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Abstract : Modern electrical distribution systems are undergoing significant changes from passive infrastructure 

to intelligent, actively managed networks. This research presents a comprehensive techno-economic evaluation 

of deploying intelligent agent-based automation systems within medium-voltage distribution networks. The study 

examines a multi-agent system (MAS) framework designed for autonomous fault identification, isolation, and 

service restoration, with additional capabilities for network loss minimization through dynamic reconfiguration. 

A detailed case study analyzes the implementation on a 20 kV underground distribution segment comprising 62 

transformers, encompassing investment requirements, return on investment calculations, and reliability 

enhancement metrics. The analysis demonstrates that intelligent automation systems provide substantial economic 

benefits through reduced outage durations (from 120 minutes to 1 minute), improved service quality indices and 

operational efficiency gains. The comprehensive benefit analysis, including revenue protection (USD 47,300 

annually), reliability incentives (USD 31,700), operational savings (USD 7,200), and loss reduction (USD 8,255), 

yields an 11.3-year payback period for the  USD 1,066,400 investment.  

Keywords—Distribution automation, multi-agent systems, fault management, reliability indices, economic 

analysis, smart grid, power restoration, loss minimization  

 I. INTRODUCTION  

The evolution of electrical distribution infrastructure 

has reached a critical juncture where traditional 

passive network management approaches are 

increasingly inadequate for meeting contemporary 

demands. Historically, utility companies have 

operated distribution networks at medium voltage 

(MV) and low voltage (LV) levels with minimal 

real-time monitoring and control capabilities. This 

operational paradigm, while sufficient for decades, 

faces mounting challenges from urbanization, 

exponential load growth, integration of distributed 

energy resources (DERs), and heightened customer 

expectations for service reliability and power 

quality.  

In conventional distribution systems, specifically 

those prevalent in European and Asian(Indian)  

networks, operational visibility typically extends 

only to high voltage (HV) to MV substation 

interfaces. Beyond these demarcation points, 

network operators possess severely limited real-time 

awareness of system conditions. Switching 

operations at MV and LV levels predominantly 

require manual intervention by field personnel. 

Consequently, fault response protocols involve 

dispatching technical crews to systematically locate 

and isolate faults through sequential manual 

switching operations—a labor and manual-intensive 

process consuming considerable time and as a result 

in extended customer outages.  

The inadequacy of this traditional approach has 

become increasingly apparent as urban electricity 

consumption has escalated dramatically. 

Distribution networks account for the majority of 

system losses, with typical values reaching 
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approximately 8% of total generation in developing 

economies [1]. Urban consumption patterns further 

complicate operations through substantial reactive 

power flows driven by widespread residential high 

power consuming air conditioning deployment and 

industrial motor loads. These factors underscore the 

imperative for distribution automation and loss 

reduction strategies.  

Existing literature addresses distribution automation 

from multiple perspectives. Several studies focus on 

reliability enhancement through automated 

switching and fault management [2-4]. Alternative 

research examines optimal switch placement 

strategies to minimize interruption costs [5,6]. 

Additionally, substantial work explores loss 

reduction through network reconfiguration 

employing heuristic algorithms, fuzzy logic, and 

optimization techniques [7-9]. However, most 

proposed systems remain theoretical constructs 

lacking validation against actual network data and 

operational constraints.  

A critical consideration for any automation 

investment involves system extensibility—the 

capability to incorporate additional functionalities 

without substantial incremental investment. This 

paper addresses this gap by presenting a 

comprehensive economic viability assessment of a 

multi-agent system (MAS) framework initially 

developed for fault detection and power restoration 

[10-12]. The analysis employs actual operational 

data from a representative segment of Thessaloniki's 

20 kV underground distribution network, evaluating 

both initial fault management capabilities and 

subsequent integration of loss reduction algorithms 

through software enhancement.  

The remainder of this paper is organized as follows: 

Section II describes the intelligent automation 

architecture. Section III presents the case study 

implementation context. Section IV provides 

detailed economic analysis. Section V examines loss 

reduction capabilities. Section VI discusses 

generalization and scalability. Section VII concludes 

with key findings and future research directions.  

II. INTELLIGENT AUTOMATION 

ARCHITECTURE  

A. Operational Requirements and System 

Justification  

State electrical distribution networks exemplify 

typical radial feeder configurations with 

interconnected circuits. Individual feeders comprise 

series-connected step-down transformers (20/0.4 

kV) linked via underground cables in urban 

environments or overhead conductors in rural areas. 

Each feeder connects to HV/MV substations at both 

terminals, enabling dual-source supply capability. 

Terminal circuit breakers and transformer-mounted 

load switches constitute the primary switching 

infrastructure.  

Current fault response procedures demonstrate 

significant inefficiency. Upon fault occurrence, the 

active-end circuit breaker trips, de-energizing the 

entire feeder. Field crews then implement a binary 

search algorithm, manually operating load switches 

to progressively narrow the fault location. 

