5 thou-
sand USD. Yes, this gives significant, but not yet maximum savings.
Annual losses without DT still remain high (368.4 thousand USD),
and the number of incidents is the largest (4 per year). At the same
time, although the additional revenue due to increased readiness
reaches 741.9 thousand USD/year, the total revenue effect is the
lowest among the scenarios (863.7 thousand USD/year). The net
cash flow is 808.7 thousand USD/year for relatively high support
costs (OPEX = 55 thousand USD/year). In this scenario, the prin-
ciples of circularity are practically not implemented: no significant
reduction in resource consumption or reuse of components is envis-
aged, which, accordingly, limits environmental and economic ef-
ficiency. That is, the system works, but does not do so on the basis
of sustainable development. The baseline scenario demonstrates an

improvement in almost all key parameters. CO, emissions are re-
duced to 2.73 t/year without DT and 1.96 t/year with DT. In addi-
tion, annual electricity savings are 34.6 thousand USD/year. The cost
of one incident without DT increases to 110.2 thousand USD (due
to higher margin and labor costs). However, with DT it decreases
significantly - to 66.9 thousand USD, which with a smaller number
of incidents (3.5 per year) gives a significant reduction in annual
losses to 322.4 thousand USD/year. It is worth adding to the above
argument that the highest effect of “other” components of savings
is observed here - reduction of losses, energy consumption and CO,
(228 thousand USD/year).

It is possible to note that in this scenario, elements of the circular
economy are implemented — in particular, partial recovery of compo-
nents, reuse of parts and reduction of material consumption of repairs,
which reduces direct environmental costs (C,,,pr) and carbon foot-
print (EF,,,). Due to this, the total revenue effect reaches 965.9 thou-
sand USD/year, and net cash flow increases to 920.9 thousand USD/year
with a decrease in annual support costs (to 45 thousand USD/year).

As the results show, the most significant effect can be achieved
under the optimistic scenario. For example, from the reduction in the
number of incidents (three per year), downtime and costs per incident
(1254 thousand USD without DT vs. 71.7 thousand USD with DT).

3
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At the same time, CO, emissions are also the lowest here —
2.52 t/year without DT and 1.82 t/year with DT, and the annual
electricity savings are 12.5 thousand USD/year. Although the an-
nual losses without DT are the lowest here (276.3 thousand USD),
the “other” effects from the reduction in losses, energy and CO, are
the highest (230.4 thousand USD/year). The study of the data in-
dicates another important detail - the additional income due to pre-
paredness remains high (703.8 thousand USD/year). The total in-
come effect is 934.2 thousand USD/year at the lowest operating costs
(40 thousand USD/year). In this scenario, the principles of circularity are
most fully implemented - large-scale recovery and reuse of components
are provided. Also, a reduction in the production volumes of new parts
and, accordingly, a reduction in their carbon footprint (EFyqy). This pro-
vides a significant reduction in eco-costs (Coupr)-

For a comprehensive assessment of the economic feasibility of im-
plementing the DT technology of the hydraulic predictive maintenance
system and establishing the impact of circularity factors, it is possible
to analyze the projected cash flows under pessimistic, baseline and
optimistic scenarios (Table 4). This will allow to quantitatively assess
the time dynamics of the return on investment. Also, this will help
establish the break-even point, and will make it possible to compare
the total economic effect taking into account the time value of money
factor (discounted values).

So, it is here that it becomes clear whether the analyzed DT tech-
nology has the potential for real implementation, and is not limited
to the level of a conceptual model. Analysis of cash flows in different
scenarios shows how the gradual implementation of the principles
of the circular economy, from partial to full-scale, affects the cost struc-
ture. How exactly they determine the increase in the profitability of DT
technology in the long term.

If to compare the cash flows in three possible scenarios — pessimis-
tic, baseline and optimistic - it becomes noticeable that the rate of re-
turn on investment and the scale of economic benefits from the DT are
formed in completely different ways. First of all, it depends on how the
technological implementation will unfold. According to the pessimistic
scenario, the initial investment is 1.59 million USD, and the annual net
flow is 808.7 thousand USD. The cumulative flow enters the positive
zone only at the border of 2-3 years (25 thousand USD in the 2nd year),
and the discounted cumulative flow at a rate of 10% remains negative
until the end of the 3rd year (~188.8 thousand USD) and becomes posi-
tive only from the 4th year (971.1 thousand USD in the 4th year). The
final discounted benefit (NPV) over 7 years is 2.34 million USD. This

