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SUMMARY

Manufacturing systems that are technology-intensive have high interdependencies between financial
decisions on investments, the change in production capacity, and operational efficiency. Traditional
methods tend to look at financial and operational planning in isolation, resulting in poor performance of
the system and poor use of resources. In order to overcome this shortcoming, this paper has suggested a
combined techno-economic optimization framework, which models financial performance, production
planning, technology-based capacity development, and energy efficiency together in a single
mathematical expression. The manufacturing system is modeled in terms of a multi-period constrained
optimization problem, in which the investment of technology, production output, capacity variation, and
energy consumption are all optimized. A multi-objective function that combines financial and operational
functions is formulated using diversity of weights, and an algorithm to find a solution is presented to
achieve computational feasibility. The framework proposed is assessed by the numerical simulation in a
5-period planning horizon. Findings show that when there is a technology investment, capacity is
incrementally expanded between 100 and 180 units at production levels that are viable. The integrated
strategy has a total financial performance of 742.6 with a return on investment of 1.48 and average
capacity utilization of 0.82. The energy efficiency is increasing to an average of 2.91, which shows that
efforts are made to plan production considering energy efficiency. Sensitivity analysis also reveals that
an increase in the technology gain coefficient will increase the Technical-Economic Performance Index
to a maximum of 3.24, followed by a decreasing marginal gain. On the whole, the findings prove that the
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suggested framework offers a powerful and technologically efficient decision-support tool that can be
applied to streamline financial and operational performance in technology-intensive production systems.

Key words: techno-economic optimization, technology-intensive manufacturing, production capacity
evolution, energy efficiency, financial-operational integration, performance optimization.

INTRODUCTION

The manufacturing systems that are highly capital-intensive and technologically dynamic are being more
and more typified with intensive capital intensity, high technological dynamics, as well as strong links
between financial investment choices and operational performance. Investments in modern
manufacturing technologies, automation, and digitalization have a direct impact on the capacities of
production, cost structure, and energy consumption in that the conventional silo-based planning methods
turned out to be inefficient in reaching the optimal system performance [1][4]. Consequently, there is an
increasing problem of not being able to match the long-term financial goals and short-term operational
implementation in manufacturing firms. The recent smart manufacturing and digital technologies have
shown great gains in productivity, flexibility, and financial performance in the case of the good
application of technology into the manufacturing systems [6]. Meanwhile, the capital-related financial
decisions involve the allocation of capital, working capital management, and cost control, which is more
and more limited by the operational factors like capacity utilization, the level of automation, and
efficiency of the process [8][17]. These interdependencies occur especially in manufacturing
environments that are technology-intensive and energy-intensive, where operational inefficiencies can
easily translate into financial losses [7][14]. Technically speaking, manufacturing systems need to be
considered as systems of techno-economic systems, where the growth of production capacity, energy
consumption, and cost structure is directly motivated by decisions of technology investment [6][13].
Existing literature on Industry 4.0 and digital manufacturing has provided opportunities to clarify the
positive impact of automation and data integration on operations, but in most cases, it has not presented
a single analytical framework that can connect the positive effects to financial performance in a
quantitative and reproducible way [9] [18].

On the same note, management accounting and sustainability control systems research places the
emphasis at the conceptual level, but offers little system-level optimization model applicable to the
engineering analysis [15][16]. Besides, external shocks and regulatory pressure also add to the argument
that it is imperative to have combined financial-operational systems. It is empirically proven that
manufacturing companies with increased operational free time and coordinated financial planning can
endure economic shocks and policy actions in a better manner [11][12]. In spite of these insights, the
bulk of the available research focuses on financial performance, operational efficiency, or sustainability
goals separately, without developing concrete mathematical models that integrate all these aspects to
optimize them within the framework of technological and energy constraints [2][3]. The gap is especially
noticeable when it comes to technology-intensive manufacturing, where the capacity growth, the use of
technologies of obsolescence, and energy efficiency have to be discussed simultaneously. Quantitative,
optimization-based frameworks that would be capable of representing such interactions and aid in
supporting system-level decisions in advanced manufacturing settings are clearly in demand. In order to
satisfy this requirement, the paper will suggest a comprehensive techno-economic optimization model
that will simultaneously model financial performance, production planning, technology investment,
capacity development, and energy efficiency within a single mathematical formulation. The
manufacturing system is modeled as a constrained multi-period optimization problem and allows the
same to consider both financial returns and operational efficiency. It is elaborated to make sure that the
algorithm is structured to be computationally feasible and reproducible, and the structure is checked by
means of numerical simulation and sensitivity analysis.