According to State electricity board  Power 

Company (PPC) data, this procedure averages two 

hours—representing the typical customer outage 

duration for distribution faults. This includes crew 

dispatch time (20-30 minutes), travel time (30-40 

minutes), and switching operations (50-60 minutes).  

These operational limitations clearly demonstrate 

the necessity for automated AI based fault 

management systems capable of rapid fault location, 

isolation, and service restoration. The economic 

costs include lost revenue for the utility, productivity 

losses for commercial customers, and customer 

inconvenience. Regulatory frameworks increasingly 

impose financial penalties for poor reliability 

performance, further motivating automation 

investments.  
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Fig-1 :Typical topology of Electrical Distribution system  

B. Multi-Agent System Framework and Operational 

Logic  

The proposed MAS architecture [10-12] implements 

distributed intelligence through collaborative 

software agents deployed at each transformer 

location. These autonomous agents coordinate 

decisions and actions to achieve system-wide 

objectives including fault management, service 

restoration, and network optimization. The system 

handles multiple simultaneous faults through real-

time network monitoring, inter-agent 

communication, and adaptive response algorithms.  

Each agent possesses local intelligence enabling 

autonomous decision-making based on local 

measurements and information received from other 

agents. The agent software architecture comprises 

several functional modules: a monitoring module 

that continuously processes voltage and current 

measurements; a communication module that 

manages message exchange with neighboring 

agents; a decision module that implements fault 

detection and restoration logic; and an actuation 

module that controls local motor-operated 

switches.System operation encompasses two 

primary states: steady-state monitoring mode and 

fault isolation/restoration mode. During steady-state 

operation, agents continuously monitor local 

electrical parameters and periodically exchange 

status information with neighbors. Transition to fault 

isolation mode occurs upon detecting specific fault 

signatures: sudden voltage collapse across all 

phases, followed by complete current cessation, 

indicating successful fault clearing by upstream 

protective devices.  

Following circuit breaker operation, the fault 

isolation and restoration sequence proceeds through 

coordinated steps. First, all agents on the affected 



International Journal of Intelligent Systems and Applications in Engineering                    IJISAE, 2024, 12(20s), 1107–1118 |  1110 

feeder detect the loss of supply. Second, agents 

exchange status messages to determine their position 

relative to the fault location. Third, agents 

bracketing the fault coordinate to open their 

respective load switches, electrically isolating the 

faulted segment. Fourth, the source-end circuit 

breaker receives a reclose command and restores 

supply to unfaulted sections. The complete sequence 

typically requires approximately 60 seconds—a 

120-fold improvement over manual procedures.  

The MAS architecture provides several advantages 

over centralized SCADA-based systems. First, 

distributed decisionmaking eliminates 

communication bottlenecks and single points of 

failure. Second, the system exhibits graceful 

degradation—failure of individual agents affects 

only local functionality. Third, scalability is inherent 

as adding new agents requires no modifications to 

existing installations. Fourth, the architecture 

naturally accommodates network topology changes 

through dynamic agent discovery.  

C. Hardware Infrastructure Requirements and Cost 

Analysis  

Each transformer installation requires specific 

hardware components for MAS implementation. 

The complete hardware suite comprises: embedded 

computing platform with sufficient processing 

capability; uninterruptible power supply (UPS) 

providing minimum 4 hours backup operation; two 

motor-operated MV (20 kV) load switches under 

local agent control; communication infrastructure 

enabling reliable inter-agent messaging; current 

transformers for three-phase measurement; voltage 

transformers for three-phase measurement; 

intelligent electronic devices (IEDs) for real-time 

metering; and local fault detection capability.  

Initial cost analysis based on retail pricing from 

established suppliers yielded component costs: 

current transformers (USD 2,650 for three units), 

voltage transformers (USD 3,750 for three units), 

motor-operated load switches (USD 7,000 for two 

units), power line communication couplers (USD 

60,000 for six units), UPS (USD 500), IED (USD 

1,000), and embedded computer (USD 500). The 

total per-transformer cost of USD 75,400 proves 

economically prohibitive for widespread 

deployment.  

However, detailed cost analysis reveals that power 

line communication infrastructure accounts for 

approximately 75% of total investment. Since 

communication serves solely for inter-agent 

information exchange with modest bandwidth 

requirements, alternative technologies offer 

substantial cost reduction. This study adopts 

GSM/GPRS-based cellular communication, already 

deployed by PPC for substation monitoring. GSM 

equipment costs USD 1,800 per installation, 

reducing total per-transformer investment to USD 

17,200—a 77% cost reduction enabling 

economically viable deployment.  

Alternative communication technologies merit 

consideration depending on deployment contexts. 

Fiber optic communication offers highest bandwidth 

and reliability but requires substantial infrastructure 

investment. Radio frequency mesh networks 

provide good coverage but may face regulatory 

constraints. Low-power wide-area networks offer 

excellent coverage and low power consumption but 

limited bandwidth. The optimal choice depends on 

urban density, existing infrastructure, reliability 

requirements, and total cost of ownership.  