indicates a slow return on investment and high risk: the technology
provides savings by reducing incidents and downtime. It is worrying that
the principles of circularity are practically not implemented (since there
is no recovery and reuse of components). The carbon footprint remains
high, and therefore indirect environmental costs remain. Together, all
of the above limits the potential for long-term efficiency. The baseline
scenario assumes higher initial investments - 1.73 million USD but
also a significantly higher annual net flow - 920.9 thousand USD. What
is promising is that thanks to this, the cumulative flow enters the positive
zone already in the 2nd year (116.1 thousand USD), and the discounted
flow — from the beginning of the 3rd year (564.4 thousand USD). After
seven years, the baseline scenario generates a discounted cumulative
flow of 2.75 million USD. This result is achieved not only by reducing the
number of incidents and downtime, but also by implementing basic ele-
ments of circularity — partial restoration of nodes, reuse of components,
reducing the need for the production of new parts, etc. This reduces ma-
terial and environmental costs. In addition, it stabilizes the cost, creating
the prerequisites for the scalability of the technology. In the optimistic
scenario, the initial investment is the lowest — 1.41 million USD. The an-
nual flow is 894.2 thousand USD. At the same time, the break-even point
is reached already in the 2nd year (382.9 thousand USD of cumulative
flow). The discounted cumulative flow itself becomes positive much
earlier than in the baseline - already in 2-3 years (148.3 thousand USD
in year 2 and 821.8 thousand USD in year 3). Over seven years, the
discounted effect is 2.95 million USD. This is the highest financial result
among the scenarios, which can be achieved thanks to a combination
of increased readiness, reduced incidents, maximum margin, etc. At the
same time, it is in this scenario that the principles of circularity are most
fully implemented. It provides for comprehensive restoration and mod-
ernization of components, their reuse, reduction of production of new
parts and a corresponding reduction in carbon footprint and eco-costs.
It should be noted that this additionally increases profitability, as not
only direct costs are reduced, but also the need for capital expenditures
on materials.

So, in conclusion, it is possible to see a clear trend: when moving
from the pessimistic to the baseline and optimistic scenarios, there is a
reduction in the payback period, an increase in NPV, an increase in the
stability of cash flows, etc. At the same time, it is obvious that the gradual
increase in the level of circularity - from its absence in the pessimistic
scenario to full-scale application in the optimistic one, plays a key role
in shaping the long-term effectiveness of the DT technology.

A graphical representation of these results is shown in Fig. 2.

Table 4
Cash flows and their discounted values under pessimistic, baseline and optimistic scenarios of implementing a digital twin
of a hydraulic predictive maintenance system, USD
Present Dis- Present Dis- Present Dis-
Cash flow (;umula— value counted Cash flow qumula- value counted Cash flow qumula- value counted
Year (Pessim.) tive cash of cash cumula- (Baseline) tive cash of cash cumula- (Opt.) tive cash of cash cumula-
’ flow flow (Pes- | tive cash flow flow tive cash pr- flow flow tive cash
sim.) flow (Baseline) flow (Opt.) flow
0 -1592348.11 | —-1592348.11 | —-1592348.11 | —-1592348.11 | —-1725668.31 | =1725668.31 | -1725668.31 | —1725668.31 | —1405541.23 | —1405541.23 | —1405541.23 | —1405541.23
1 808688 -783660.11 | 73517091 | -857177.20 | 920881.2 | -804787.11 | 837164.73 | -888503.58 894236 -511305.23 | 812941.82 | -592599.41
2 808688 25027.89 668337.19 | -188840.01 | 920881.2 116094.09 | 761058.84 | —127444.74 894236 382930.77 | 740856.20 | 148256.79
3 808688 833715.89 | 607579.26 | 418739.25 920881.2 | 1036975.29 | 691871.67 | 564426.93 894236 1277166.77 | 673505.64 | 821762.43
4 808688 1642403.89 | 552344.78 | 971084.03 920881.2 | 1957856.49 | 628065.15 | 1192492.08 894236 2171402.77 | 611368.76 | 1433131.19
S 808688 2451091.89 | 502131.62 | 1473215.65 | 920881.2 | 2878737.69 | 570059.23 | 1762551.31 894236 3065638.77 | 555789.78 | 1988920.97
6 808688 3259779.89 | 456483.29 | 1929698.94 | 920881.2 |3799618.89 | 516417.48 | 2278968.79 894236 3959874.77 | 504354.35 | 2493275.32
7 808688 4068467.89 | 414984.81 | 2344683.75 | 920881.2 | 4720500.09 | 467652.25 | 2746621.04 894236 4854110.77 | 457594.86 | 2950870.18
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Fig. 2. Dynamics of discounted cumulative cash flows according to the scenarios of implementation of the digital twin of the aircraft hydraulic system

The analysis of cash flows and discounted efficiency clearly dem-
onstrates the different rate of return on investment according to the sce-
narios. Also, the level of risk and the scale of the economic effect differ.
Please note that for a full assessment of the feasibility of implementing
the DT technology, it is not enough to consider only the dynamics
of cash flows over time. In order to substantiate the investment deci-
sion, it is advisable to summarize the results obtained in the form of key
integral performance indicators. These are: net present value (NPV), in-
ternal rate of return (IRR), payback period (PB), profitability index (PI).
These indicators make it possible to compare scenarios with each other
not only in terms of the speed of achieving breakeven, but also in terms
of overall financial attractiveness. They also indicate financial stability
taking into account the time factor. Lets add to this the value of the
impact of circular practices on costs and revenues (Table 5).