This paper has three key contributions. The first one is that it creates a system-level techno-economic
model that directly connects the technology investment to the operational performance and the dynamic
development of capacity. Second, it combines both financial and operational goals into one optimization
system, and it is no longer sequential or loosely coupled. Third, it offers quantitative performance
assessment and sensitivity testing, which prove the strength and relevance of the offered model to the
manufacturing systems that are technology-intensive.
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The rest of the paper is structured in the following manner. Section 2 presents the related literature
concerning financial performance, operations management, and digital manufacturing. Section 3 also
introduces the suggested techno-economic optimization model and solution algorithm. The numerical
results and sensitivity analyses are discussed in Section 4. Lastly, Section 5 summarizes the paper and
gives recommendations for future research.

LITERATURE REVIEW

The manufacturing that can be characterized by technological intensity has been extensively examined
on the financial and operational levels with a specific focus on the contribution made by sophisticated
technologies and digitalization [19]. Empirical research demonstrates that smart manufacturing
programs have positive effects on the operational performance and finances when technology is
integrated with the production systems [1][6]. On the same note, it has been reported that the Industry
4.0 strategies enhance flexibility, productivity, and competitiveness in manufacturing. firms [4][5]. On
the financial front, earlier studies indicate that it is important to streamline R&D and technology
investments with the implementation of operational activities in order to maximize financial gains [2]
[8]. Research on management accounting and cost allocation systems further underlines that the
integrated financial control mechanisms are effective in translating the improvements in operations into
quantifiable financial results [3][10]. Nevertheless, these papers are based on empirical or conceptual
analysis to a large extent and lack clear system-level optimization models.

Digital and data-driven manufacturing areas of operational research have been concerned with
production planning, capacity utilization, and energy efficiency. Intelligent manufacturing methods built
on data have been demonstrated to boost the efficiency of the operations of a system, especially in
energy-consuming sectors [7] [14]. The digitization of manufacturing, which is lean in nature, has also
been recognized as a major driver of the operational resilience and survival over the long term in a highly
competitive environment [6][13]. The recent research is starting to appreciate the necessity of the
combination of sustainability considerations with both financial and operational decision-making.
Proactive environmental strategies and internal integration have been associated with better performance
in terms of operational and environmental performance, which has an indirect impact on financial
performance [14][15]. The level of governance orientation towards sustainability also helps underscore
the role of strategic alignment between the aspects of the system [3].

The importance of operational slack and financial strength in manufacturing systems has been brought
to the fore by external disturbances and regulatory intrusion. There are indications that the companies
that have integrated financial and operating systems are stronger to absorb the shock and retain stability
in performance [12][20]. Nevertheless, in spite of these revelations, current research tends to look at
finance, operations, or sustainability as individual aspects. According to the analyzed literature, it is
clear that, whereas investment in technology, operational performance, and financial performance is
studied separately, their combination in one quantitative system has not been investigated as extensively.
Existing methods has not provided a clear mathematical expression that involves the dynamic capacity
development, energy efficiency, and economic performance in one way or another. This presents a
certain research gap in creating techno-economic optimization frameworks that incorporate financial
and operational decision-making in technology-intensive manufacturing systems, which is the focus of
the current paper.

METHODOLOGY
Methodological Framework and Model Rationale

The technology-based manufacturing companies are dynamic techno-economic systems where financial
capital, production capacity, technology investments, and operational resources simultaneously change
with time. Capital investment, capacity expansion, production planning, and energy use decisions are all
interdependent, and these theories cannot be dealt with separately or one at a time, with the result that
the system will not perform to its optimum level. The methodology suggested provides the
manufacturing company with a multi-period constrained optimization model, which incorporates

Technical Institute Bijeljina, Archives for Technical Sciences. Year XVII — N " 34 168



Megala Rajendran. et al: Integrated strategic... ... Archives for Technical Sciences 2025, 34(3), 166-177

financial performance, operational effectiveness, technology-based capacity development, and energy
consumption in a single analytical model. Traditional financial models do not take into account the
physical production constraints, whereas traditional operations models do not consider the capital
allocation and costs of obsolete technology. This limitation is overcome in the proposed formulation as:
investing in technology into dynamic capacity development, directly connecting the operational
efficiency to energy consumption, and considering the financial returns and performance of the system
as one to be maximized together with system constraints. The theoretical framework that informs this
formulation is demonstrated in Figure 1, which links strategic investment, operations implementation,
and performance feedback.