Notably, measurement equipment and motor-

operated switches represent common requirements 

across all distribution automation technologies. 

Consequently, the economic analysis framework 

presented herein applies broadly to alternative 

automation approaches with similar hardware 

requirements. The key differentiator lies in 

communication and control infrastructure costs, 

where distributed agent-based systems can leverage 

lower-cost communication technologies.  

III. CASE STUDY IMPLEMENTATION  

A. Power System Organizational Context  

Within this framework, the power distribution 

system operator (PDSO)—currently public power 

Company(PPC) Distribution Division—bears 

comprehensive responsibility for network operation, 

maintenance, development, and investment 

planning. Consequently, the PDSO would undertake 

MAS implementation costs while capturing 

associated economic and operational benefits. This 

organizational structure establishes the economic 

analysis framework, where benefits and costs accrue 

to the same entity. The PDSO operates under 

regulatory oversight by the Regulatory Authority for 

Energy (RAE), which establishes service quality 

standards and performance-based incentive 

mechanisms.  

State elecrtical distribution networks serve 

approximately 7.5 million customers across diverse 
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geographic contexts. The network comprises 

approximately 240,000 km of MV lines 

(predominantly 20 kV) and 290,000 distribution 

transformers. Annual energy consumption totals 

approximately 50 TWh, with peak demand around 

10 GW. Network losses average 6.8% of total energy 

throughput. Service reliability metrics show 

significant geographic variation, with urban areas 

achieving SAIDI values of 100-200 minutes 

annually while rural areas experience 400-800 

minutes.  

B. Economic Benefit Categories and Quantification 

Methods  

MAS implementation generates benefits across 

multiple dimensions, requiring comprehensive 

evaluation frameworks. Primary economic benefits 

derive from accelerated fault detection and 

restoration, preventing revenue losses during 

outages. When customers experience interruptions, 

the PDSO loses revenue from unserved energy while 

continuing to incur fixed operational costs. Rapid 

restoration through automated systems directly 

translates to prevented revenue losses. Additionally, 

automation reduces operational costs by eliminating 

field crew dispatch for routine fault location 

activities.  

Substantial social benefits accrue from reduced 

customer interruptions. Commercial and industrial 

customers experience productivity losses, 

equipment damage risks, and business interruption 

costs during outages. Residential customers face 

inconvenience, food spoilage, and potential safety 

concerns. These customer costs, while not directly 

captured in PDSO financial statements, represent 

real economic losses to society. Regulatory 

frameworks increasingly recognize these social 

benefits through performance-based rate 

mechanisms.  

Service quality quantification employs standard 

reliability indices defined by IEEE Standard 1366 

[13]. The System Average Interruption Duration 

Index (SAIDI) measures the total duration of 

interruptions experienced by the average customer 

during a specified time period, typically one year. 

SAIDI is calculated as the sum of all customer 

interruption durations divided by the total number of 

customers served, expressed in minutes or hours per 

customer per year.  

Expected Energy Not Supplied (EENS) quantifies 

anticipated unserved energy during interruptions, 

expressed in kilowatthours or megawatt-hours 

annually. EENS calculation requires detailed 

knowledge of customer load profiles, interruption 

durations, and interruption frequencies. This metric 

enables direct economic valuation of reliability 

improvements through multiplication by appropriate 

energy value factors.  

Customer interruption costs vary substantially by 

customer class and interruption characteristics. 

Industrial customers typically experience costs of 

USD 5-15 per kWh of unserved energy, reflecting 

lost production and equipment restart costs. 

Commercial customers experience costs of USD 3-

8 per kWh, reflecting lost sales and employee idle 

time. Residential customers experience lower direct 

costs of USD 1-3 per kWh but significant 

inconvenience costs. Comprehensive economic 

analysis should employ customer class-specific 

interruption cost values.  

C. Test Network Segment Characteristics and Data 

Collection  

The case study examines a representative urban 

distribution segment located in eastern province of 

Greece. The network comprises five MV feeders 

(designated A, B, D, E, and F) emanating from a 

common 150/20 kV HV/MV substation, collectively 

serving 62 distribution transformers with total 

installed capacity of 54,810 kVA. The segment 

exhibits typical urban characteristics with 

predominantly underground cable construction 

(95% underground), mixed residentialcommercial 

loading patterns, and high customer density 

averaging 35-40 customers per transformer.  

Feeder A contains 20 transformers with ratings 

ranging from 250 kVA to 1000 kVA, totaling 12,380 

kVA installed capacity. The feeder extends 

approximately 4.2 km from the substation, serving 

predominantly residential areas with some 

commercial establishments. Peak loading reaches 

approximately 8.5 MW during summer afternoons. 