Table 5

Integrated financial and economic performance indicators according to the
scenarios for implementing a digital twin of the aircraft hydraulic system

Scenarios
Indicators, units
Pessimistic Baseline Optimistic
Initial investment
(CAPEX), USD 1592348 1725668 1405541
Annual net cash flow
(NCE) USD 808688 920881 894236
Amount of NCF for
7 years, USD 5660816 6446168 6259652
Payback period, years 1.96 1.87 1.57
ROI (7 years), % 255 273 345
NPV (10%), USD 2344684 2746621 2950870
IRR, % 42 43 48
Index of return (PI) 2.47 2.59 3.10

Comparing the final financial indicators under three scenarios — pes-
simistic, baseline and optimistic, it becomes obvious that the effectiveness
of the implementation of the aircraft hydraulic system DT directly de-
pends on the scale of integration of the principles of the circular economy.

According to the pessimistic scenario, the initial investment
(CAPEX) is 1592348 USD, and the annual net cash flow (NCF)
is 808688 USD. Over 7 years, the amount of accumulated flows reaches
5.66 million USD, but the payback period is 1.96 years, and the profit-
ability index (PI) is only 2.47. Thus, the technology project remains
economically feasible (NPV = 2344684 USD; IRR = 42%), but it dem-
onstrates the slowest return on investment. The main reason is the

practical absence of circular practices. This leads to a high share of costs
for new parts, increased environmental impact. As a result, despite
the savings on incidents and downtime, a significant part of the funds
continues to be spent on primary materials and recycling.

The baseline scenario, on the other hand, demonstrates an im-
provement in most indicators. It is possible to see that the initial in-
vestment increases to 1725668 USD, but the annual NCF is already
920881 USD. The sum of flows for 7 years is 6.45 million USD. The
payback period is reduced to 1.87 years, the ROI reaches 273%, and the
NPVis 2746621 USD with an IRR of 43% and a PI of 2.59. It should
be noted that this result is explained not only by a decrease in the fre-
quency of incidents and downtime, but also by the beginning of the
implementation of circularity principles. These include: partial resto-
ration of components, reuse of components, reduction in the produc-
tion of new parts, etc. This makes it possible to reduce material and
environmental costs. At the same time, this will stabilize the cost (while
ensuring a more predictable level of profitability).

The optimistic scenario demonstrates the best integrated results.
The initial investment here is the lowest — 1405541 USD. At the same
time, the annual NCF is 894236 USD, and the total flows for 7 years are
6.26 million USD. The payback period is reduced to 1.57 years, the ROl in-
creases to 345%, and the NPV — to 2950870 USD. The internal rate of re-
turn reaches 48%, and the profitability index is 3.10. Taken together, this all
demonstrates the highest investment efficiency among all scenarios. The
decisive role in achieving such results is played by the full-scale implemen-
tation of the principles of the circular economy. In particular, it is worth
mentioning the comprehensive recovery and modernization of compo-
nents, their reuse, reduction of the production of new parts, reduction
of the carbon footprint. This reduces not only direct costs, but also the
need for capital expenditures on materials, ensuring a stable growth of the
financial effect throughout the entire life cycle of the technology.

Thus, with an increase in the level of integration of circular ap-
proaches, there is a decrease in initial investments, acceleration of the
return on investment, growth of NPV, IRR and PI. All this confirms that
circularity is a key factor in increasing the economic efficiency of the
DT technology in the long term.

Our results have shown that the implementation of the principles
of the circular economy significantly enhances the economic efficiency
of the DT technology. Accordingly, this reduces the need for initial
investments, accelerating the return on investment and ensuring an in-
crease in NPV, IRR and PI. However, one should not forget the fact that
the calculations given are based on assumptions regarding constant val-
ues of key input parameters. In real conditions, they can change under
the influence of various factors (technical, market, organizational, etc.).

4o
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3.4. Sensitivity assessment of technology implementation ef-
ficiency indicators taking into account circular practices

To analyze the stability of the above results and determine the param-
eters that most affect the efficiency of technology implementation, it is
advisable to conduct a sensitivity assessment. This will allow to determine
how much a change in individual output indicators (CAPEX, NCF, dis-
count rate, level of implementation of circular practices, etc.) affects the
integrated financial results (for each of the scenarios considered).