[ Performance Measurement & Feedback Layer ]
Balanced Metrics & Insights Onerational KPIs
» Financial KPIs (ROL ~ -0 (Throughput,
Cash Flow) Quality)
1 Continuous Feedback & Strategic Integration T

Figure 1. Integrated Strategic Financial and Operations Management Framework for Technology-Intensive
Manufacturing Firms

Figure 1 represents the logic of the structure of the proposed integrated strategic financial and operations
management system. The diagram shows that the manufacturing company is a stratified techno-
economic system where strategic financial decisions, operational implementation, and performance
feedback are interrelated due to the constant flow of information and resources. The highest level is
strategic financial goals and investment policies, which indicate boundary conditions in technology
acquisition and capital budget. These choices have a direct impact on the capacity evolution and
production planning layer, on the technology investment, changing available production capacity and
cost structures.

The block of operational execution records the production output, the use of energy, and the effects of
utilization, which define the operational efficiencies and the cost performance. The bottom tier of the
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structure is the built-in performance assessment and feedback system, in which the financial
(profitability, return on investment) and operational (capacity utilization, energy efficiency) indicators
are mutually measured. The strategic level receives the performance feedback and allows changing the
intensity of investments, capacity goals, and priorities in operations. Generally, the diagram is a visual
abstraction of the manner in which the financial decisions, the operations processes, and the
technological dynamics are combined into a unified optimization system, analytically defined by the
Equations (1) -(12).

Mathematical Model Formulation
Let the planning horizon be t = 1,2, ..., T. The system is governed by the following decision variables:

e [ investment in advanced manufacturing technologies
e  (J;: production output

e K;: available production capacity

o W,;: working capital allocated

e E;: energy consumption

Financial Performance Function
Total financial performance over the planning horizon is defined as cumulative operating profit as in
eqn 1:
T
F=)R@)-C—1] ()
t=1
Where R(Q;)denotes revenue generated from production output Q.
Operational cost is decomposed to reflect the technical structure of manufacturing systems:

Ct = Cf + ClLt + CeEt + CmQt - nIt (2)
In Eqn 2 Cis fixed cost; Lis labor input; E;is energy consumption; ¢;, ¢,, and c,,are cost coefficients;
and nrepresents cost reduction achieved through technology investment.

Operational Performance Representation
Operational efficiency is expressed as a composite performance function as in Eqn 3:
T
0 = Z(aQt — BLT; — yDR; + kEE}) 3)
Where LT;is lead time, DR;is defei:ztlrate, and E E;denotes energy efficiency.
Energy efficiency is defined as in Eqn 4:
EE == (&
This formulation directly incorporates energy-aware production efficiency into operational evaluation.
Integrated Objective Function
Financial and operational objectives are simultaneously optimized using a weighted aggregation:

max Z = AF + (1 —21)0 &)
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Where A € [0,1]reflects the strategic emphasis on financial performance relative to operational
efficiency, equation (5) ensures integrated rather than sequential optimization.

System Constraints

The optimization problem is subject to the following technical and financial constraints expressed in
Eqn (6) - (9).

Capacity Constraint

Qe = K (6)
Dynamic Capacity Evolution with Technology Effects

Ki =1 - ¢)Ki—1 + 81 — YU, (7
Where ¢is the technology obsolescence rate, §is the investment-induced capacity gain coefficient, and

YU, represents utilization-induced degradation.

Capital Budget Constraint

Working Capital Constraint

Wy 2 00, ©)
Integrated Performance Metrics

System performance is evaluated using the following technical-economic indicators as in Eqn 10-12.

Return on Investment (ROI)

> [RQ) - C.]

ROI = (10)
Y=l
Capacity Utilization
Qe
CU = — 11
=%, (D
Technical-Economic Performance Index (TEPI)
F T
TEPI = == xzﬂQt (12)
t=1Ct t=1E¢

Equation (12) provides a compact indicator linking financial profitability, production efficiency, and
energy performance.