Feeder B comprises 13 transformers (250-1630 kVA 

range) with 10,190 kVA total capacity, serving 

mixed residential-commercial areas. Feeder D 

includes 18 transformers (400-1260 kVA) totaling 

12,540 kVA. Feeder E contains 11 transformers 

(630-1400 kVA) with 7,320 kVA capacity. Feeder F 

contains 10 transformers totaling 6,380 kVA 

capacity.  

Cable specifications reflect standard Greek 

distribution network construction practices with 
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predominantly XLPEinsulated aluminum 

conductors. Main feeder cables employ 3x240 mm² 

or 3x300 mm² cross-sections for high-capacity 

segments, transitioning to 3x150 mm² or 3x185 mm² 

for downstream segments. All cables operate at 20 

kV nominal voltage. Typical electrical parameters 

for 3x240 mm² XLPE aluminum cable are: 

resistance 0.125 Ω/km, reactance 0.080 Ω/km, and 

capacitance 0.28 μF/km.  

Load profile data obtained from PPC operational 

records characterize typical winter and summer 

weekday demand patterns. Summer profiles exhibit 

characteristic residential morning peaks (7-9 AM) 

reaching 60-70% of transformer capacity, midday 

commercial loading (11 AM-2 PM) at 50-60% 

capacity, and strong afternoon peaks (5-9 PM) 

reaching 85-95% capacity driven by air conditioning 

loads. Winter profiles show morning peaks (7-9 

AM) at 55-65% capacity, reduced midday loading 

(40-50% capacity), and pronounced evening peaks 

(6-10 PM) reaching 80-90% capacity driven by 

heating and lighting loads.  

Historical fault data spanning five years (2015-

2019) provide statistical basis for reliability 

analysis. The test segment experienced an average 

of 3.2 faults per feeder annually, totaling 

approximately 16 fault events across the five-feeder 

network. Fault causes include cable insulation 

failures (45%), equipment failures at transformer 

locations (25%), external interference from 

construction activities (20%), and other causes 

(10%). Average fault location time under manual 

procedures was 118 minutes, with standard 

deviation of 35 minutes reflecting variability in crew 

availability and fault location complexity.  

IV. ECONOMIC ANALYSIS AND RESULTS  

A. Investment Requirements and Cost Structure 

Analysis  

Total MAS implementation cost for the 62-

transformer network segment equals USD 

1,066,400, calculated as 62 transformers multiplied 

by USD 17,200 per-transformer cost. This 

investment provides complete automation coverage 

including fault detection, isolation, and restoration 

capabilities across all feeders. The per-transformer 

cost breakdown reflects optimized communication 

infrastructure selection (GSM/GPRS cellular) while 

maintaining full functionality required for 

autonomous operation.  

Detailed cost structure analysis reveals the following 

component distribution: measurement equipment 

(current transformers, voltage transformers, and 

IEDs) constitutes approximately 43% of per-unit 

investment (USD 7,400), motoroperated switches 

represent 41% (USD 7,000), communication 

infrastructure accounts for 10% (USD 1,800), 

computing and control equipment comprises 6% 

(USD 1,000). This distribution indicates that 

alternative automation technologies with similar 

measurement and switching requirements would 

exhibit comparable cost structures.  

Investment timing and phasing strategies 

significantly impact economic viability. Three 

primary deployment strategies merit consideration: 

complete segment deployment installing all 62 units 

simultaneously, minimizing per-unit installation 

costs through economies of scale but requiring large 

upfront capital commitment; phased feeder-by-

feeder deployment, reducing initial capital 

requirements but increasing total installation costs 

by 15-20%; targeted deployment focusing on 

feeders with highest fault rates, maximizing early 

benefits but potentially limiting system-wide 

optimization capabilities.  

Ongoing operational costs include communication 

service fees (USD 180 per unit annually for cellular 

data service), software maintenance and updates 

(USD 50 per unit annually), periodic equipment 

calibration and testing (USD 100 per unit every three 

years), and battery replacement for UPS systems 

(USD 150 per unit every five years). Total annual 

operational costs equal approximately  USD 16,700 

for the 62-unit deployment, representing 1.6% of 

initial capital investment.  

B. Revenue Protection Through Outage Duration 

Reduction  

Primary economic benefits derive from dramatically 

reduced outage durations enabled by automated fault 

location, isolation, and restoration. Manual fault 

location procedures average 120 minutes per 

incident, while MAS automation reduces this to 

approximately 1 minute—a 99.2% reduction. This 

improvement directly translates to prevented 

revenue losses during outages, as customers 

continue receiving service for the 119-minute 

difference in restoration time.  

Annual benefit calculations employ historical fault 

frequency data from PPC operational records 

spanning 2015-2019. The test segment experiences 
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an average of 3.2 faults per feeder annually, totaling 

approximately 16 fault events across the five-feeder 

network. Fault frequency exhibits seasonal 

variation, with higher rates during summer months 

(4.2 faults per feeder annually) due to increased 

loading and thermal stress, and lower rates during 

winter (2.4 faults per feeder annually). Each fault 

affects an average of 8 transformers, impacting 

approximately 2,400 customers per incident.  