Table 6 presents the results of our sensitivity analysis, which reflect the
change in key integrated technology efficiency indicators (NPV and IRR)
with variations in the main input parameters within the baseline scenario,
and taking into account the level of implementation of circular practices.

Table 6

Results of sensitivity assessment of integrated financial indicators
of the efficiency of the implementation of the aircraft hydraulic system
digital twin

Model- Indicators, units of measurement
Variables ing NCE | CAPEX, NPV,
change | USD | USD n % usp | 1BR %
Initial
Vfal“e_s - 920881 | 1725668 | 10% |2746621| 43%
Ofr vari-
ables
—20% | 736705 | 1725668 | 10% | 1346016 | 25%
NCE —10% | 828793 | 1725668 | 10% |2046319| 34%
+10% | 1012969 | 1725668 | 10% | 3446923 | S0%
+20% | 1105057 | 1725668 | 10% | 4147226 | 56%
—20% | 920881 | 1380535 | 10% |3091755| S4%
~10% | 920881 | 1553101 | 10% |2918188| 48%
CAPEX
+10% | 920881 | 1898235 | 10% |2575054| 39%
+20% | 920881 |2070802 | 10% |2401487 | 35%
Dis- 8% | 920881 [1725668 | 8% |3226850| 43%
count 12% | 920881 | 1725668 | 12% |2374331| 43%
rate 15% | 920881 | 1725668 | 15% |1905471| 43%
5 920881 | 1725668 | 10% |1680174 | 43%
H;z’;:” 7 920881 | 1725668 | 10% |2746621| 43%
10 | 920881 | 1725668 | 10% |3797726| 43%

Sensitivity analysis allowed to assess how much the change in key
input parameters affects the integral financial results of the implemen-
tation of this technology. First of all, it is about the net present value
(NPV) and the internal rate of return (IRR).

In particular, under the baseline scenario of the implementa-
tion of the aircraft hydraulic system DT technology, with the values
of NCF=920881 USD, CAPEX = 1725668 USD, a discount rate of 10%
and a horizon of 7 years, the project demonstrates NPV = 2746621 USD
and IRR = 43%. This indicates its high efficiency.

The most sensitive factor was the annual net cash flow (NCF).
Its decrease by 20% leads to a decrease in NPV almost twice —
to 1,346,016 USD. But at the same time, the IRR also drops from
43% to 25%. Conversely, a 20% increase in NCF increases the NPV
to 4147226 USD and the IRR to 56%. This highlights that the long-term
efficiency of the technology critically depends on the stability of revenue
generation. The level of implementation of circular practices directly af-
fects this indicator: reducing the cost of new parts (as well as recycling,
environmental payments, etc.) increases the margin, and therefore the
NCF value. Here, it is undeniable that increasing circularity directly
increases the sensitivity of IRR and NPV to the growth of net flows. The
second most influential factor is CAPEX. Reducing the initial investment
by 20% increases the NPVto 3091755 USD and the IRR to 54%. Increas-
ing it by 20% reduces the NPV to 2401487 USD and the IRR to 35%.

This shows that the efficiency of the investment project significantly
depends on the start-up costs. Therefore, circularity works as a stabilizer:
it reduces capital costs due to the reuse of components. Accordingly, this
also increases the financial sustainability of this DT technology.

At the same time, changing the discount rate within 8-15% has al-
most no effect on the IRR (it remains at 43%), but significantly changes
the NPV. That is, at 8% it increases to 3226850 USD, at 15% it decreases
to 1905471 USD. This is logical, because the higher the discount rate, the
lower the present value of future revenues. In this case, circularity manifests
itself as an indirect factor in stabilizing the system. Reducing risks due
to reduced dependence on purchases, waste, etc. will increase the level of in-
vestment attractiveness, will make it possible to apply lower discount rates.

The planning horizon also affects only the NPV: when reduced
to 5 years, it decreases to 1680174 USD, and when increased to ten
years, it increases to 3797726 USD. This is quite expected, since longer
use of CDs allows for a more complete realization of the cumulative
effect of circular practices (this involves a gradual reduction in the cost
of purchasing new parts, a more stable cash flow over time, etc.).

The most critical factors for economic efficiency are the NCF value
and the size of the initial investment: they depend to the greatest extent
on the scale of implementation of the principles of the circular economy.
Active recovery and reuse of components leads to a higher level of net
flows and lower initial costs. Circularity improves the environmental
performance of the project, reducing its financial vulnerability. It provides
amore stable payback even with adverse fluctuations in other parameters.