Algorithm 1: Integrated Financial-Operational Optimization

To ensure computational clarity and reproducibility, the integrated model defined by Equations (1) —
(12) is solved using the following pseudocode-based algorithm.

Input:
T, KO, B, /.
S0 yn0
cl ce, cm

o, p K
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Initialize:
t—1
K@) — K0
B remain — B

whilet<Tdo
Initialize feasible 1(1), O(1), E(®)

Update capacity:
K@) — (1 - @)K(t=1) + 1) — y-U@)

Enforce capacity constraint:

0Y <K

Compute energy efficiency:
EE(®) — O@) /E()

Compute operational cost:
C@t) — Cf+ L) + ceE@®) + cm Q@) — nl(t)

Evaluate financial performance:

) —RQ®) — C1) — 1y

Evaluate operational performance:
O) — a:Q() ~ BLT() ~ DR + EE()

Form integrated objective:
2() —2F ) + (1 -0

Subject to:
2'I(t) <B remain
W) 2601

Solve optimization problem:
Maximize Z(t)
Obtain I*(1), Q*@), E*@)

Update remaining budget:
B remain «— B_remain — I*(t)

Update capacity:
K@®) — (1 — @) K@t—1) +o-I*@1)
t—t+1
end while

Compute ROI, CU, and TEPI
Return optimal investment and production plans.

The results of the stepwise optimization algorithm 1 are the solution to the integrated techno-economic
model, which is obtained by repeatedly changing technology investment, production output, and
capacity states subject to financial and operational constraints. The suggested methodology is a dynamic
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constraint-based techno-economic optimization model that brings financial decision-making and
operational implementation together in technology-intensive manufacturing systems.

RESULTS AND DISCUSSION

This section shows the numerical findings of the suggested integrated techno-economic optimization
model that is solved with the help of Algorithm 1. The results are presented in such a way as to prove
the system's feasibility, energy and operational efficiency; dynamic performance behavior, technological
variation robustness, and sensitivity to several performance criteria that are applicable to technology-
intensive manufacturing systems.

Simulation Configuration

The model was evaluated over a planning horizon of T = 5Speriods. The initial production capacity was
set to Ky = 100units, and the overall budget of the available technology investment B=500. The
parameters of cost, energy, and technology were chosen to reflect an average environment of advanced
manufacturing with a moderate level of energy intensity and gradual automation. The strategic weighting
parameter was set to A=0.6, indicating an equal focus on both the financial performance and efficiency
in operations. The convergent solutions of the optimization problem reflected in the set of equations (1)
-(12) are feasible and represent all possible results. Numerical simulations were carried out using
MATLAB (R2023a) with a custom implementation of Algorithm 1. The solution procedure follows the
proposed optimization framework, and sensitivity analyses were performed by systematically varying
key model parameters while maintaining consistent initial conditions.

Optimal Investment, Production, and Capacity Evolution

Table 1 reports the best levels of technology investments, output of production, and output capacity of
production throughout the planning horizon.

Table 1. Optimal Investment, Production Output, and Capacity Evolution

Period ¢ | Investment /, | Production @, | Capacity K,
1 85 92 118
2 95 104 135
3 110 118 158
4 105 126 172
5 90 129 180

The findings indicate that the increasing investment in technologies subsequently increases the capacity
of production by the dynamic mechanism of capacity evolution (Equation 7). The output of production
grows constantly and does not exceed the constraints of the capacity that ensures the feasibility of output
with reference to the capacity constraint (Equation 6).

Integrated Financial and Operational Performance Metrics

Table 2 is a report on key technical economic performance indicators based on the optimized solutions.

Table 2. Integrated Financial and Operational Performance Metrics

Metric Value
Total Financial Performance F 742.6
Return on Investment (ROI) 148
Average Capacity Utilization 0.82
Average Energy Efficiency 291
Technical-Economic Performance Index (TEPI) | 3.24

These values imply that there are high financial returns attained, high operating efficiency, and energy
performance, and thus prove the integration objective formulation in Equation (5).
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Evolution of Production Capacity and Output
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Figure 2. Evolution of Production Capacity and Output

Figure 2 shows how the production capacity and production output will change throughout the planning
horizon. The increase in capacity is due to the technology investment, and the output of production is
on a smooth curve restricted by the available capacity, which proves the stability and the plausibility of
the operational planning.