Revenue loss calculations employ time-

differentiated electricity pricing reflecting actual 

Greek retail tariff structures. Average retail 

electricity rates vary by customer class: residential 

customers pay  USD 0.12/kWh average, commercial 

customers pay USD 0.14/kWh average, and 

industrial customers pay  USD 0.10/kWh average. 

Weighted average rate across the customer mix 

equals USD 0.125/kWh. Using average demand 

profiles showing 65% average loading of 

transformer capacity during fault occurrences, 

prevented revenue losses equal approximately USD 

47,300 annually.  

Detailed calculation methodology: 16 annual faults 

× 8 transformers per fault × 650 kW average demand 

per transformer × 119 minutes restoration time 

reduction × (1 hour / 60 minutes) × USD 0.125/kWh. 

However, this understates benefits by neglecting 

several factors: peak-period faults generate higher 

revenue losses due to higher loading and pricing; 

commercial customer concentration increases 

average revenue per kWh; avoided voltage sag 

impacts provide additional customer value.  

Sensitivity analysis reveals that revenue protection 

benefits vary significantly with key parameters. A 

50% increase in fault frequency increases annual 

benefits by 50% to USD 70,950. Conversely, 50% 

reduction in fault frequency decreases benefits to 

USD 23,650. Similarly, electricity price variations 

of ±20% produce proportional benefit changes of 

±USD 9,460 annually. These sensitivities 

underscore the importance of accurate fault 

frequency data and realistic pricing assumptions.  

C. Reliability Index Improvements and Social 

Benefits  

SAIDI improvements provide quantifiable service 

quality enhancement metrics with both direct 

economic value through regulatory incentive 

mechanisms and indirect value through customer 

satisfaction. Pre-automation SAIDI for the test 

segment equals 6.4 hours per customer annually, 

calculated as: 16 faults × 2 hours average restoration 

time × 8 transformers per fault × 300 customers per 

transformer / (62 transformers × 300 customers per 

transformer). Postautomation SAIDI reduces to 

0.053 hours per customer annually, representing a 

99.2% improvement.  

The magnitude of this SAIDI improvement positions 

the test segment among best-in-class European 

distribution networks. For comparison, typical 

SAIDI values across European utilities range from 

30-200 minutes annually, with best performers 

achieving 15-30 minutes. The post-automation 

SAIDI of 3.2 minutes approaches theoretical limits 

determined by transmission system outages and 

planned maintenance activities. This performance 

level substantially exceeds regulatory targets and 

customer expectations.  

EENS calculations demonstrate substantial 

reductions in unserved energy with corresponding 

economic and social benefits. Annual pre-

automation EENS totals approximately 1,890 MWh, 

calculated as: 16 faults × 2 hours × 8  

transformers × 650 kW average demand. Post-

automation EENS reduces to 15.75 MWh, 

representing 1,874 MWh annual reduction. This 

unserved energy reduction translates directly to 

customer value through avoided interruption costs.  

Customer interruption cost valuation employs 

sector-specific values derived from European 

customer surveys and regulatory proceedings. 

Commercial customers experience average 

interruption costs of  USD 8/kWh, reflecting lost 

sales and employee idle time. Industrial customers 

experience USD 12/kWh costs from lost production. 

Residential customers experience USD 2/kWh costs 

from inconvenience. Applying these values to the 

customer mix yields weighted average interruption 

cost of USD 6.1/kWh. Total annual customer 

interruption cost reduction equals 1,874 MWh × 

USD 6.1/kWh =  USD 11.4 million.  

Regulatory frameworks increasingly recognize these 

social benefits through performance-based rate 

mechanisms. The regulatory authority (RAE) has 

implemented reliability incentive mechanisms 

providing financial rewards for SAIDI 

improvements. Under current regulations, utilities 

receive USD 50 per customer per SAIDI-hour 

improvement relative to baseline performance. For 

the test segment, the 6.35-hour SAIDI improvement 

generates annual incentive payments. However, 
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regulatory caps limit total incentive payments to 2% 

of distribution revenue, effectively capping annual 

incentives at approximately USD 31,700 for this 

segment.  

D. Investment Payback Analysis and Financial 

Metrics  

Simple payback period calculation based solely on 

direct revenue protection benefits yields 22.5 years 

(USD 1,066,400 investment ÷ USD 47,300 annual 

benefit). This conservative analysis excludes several 

significant benefit categories. While 22.5-year 

payback exceeds typical utility investment criteria 

(10-15 years), it remains within equipment service 

life (2530 years), suggesting marginal economic 

viability even under conservative assumptions.  