For an in-depth analysis of the economic efficiency of implement-
ing the DT technology of the aircraft hydraulic system, it is advisable
to study the sensitivity of the results to the key parameters of the model.
Within the framework of such an analysis, a derivative-based approach
is used, which allows to quantitatively determine how changes in indi-
vidual input parameters affect the values of financial indicators. This
will provide an opportunity to assess both the obtained economic ef-
fect and the speed of its formation. The use of derivatives in the eco-
nomic evaluation model makes it possible to determine the marginal
impact of each parameter on performance indicators, creating a basis for
a phased analysis of cash flow dynamics and NPV sensitivity to changes
in NCF,, CAPEX and discount rate. At the initial stage of model forma-
tion, its basic parameters are determined. In particular, the initial invest-
ment (CAPEX), discount rate (r), planning horizon (T), forecast values
of net cash flows (NCF)) for each year of operation are taken into account.
The integral economic efficiency of the project is assessed using the net
present value (NPV) indicator, which is calculated by the expression

L, NCF

NPV =—CAPEX + :
= (1+7)

1)

To analyze the dynamics of the increase in economic effect,
the model uses the concept of the derivative of cumulative cash flow
dCF(t
Cd—(> =NCF(t). This approach allows to interpret NCFt as the “speed”
t
of growth of the accumulated result. In addition, it is possible to deter-
mine in which periods the project will create the largest share of the effect.
The third stage consists in determining analytical derivatives

ONPV 1 j

ONCFt  (1+r)'
reflects the discounted value of the cash flow in each year, for CAPEX

of NPV by key parameters. The derivative for NCF, [

ONPV
————-=-1| - the direct investment impact, and for r
JCAPEX
dNPY =_2T Lcﬁl - the sensitivity of the result to changes
or =(14r)”
in the discount rate. For comparisons, the relative elasticities were also
DE -NCF CAPEX
used: Eypy xr =W and Eypy iy = NPV
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To quantitatively assess the impact of key parameters on the proj-
ect’s performance, marginal increments and NPV elasticities for NCF,
and CAPEX were calculated. Accordingly, this was implemented within
the baseline scenario (Table 7).

Table 7

Marginal impact and elasticity of net present value (NPV) by key
parameters in the baseline scenario

Years| pE | ANPVH yleoa(iio usb | g = Dljt\} Ii\‘f/CF,
1| 09091 +9090.91 03036
2 | 08264 +8264.46 0.2760
3 | 07513 +7513.15 02509
4 | 06830 +6830.13 0.2281
5| 06209 +6209.21 0.2074
6 | 0s64s +5644.74 0.1885
7 | 05132 +5131.58 0.1714

Analysis of the derivatives in Table 7 shows that the largest con-
tribution to the increase in the net present value of the DT project
is made by early cash flows. Thus, in the baseline scenario (according
to Table 6, CAPEX = 1725668 USD, r = 10%, NCF,= 920881 USD/year,
T =7 years), the discount factors decrease from 0.909 in the Ist year
to 0.513 in the 7th. This means: an additional 10000 USD in the Ist
year increases the NPV by approximately 9091 USD, and in the 7th
year — by only 5132 USD. The interpretation of this is to accelerate
the formation of flows (due to reduced downtime, in particular). This
will significantly increase the economic return on the implementation
of DT technology.

The derivative of CAPEX has a constant gradient of - 1 (each ad-
ditional dollar of initial costs directly reduces NPV by 1 USD). The
relative elasticity ENPVCAPEX ~ -0.63 indicates that a 10% increase
in initial investment reduces NPV by approximately 6.3%, mean-
ing that controlling initial costs is of crucial importance in capital-
intensive technology projects. The elasticity of ENPV,NCFt in year 1
is around 0.30. It gradually decreases to 0.17 in year 7, which in fact
confirms the higher importance of early revenues. The total elastic-
ity of NCF, (=+1.63) significantly exceeds the modulus of elasticity of
CAPEX (=-0.63). This indicates that an increase in operational effi-
ciency has a stronger effect than an equivalent reduction in investment.

In the context of a circular economy, these results are of fundamen-
tal importance. Circular practices simultaneously reduce CAPEX and
increase NCFt. That is, they work through both key channels at once,
and, therefore, the integration of circularity significantly accelerates the
growth of NPV, bringing the project’s payback point closer.

3.5. Justification of the controversial provisions and key limita-
tions of the study of the economic assessment of technology

The presented study is characterized by a number of limitations.
Among them, one of the most important is that the model is based
on fixed values of indicators, which in real conditions can fluctuate
significantly under the influence of changes, and this will affect the ac-
curacy of financial forecasting.

The potential effects of increasing flight safety are not taken into
account in the financial calculations, which somewhat limits the com-
plexity of the assessment.

The data obtained demonstrate a high sensitivity of the results to
the depth of implementation of circular practices. Thus, a 20% reduc-
tion in the NCF level reduces the NPV from 2.75 to 1.35 million USD
(IRR - from 43% to 25%), and an increase of 20% - increases NPV
to 4.15 million USD and IRR to 56%. This means that any failures in the

implementation of these practices can significantly worsen the financial
sustainability of the project.