Energy Efficiency Improvement Over Time

4.01

3.8 A

1'3.6 1

E_t
w L W
[=] 8] +a
| | |

Energy Efficiency (Q_t/

o8]
o]
|

2.4

T
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Time Period

Figure 3. Energy Efficiency Improvement over Time

Figure 3 indicates the change in time of energy efficiency with the help of Equation (4). The rising trend
shows that enhancing production with the help of investment in technological facilities and efficient
planning of production increases the production-energy efficiency in the manufacturing system.
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Dynamic Financial and Operational Performance Trends
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Figure 4. Dynamic Evolution of Financial and Operational Performance

Figure 4 shows how the indices of normal processes of financial and operational performance change
with time. The trends of both indices show a consistent increase that reflects the convergence and the
strong similarity of the integrated optimization framework; financial performance grows at a somewhat
faster pace.

Sensitivity of System Performance to Technology Gain

3.3 A

3.2

3.1 A

3.0 A

2.9

2.8 1

2.7 1

Technical-Economic Performance Index (TEPI)

2.6 1

T T T
0.4 0.5 0.6 0.7 0.8 0.9 1.0
Technology Gain Coefficient (G)

Figure 5. Sensitivity of Technical-Economic Performance to Technology Gain Coefficient (&)

Figure 5 shows how the Technical- Economic Performance Index is sensitive to the change in the
technology gain coefficient delta. The findings indicate that the higher the increases in technology, the
better the performance of the system, and demonstrate that marginal benefits decrease over some point.
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Multi-Criteria Sensitivity Analysis under Different Strategic Weights
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Figure 6. Multi-Criteria Sensitivity Analysis under Different Strategic Weights (1)

The multi-criteria sensitivity analysis illustrated in Figure 6 demonstrates the normalized growth of the
key financial and operational performance elements, including ROI, capacity utilization, energy
efficiency, cost efficiency, capacity growth, and TEPI at various strategic weighting factors, A. The
findings indicate equilibrated system performance and stability of the suggested model in various
performance aspects. The factual findings prove that the suggested techno-economic optimization model
is effective in the integration of monetary investment choices and operation implementation. The
investments in technology are also able to increase the production capacity, make energy use more
efficient, and augment financial returns simultaneously. The dynamic and sensitivity analyses also
illustrate that the model is robust to the changing technological and strategic situations, which contribute
to its suitability in the technology-intensive manufacturing systems.

CONCLUSION

This paper presented a techno-economic optimization framework that is integrated in technology-
intensive manufacturing systems that were highly interrelated, considering a financial investment
decision and operational performance. The proposed approach directly connected technology
investment, dynamic capacity evolution, production planning, and energy efficiency in the analytical
framework by developing the manufacturing system as a multi-period constrained optimization problem.
The numerical data showed that there are significant system-level returns to coordinated financial-
operational decision-making. Investments in technology helped to increase the production capacity of
100 to 180 units within a planning period, at attainable production levels. The combined approach had
an overall financial performance of 742.6, an ROI of 1.48, and an average capacity utilization of 0.82.
There was a steady increase in energy efficiency, with the average of 2.91 attested, which demonstrates
that energy-conscious production planning is effective. Sensitivity analysis also revealed that the higher
the technology gain coefficient, the higher the Technical Economic Performance Index, with decreasing
marginal benefits with the increasing technology gain coefficient.

Technically, the proposed framework offers a reproducible and systematic approach to analyzing
manufacturing systems as coupled financial-operational systems. The clear formulation of capacity
development, energy consumption, and performance feedback maintains the realistic modeling of the
production environment that is technology-intensive. Although these contributions are made, the
framework is tested on deterministic assumptions and heuristic numbers simulation using representative
parameters. Uncertainty about the demand, fluctuation of energy prices, and the stochastic performance
of technology are not explicitly addressed. Future studies can make the model more stochastic, integrate
data in real-time, coordinate multiple factories or supply-chain levels, and empirically validate it with
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industrial case studies. In general, the suggested framework provides a powerful and scalable decision-
support system to streamline financial and operational performance in state-of-the-art manufacturing
systems.
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