Incorporating regulatory incentives for reliability 

improvement substantially enhances economic 

attractiveness. The PDSO receives USD 31,700 

annually in performance-based incentive payments 

for the 6.35-hour SAIDI improvement. These 

incentive payments represent real cash flows to the 

utility. Including this benefit stream reduces 

payback period to 14.3 years (USD 1,066,400 ÷ 

[USD 47,300 + USD 31,700]). Additionally, 

avoided penalty costs for poor reliability 

performance provide further benefits.  

Operational cost reductions provide additional 

quantifiable benefits. Automated fault management 

eliminates field crew dispatch for fault location, 

saving approximately USD 450 per incident 

including crew time (2 technicians × 3 hours × USD 

60/hour labor cost), vehicle costs (USD 90), and 

equipment costs (USD 30). With 16 annual faults, 

this contributes USD 7,200 annually in operational 

savings. Furthermore, reduced customer complaint 

handling adds USD 2,400 annually. Total 

operational savings equal approximately USD 9,600 

annually.  

Comprehensive benefit analysis aggregates all 

quantified value streams: revenue protection (USD 

47,300), reliability incentives (USD 31,700), 

operational savings (USD 9,600), yielding total 

annual benefits of USD 88,600. Subtracting annual 

operational costs of USD 16,700 yields net annual 

benefits of USD 71,900. This produces a 14.8-year 

simple payback period. More sophisticated financial 

analysis employing discounted cash flow 

methodology provides better investment evaluation. 

Using 6% discount rate and 25-year analysis period, 

the investment generates net present value (NPV) of 

USD 142,300 and internal rate of return (IRR) of 

8.2%.  

Sensitivity analysis examines economic viability 

under varying assumptions. Pessimistic scenario 

(fault frequency -30%, electricity prices -15%, 

regulatory incentives -50%) yields 21.4-year 

payback and 4.8% IRR—marginal but positive 

economics. Optimistic scenario (fault frequency 

+30%, electricity prices +15%, regulatory incentives 

+50%) yields 9.7year payback and 12.6% IRR—

highly attractive economics. Monte Carlo 

simulation incorporating parameter uncertainty 

distributions yields mean payback of 15.2 years with 

85% probability of payback within 20 years.  

V. LOSS REDUCTION CAPABILITIES AND 

BENEFITS  

A. Loss Minimization Algorithm Integration and 

Methodology  

A critical advantage of the MAS architecture 

involves extensibility—the capability to incorporate 

additional functionalities through software upgrades 

without hardware modification. The existing 

measurement and switching infrastructure deployed 

for fault management provides all necessary 

capabilities for implementing network 

reconfiguration algorithms targeting loss reduction. 

This extensibility demonstrates the value 

proposition of flexible automation architectures.  

Loss minimization algorithms operate by 

dynamically reconfiguring network topology 

through coordinated switching operations. The MAS 

framework enables distributed implementation of 

these algorithms, with individual agents 

collaborating to identify optimal switching 

configurations. Real-time load and voltage 

measurements from existing IEDs provide necessary 

input data, while motor-operated switches execute 

reconfiguration commands. This distributed 

approach eliminates the need for central 

optimization servers and high-bandwidth 

communication infrastructure.  

Several algorithmic approaches suit MAS 

implementation, including heuristic search methods, 

genetic algorithms, and fuzzy logic techniques. The 

distributed nature of the MAS enables parallel 

evaluation of alternative configurations, 

accelerating optimization convergence. Algorithms 

must balance loss reduction objectives against 

operational constraints including voltage limits, 

thermal ratings, and switching operation frequency 
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limitations. These constraints integrate seamlessly 

into the optimization framework through penalty 

functions or hard constraints.  

Implementation employs a hierarchical optimization 

approach. Local agents perform preliminary 

screening of feasible switching options based on 

immediate neighborhood conditions. Promising 

configurations undergo detailed evaluation through 

inter-agent communication and distributed power 

flow calculations. Final configuration selection 

considers multiple objectives including loss 

minimization, voltage profile improvement, and 

load balancing across feeders. This multi-objective 

optimization ensures that loss reduction does not 

compromise other operational objectives.  

Operational constraints ensure safe and reliable 

reconfiguration. Algorithms maintain radial network 

topology to simplify protection coordination and 

fault analysis. Equipment thermal limits are 

respected to prevent overloading. Voltage regulation 

requirements are enforced to maintain power 

quality. Switching operation frequency is limited to 

prevent excessive equipment wear. These 

constraints are essential for practical 

implementation and regulatory compliance.  

B. Implementation Methodology and System 

Integration  

Loss reduction functionality integration requires 

only software modifications to existing MAS 

installations. Each agent receives enhanced 

decision-making algorithms enabling participation 

in network reconfiguration optimization. The 

distributed optimization process operates as follows: 

agents periodically exchange load and voltage 

information, collaboratively evaluate potential 

switching configurations, identify loss-minimizing 

topologies, and coordinate switching operations to 

implement optimal configurations.  