Additionally, the analysis of NPV derivatives showed that early cash
flows (NCF,) have twice the marginal impact on the result than late
ones. While CAPEX operates with a constant negative gradient of —1.
This indicates that increasing the level of circularity by reducing start-
up costs and accelerating revenue generation is a determining factor
in the growth of NPV. Accordingly, this will also contribute to reducing
the payback period.

3.6. Discussion of the results of the circular economic assess-
ment of the innovative technology

Taking into account the identified limitations, the results of the
scenario analysis demonstrated a significant potential for increa-
sing economic and technical efficiency through the implementation
of the DT technology of the aircraft hydraulic system for predictive
maintenance. All three scenarios considered demonstrated positive
financial results. In particular, the net present value (NPV) is in the
range from 2.34 to 2.95 million USD. The internal rate of return (IRR)
is from 42% to 48%, and the profitability index (PI) is from 2.47
to 3.10. Under the pessimistic scenario (CAPEX = 1.59 million USD,
NCF = 808.7 thousand USD/year), the payback period is 1.96 years,
while under the baseline scenario (CAPEX = 1.73 million USD,
NCF = 9209 thousand USD/year) it is reduced to 1.87 years,
and under the optimistic scenario (CAPEX = 1.41 million USD,
NCF = 894.2 thousand USD/year) it is reduced to 1.57 years. Unlike exis-
ting studies, in which DTs are considered mainly as a tool for reducing
operational risks or increasing technical reliability [3, 4], in this research
their role is considered from the perspective of taking into account the
principles of circularity. These data also confirm that the main source
of the economic effect is not so much the growth of revenues, but the
reduction of losses from downtime, emergency repairs, inefficient use
of resources for capital-intensive engineering innovations, etc. [4, 11].

The key distinguishing feature of the obtained results is the identi-
fied cause-and-effect relationship between the level of integration of
circular practices and the dynamics of investment indicators. The tran-
sition from a pessimistic to an optimistic scenario is accompanied by a
decrease in the need for primary materials, which directly affects the
structure of CAPEX and OPEX. Such an effect corresponds to modern
approaches to interpreting the circular economy as an economic, and
not only an environmental phenomenon [21, 28]. Unlike existing works,
in which circularity is often considered as an external regulatory or ESG
factor [21, 30]; in this research it is integrated directly into the model
of NPV and IRR formation through changes in key financial parameters.

The analysis of implemented discounted flows showed that in the
pessimistic scenario, the cumulative flow becomes positive only at the
border of the 2nd-3rd year, in the baseline scenario — at the beginning
of the 3rd year, while in the optimistic scenario — already during the
2nd year. The obtained scenario calculations confirm that such dynam-
ics correlate with the level of integration of circular approaches: the
higher it is, the earlier the technology reaches stable revenue generation.
In parallel, the sensitivity analysis conducted in the work demonstrated
a high dependence of the results on key parameters (primarily, NCF and
CAPEX), which are most determined by the scale of the implementa-
tion of circular practices. Note that a decrease in NCF by 20% reduces
the NPV from 2.75 to 1.35 million USD and the IRR from 43% to 25%,
while its increase by 20% increases the NPV to 4.15 million USD and IRR
to 56%. An increase in CAPEX by 20% reduces NPV 'to 2.40 million USD
and IRR to 35%. The results of the sensitivity analysis deepen the inter-
pretation of the mechanisms of efficiency formation. Unlike common
approaches, in which the key factor of investment attractiveness of high-
tech projects is mostly considered to be initial capital expenditures, the
obtained results show the dominant role of net operating cash flows
in the formation of integral indicators of NPV and IRR.

G
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The high sensitivity of these indicators to variations in NCF is ex-
plained by the fact that it accumulates the simultaneous impact of tech-
nical solutions (reduction of failure frequency and duration of repairs)
and circular practices (reduction of material, energy and environmental
costs). At the same time, unlike works where operational effects are
considered in isolation, this research shows that it is their combina-
tion within the framework of a circularly oriented model that ensures
an outpacing growth of NPV. The constant negative impact of CAPEX,
recorded in the calculations, reflects the capital-intensive nature of the
digital twin and does not eliminate, but only emphasizes the crucial role
of early operational flows in achieving economic efficiency, which partly
contradicts traditional investment models focused mainly on minimi-
zing start-up costs [25, 31].

Additional evaluation based on derivatives confirmed the above
trend: early cash flows (NCF)) have almost twice the marginal impact
on NPV than late ones. While CAPEX operates with a constant nega-
tive gradient of -1. This means that it is the DT technology (due to the
reduction of failure rates and acceleration of repairs) that is a critical
tool for achieving high operational efficiency already at the initial stages.
Circular practices (repairability, component reuse, inventory reduction,
reduction in the cost of new parts) operate through both key chan-
nels — reducing CAPEX and increasing NCF. Therefore, this ensures
an increase in NPV and a reduction in the payback period.

In addition, it is important to consider the time aspect: increasing
the planning horizon from 5 to 10 years increases the NPV from 1.68
to 3.80 million USD. This fact demonstrates the powerful cumulative
effect of circularity. At the same time, this requires maintaining the tech-
nological relevance of the DT throughout the entire life cycle. Potential
risks include equipment obsolescence, degradation of its characteristics,
the need to update software and cyber security, as well as organizational
barriers in data management. These and other aspects can affect the
stability of income and the actual payback period. Therefore, in further
research, it is advisable to take into account the effect of decreasing ef-
ficiency over time. Characteristic conclusions regarding the long-term
return from circularly oriented innovations can be found in works de-
voted to the assessment of the life cycle of technologies and resource ef-
ficiency [11-14]. At the same time, this emphasizes the need to maintain
the technological relevance of the DT throughout the entire life cycle.
In particular, by updating software, ensuring cyber security, effective
data management, etc.

The practical value of research is in the methodological support
of the economic assessment of innovative technologies taking into ac-
count the principles of the circular economy. The author’s approach
contributes to the quantitative determination of the impact of the
level of circularity on technical and economic performance indicators
(CAPEX, NCF, NPV, IRR, PI). It also makes it possible to identify the
marginal effects of key parameters using derivative analysis. This creates
practical opportunities for enterprises in high-tech industries (aviation,
machine building, energy, etc.) in planning investment programs for
technical systems.

The main limitations of research include the use of fixed values
of the discount rate and carbon price, as well as assumptions about
the stability of operational parameters over time. Similar limitations
are inherent in most economic models of evaluating innovative tech-
nologies and are recognized in modern studies as a methodological
simplification [16, 21, 31]. In addition, the model does not take into
account possible systemic risks associated with the DT integration into
complex production ecosystems, which may affect the reproducibility
of results in other industry or regional conditions.

Further research is aimed at deepening and unifying models for
evaluating innovative technologies through the creation of integrated
systems capable of reflecting the interrelationship of technical, eco-
nomic, environmental and social indicators of circularity at all stages

of the life cycle.

4. Conclusions

1. To implement the research tasks, an innovative technology was
selected — the aircraft hydraulic system DT for predictive maintenance.
Its implementation reduces the number of failures, incident costs, en-
ergy consumption and CO, emissions, increasing technical readiness
and profitability of operation. The tasks of the system that actualize its
use are: real-time monitoring of parameters; modeling of work; fore-
casting of failures; automated generation of analytical reports using Al,
etc. From the standpoint of sustainable development, the technology ex-
tends the life cycle of components. It also reduces waste. Thanks to this,
itis possible to ensure the formation of a resource-efficient maintenance
system based on the principles of a circular economy.

2. A set of indicators is proposed that reflects both the cost and
effective aspects of implementing DT of the aircraft hydraulic system,
taking into account the principles of circularity. The system covers
five groups of parameters: reliability and risks, resource, operational,
sustainable development and management costs. Its application makes
it possible to quantitatively assess the impact of the technology on re-
ducing failures. It also contributes to: reducing downtime, extending
the life cycle of components, reducing resource consumption, reducing
emissions, etc. The scientific originality of the system lies in the fact that
circularity is taken into account here not as a declarative ESG context,
but as a measurable factor that changes CAPEX/OPEX and cash flows
(NCF), 1. e. directly affects NPV/IRR.

Scenario data for the development of the aircraft hydraulic sys-
tem DT technology were generated taking into account the principles
of circularity. Three scenarios were developed — pessimistic, baseline
and optimistic. They reflect different levels of integration of circular
practices into maintenance processes. The analysis showed: with
an increase in the level of circularity, repair costs and downtime are
reduced, energy consumption and CO, emissions are reduced. At the
same time, the system availability factor increases to 0.96. The base-
line scenario implements the initial elements of component reuse.
Optimistic provides full disclosure of the potential of the technology
(extension of the life cycle, reduction of eco-costs, increase in profit-
ability, etc.). The indicator system and scenario database provide
a reproducible approach for comparing alternatives (with/with-
out DT). They can be used to justify investment decisions in high-
tech industries.