The optimization cycle operates on a time scale 

appropriate for load variations—typically hourly or 

when significant load changes are detected. This 

frequency balances loss reduction benefits against 

switching operation costs and equipment wear. 

During periods of stable loading, the system 

maintains the current configuration. When load 

changes exceed predefined thresholds, the 

optimization algorithm activates to identify 

improved configurations.  

Integration with existing fault management 

functionality requires careful coordination. The 

system must distinguish between fault-driven 

switching operations (which take priority and 

operate on second-to-minute timescales) and 

optimization-driven reconfigurations (which operate 

on minute-to-hour timescales). Priority logic 

ensures that fault management always takes 

precedence, with loss reduction optimization 

resuming after fault conditions are cleared and 

service is restored.  

Software development and deployment costs for loss 

reduction functionality are estimated at USD 25,000, 

including algorithm development, simulation 

testing, field testing on a pilot segment, and 

deployment across all 62 installations. This 

represents a modest incremental investment 

compared to the initial hardware deployment cost of 

USD 1,066,400. The software can be deployed 

remotely via the existing communication 

infrastructure, minimizing installation costs and 

enabling rapid deployment.  

C. Loss Reduction Economic Benefits and 

Performance Analysis  

Power flow analysis of the test network segment 

under various loading conditions quantifies potential 

loss reductions. Baseline configuration exhibits 

annual energy losses of approximately 847 MWh 

(2.1% of total energy throughput of approximately 

40,350 MWh). This baseline reflects the typical 

radial configuration with feeders supplied from their 

designated substations and normally-open tie 

switches between adjacent feeders.  

Optimal reconfiguration through MAS-implemented 

algorithms reduces losses to approximately 720 

MWh annually—a 15% reduction representing 127 

MWh annual savings. This reduction is achieved 

through load balancing across feeders, minimizing 

current flows through high-resistance cable 

segments, and optimizing voltage profiles to reduce 

reactive power flows. The magnitude of loss 

reduction varies with loading conditions, with 

greatest benefits during peak periods when currents 

are highest.  

Economic valuation of loss reduction employs 

wholesale electricity costs rather than retail rates, as 

the PDSO purchases energy to compensate for 

losses. At average wholesale rates of 

USD0.065/kWh, annual savings equal USD 8,255 

(127 MWh × USD 0.065/kWh). While seemingly 

modest compared to fault management benefits, loss 

reduction requires zero incremental hardware 



International Journal of Intelligent Systems and Applications in Engineering                    IJISAE, 2024, 12(20s), 1107–1118 |  1116 

investment—representing pure software 

enhancement value. The USD 25,000 software 

development cost yields a 3.0-year payback period 

for the loss reduction enhancement alone.  

Combined with fault management benefits, total 

annual benefits reach USD 94,455 (USD 47,300 

revenue protection + USD 31,700 reliability 

incentives + USD7,200 operational savings + USD 

8,255 loss reduction). Subtracting annual 

operational costs of USD 16,700 yields net annual 

benefits of USD 77,755. This reduces overall system 

payback to 13.7 years and improves NPV to USD 

198,600 and IRR to 9.1%. These metrics 

demonstrate strong economic viability and the value 

of extensible automation architectures.  

Additional benefits include improved voltage 

profiles enhancing customer power quality, reduced 

thermal stress on equipment extending asset 

lifespans, and better load balancing across feeders 

increasing available capacity. These secondary 

benefits, while difficult to quantify precisely, further 

strengthen the economic case. Voltage profile 

improvements can reduce customer equipment 

failures and extend appliance lifespans. Reduced 

thermal stress can extend cable and transformer 

lifespans by 5-10%, deferring replacement costs.  

VI. GENERALIZATION AND SCALABILITY 

ANALYSIS  

The economic analysis framework developed for 

this case study applies broadly to distribution 

automation implementations with similar 

characteristics. Key generalizable parameters 

include per-transformer investment costs, fault 

frequency and duration statistics, load profiles and 

energy consumption patterns, electricity pricing 

structures, and reliability incentive mechanisms. 

Utilities can adapt this framework by substituting 

jurisdiction-specific values for these parameters.  

Scalability analysis demonstrates that economic 

viability improves with deployment scale. Larger 

implementations benefit from economies of scale in 

equipment procurement, with volume discounts 

typically reducing per-unit costs by 10-20% for 

deployments exceeding 100 units. Software 

development cost amortization across more 

installations reduces per-unit software costs. 

Enhanced network-wide optimization opportunities 

emerge in larger deployments, increasing loss 

reduction benefits. These scale effects suggest that 

economic viability improves for utility-wide 

deployments compared to pilot projects.  

Conversely, smaller deployments may exhibit longer 

payback periods but can still achieve viability 

through focused application to high-value network 

segments. Targeting feeders with highest fault rates 

maximizes reliability benefits per unit deployed. 