3. The technical, economic, environmental and financial re-
sults were calculated for three scenarios and a number of key indi-
cators (NPV, IRR, PI etc.). A comparison of the technical and eco-
nomic indicators revealed a fairly clear picture: under the pessimistic
scenario, there are the highest CO, emissions (2.8 t/year without
DT and 2.17 t/year with its use). Electricity savings, respectively,
are the smallest (=63.9 thousand USD/year), and net cash flow
is the lowest (~808.7 thousand USD/year) with fairly high OPEX
(55 thousand USD/year). The baseline scenario looks noticeably bet-
ter: emissions are reduced to 2.73 and 1.96 t/year. The cost of the in-
cident is from 110.2 to 66.9 thousand USD, and annual losses are up
to =322 thousand USD. The net flow, on the other hand, increases
t0 920.9 thousand USD/year for OPEX = 45 thousand USD/year. The
optimistic option demonstrates the maximum effect of circular ap-
proaches: the probability of failures drops to 0.06, and the costs per
incident — from 125.4 to 71.7 thousand USD. CO, emissions are re-
duced to 1.82 t/year. The net cash flow is 894.2 thousand USD/year,
and this is at the lowest OPEX (about 40 thousand USD/year). If to
look at the picture as a whole, the transition from the pessimistic to the
optimistic scenario gives more than 10% increase in profitability. This
provides a reduction in energy consumption by about 35%, and CO,
emissions — by almost 30%. Actually, this confirms the importance
of circular practices in shaping the technical, economic and environ-
mental performance of the DT.
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Analysis of cash flows and financial indicators of the effectiveness
of the DT implementation showed the following. Under the pessimistic
scenario, CAPEX = 1.59 million USD, NCF = 808.7 thousand USD/year,
NPV =2.34 million USD, IRR = 42%, PI = 2.47, and the payback period
is 1.96 years. Under the baseline scenario: CAPEX = 1.73 million USD,
NCF=920.9 thousand USD/year, NPV = 2.75 million USD, IRR = 43%,
PI = 2.59, payback period is 1.87 years. The optimistic scenario
was expected to be the most effective: CAPEX = 1.41 million USD,
NCF = 894.2 thousand USD/year, NPV = 2.95 million USD, IRR = 48%,
PI'=3.10. The payback period was reduced to 1.57 years. As a result, the
transition from the pessimistic to the optimistic scenario is accompa-
nied by an increase in NPV by 26%, PI - by 25% and a reduction in the
payback period by another 0.4 years. The difference in the obtained
quantitative results indicates a cause-and-effect relationship: increased
circularity - lower incident/downtime and eco-costs — higher NCF and
better integrated indicators of investment efficiency.

4. An analysis of the sensitivity of NPV/IRR to changes in NCF,
CAPEX, discount rate and planning horizon was performed; addition-
ally, a derivative approach was applied to estimate the marginal contri-
bution of the parameters. The result obtained indicates that it is the an-
nual net cash flow and initial investment that “weight” the most. Under
baseline conditions, the NPVis 2.75 million USD and the IRR is 43%.
If to reduce the NCF by 20%, this reduces the NPV to 1.35 million USD
and the IRR drops to 25%. An increase of 20% gives a different picture —
an increase in NPVto 4.15 million USD and an IRR of 56%.

Regarding CAPEX: its reduction by 20% increases NPV to
3.09 million USD, and IRR to 54%. If CAPEX, on the contrary, increa-
ses by the same 20%, then NPV decreases to 2.40 million USD, and
IRR to 35%. Variation of the discount rate (within 8-15%) has al-
most no effect on IRR. However, it still changes the NPV indicator -
from 1.9 to 3.2 million USD. Extending the planning horizon from
5 to 10 years actually “stretches” the effect: NPV increases from 1.68
to 3.80 million USD.

The marginal impact of key parameters was estimated using the
derivative method. Calculations showed that an additional 10,000 USD
received in the first year causes an increase in NPV, in particular, to the
mark 0f 9,091 USD, while for later periods (for example, in the seventh
year), the similar increase decreases to 5,132 USD. It is observed that
early receipts play a key role in shaping the result. The derivative of
CAPEX has a gradient of -1, and the elasticity E,,,,cappx~ —0.63, which
in practice means a decrease in NPV by approximately 6.3%, in the case
of an increase in investment by 10%.

5. The initial framework of the research work is justified. The ac-
curacy of the assessment is limited by assumptions about the stability
of the parameters and the planning horizon (5-10 years). In a real
situation, these assumptions may not be met due to a number of prob-
lematic situations. Socio-economic effects — increased safety, reliability
and working conditions — remain outside the scope of financial assess-
ment. As well as the full life cycle of environmental impacts. The most
significant factor was identified as the level of circularity: a change
in NCF by +20% varies the NPV from 1.35 to 4.15 million USD, and the
IRR from 25% to 56%. Derivative analysis confirmed the twice greater
importance of early NCF, flows compared to late ones. This emphasizes
that increasing the level of circularity through CAPEX reduction and
revenue acceleration is a key factor in increasing the NPV and finan-
cial sustainability of the project. Clear boundaries allow practitioners
to transfer the model to their own conditions and plan for further
expansion of the model.
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