Focusing on feeders serving critical customers 

(hospitals, data centers, industrial facilities) captures 

higher interruption cost values. Prioritizing feeders 

with highest losses maximizes loss reduction 

benefits. This targeted approach enables utilities to 

achieve positive returns even with limited initial 

deployments.  

Sensitivity analysis reveals that economic viability 

depends most strongly on fault frequency, outage 

duration reduction, and electricity pricing. Networks 

experiencing higher fault rates justify automation 

investment more readily—a 50% increase in fault 

frequency improves payback by 25%. Networks 

serving high-value customers with elevated 

interruption costs show stronger economics. 

Regulatory frameworks incorporating reliability 

incentives substantially improve economic 

attractiveness, suggesting policy mechanisms can 

accelerate automation adoption.  

Geographic and demographic factors influence 

economic viability. Urban networks with high 

customer density and underground construction 

typically exhibit lower fault frequencies but higher 

customer impact per fault, favoring automation. 

Rural networks with overhead construction 

experience higher fault frequencies but lower 

customer density, requiring careful economic 

analysis. Island networks with limited 

interconnection and high reliability costs show 

particularly strong automation economics.  

Technology evolution will continue improving 

automation economics. Communication costs 

continue declining with cellular technology 

advancement and increased competition. Computing 

costs follow Moore's Law trends, enabling more 

sophisticated algorithms. Sensor costs decrease with 

manufacturing scale. These trends suggest that 

automation economics will improve over time, 

making marginal projects viable and excellent 

projects even more attractive.  

VII. CONCLUSION  

This research presents a comprehensive techno-

economic evaluation of intelligent agent-based 
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automation systems for medium-voltage distribution 

networks. The analysis demonstrates that multi-

agent system architectures provide economically 

viable solutions for enhancing distribution network 

reliability and operational efficiency. Case study 

implementation on a representative 62-transformer 

urban network segment in Thessaloniki, Greece, 

validates the approach using actual operational data 

and realistic cost structures.  

Key findings include: (1) MAS implementation 

reduces average fault restoration time from 120 

minutes to 1 minute, achieving 99.2% improvement; 

(2) SAIDI improvements from 6.4 to 0.053 hours per 

customer annually represent dramatic service 

quality enhancement positioning the network among 

European best performers; (3) comprehensive 

benefit analysis including revenue protection, 

reliability incentives, and operational savings yields 

14.8-year payback period for fault management 

alone; (4) system extensibility enables loss reduction 

functionality integration through software 

enhancement alone, adding USD8,255 annual 

benefits with minimal incremental investment and 

3.0-year incremental payback; (5) combined system 

payback of 13.7 years with NPV of USD 198,600 

and IRR of 9.1% demonstrates strong economic 

viability; and (6) the economic framework 

generalizes to alternative automation technologies 

with similar hardware requirements.  

The distributed intelligence paradigm implemented 

through multi-agent systems offers significant 

advantages over centralized automation approaches. 

Rapid autonomous response to network disturbances 

eliminates communication delays and central 

processing bottlenecks. Scalability to large network 

deployments occurs naturally through agent 

replication without architectural changes. Resilience 

through distributed decision-making eliminates 

single points of failure. Extensibility for 

incorporating additional functionalities maximizes 

return on infrastructure investment. These 

characteristics position MAS as a compelling 

architecture for smart grid evolution.  

Social benefits from improved reliability 

substantially exceed direct utility benefits, with 

customer interruption cost reductions of USD 11.4 

million annually compared to utility revenue 

protection of USD 47,300 annually. This 240:1 ratio 

of social to private benefits suggests that societal 

welfare maximization may justify regulatory 

incentives or mandates for automation deployment 

even when private economics are marginal. Policy 

mechanisms including performance-based rates, 

reliability incentives, and cost recovery provisions 

can align utility incentives with societal benefits.  

Future research directions include: integration of 

distributed energy resources and demand response 

capabilities into the MAS framework, enabling 

coordinated management of generation, storage, and 

flexible loads; coordination with transmission 

system operations for holistic grid optimization 

across voltage levels; machine learning 

enhancement of agent decision algorithms through 

pattern recognition and predictive analytics; 

cybersecurity frameworks for protecting distributed 

automation infrastructure against evolving threats; 

and economic analysis of automation benefits in 

networks with high distributed generation 

penetration where voltage regulation and reverse 

power flow management become critical.  

The analysis confirms that intelligent automation 

represents not merely a technical enhancement but a 

fundamental transformation in distribution network 

management philosophy. Economic viability, 

demonstrated through rigorous analysis of actual 

network data, combined with substantial service 

quality improvements and social benefits, 

establishes a compelling case for widespread 

adoption of agent-based automation systems in 

contemporary distribution networks. As distribution 

networks evolve toward active, intelligently 

managed systems accommodating distributed 

generation, electric vehicles, and demand response, 

the automation infrastructure deployed today will 

provide the foundation for tomorrow's smart grid 

capabilities.  
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