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Abstract 

The advent of Industry 4.0 takes our understanding of technology to a whole new level. The pursuit of profitability 

is gradually being replaced by business strategies that focus on comprehensive and sustainable operations. As a conse-

quence, the looming energy crisis has become the center of attention, making smart energy management solutions an 

indispensable cornerstone of industry transformation. For intelligent factories, in addition to upgrading manufacturing 

equipment, businesses can improve upon traditional models of energy management by collecting and analyzing big data 

generated by the equipment. Smart energy management, in sum, is a system that effectively coordinates, monitors, inte-

grates, manages, and predicts the operation of multiple sets of equipment, creating a customized energy management 

platform for every business based on data analytics. The present study is a case study on the facility management sys-

tem adopted by semiconductor manufacturers. The author discusses the developmental trends in smart energy manage-

ment within the context of Industry 4.0 based on “failure modes and effects analysis (FMEA)” and the “theory of in-

ventive problem solving (TRIZ).” Building on the results, the author summarizes the potential technologies that meet 

practical needs and the development of intelligent electrical components that address potential failure modes. Finally, 

through the application of Internet of Things (IoT) and big data collection and transmission, businesses can conduct 

predictive maintenance on their in-service equipment to prevent system downtime, realizing the true benefits of intelli-

gent management. The author hopes that the findings of this study can offer useful insights for relevant industries seek-

ing to transform their businesses intelligently. 
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1. Introduction 

With the advances in sensor technology and the in-

creasing penetration of Internet of Things (IoT) devices, 

the integration of communication and sensor technology 

has become the key driver for the manufacturing indus-

try’s foray into smart manufacturing. Taiwan has trans-

formed its early labor-intensive processing industry into 

the capital- and technology-intensive OEM industry of 

today. With the rapid changes in market dynamics, the 

industry’s long-standing advantage is now threatened by 

other Asian countries, causing a slowdown in the indus-

try’s growth. To venture into smart manufacturing, the 

Taiwanese manufacturing industry needs to transform 

itself through changes in its manufacturing environment 

and capacity, along with development in energy and re-

source allocation. To counter the competitive pressure 

and changes in external environment, the industry needs 

predictive analytics skills to improve its operational effi-

ciency and competitive advantage in manufacturing, 

marketing, and information technology. 

Thriving industrial development drove the high 

emission of greenhouse gas and intensified the energy 

crisis. Operational objectives for businesses has begun to 

turn from past emphasis on profit and growth to com-

prehensive sustainable development strategies. The 

manufacturing industry implemented reactive mainte-

nance in the past but has moved towards predictive 

maintenance in recent years, analyzing the large amount 

of data generated in the manufacturing process to make 

further predictions; smart energy management is also 

enhanced to achieve effective energy distribution, low 

energy consumption, and equipment efficiency optimiza-
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tion. For example, through the implementation of built-in 

power monitoring sensors in transformers, power system 

monitoring can detect network abnormalities and per-

form instant shutdown of equipment affected by tripped 

circuit breaker, power outage, or electrical issues. Few 

studies have focused on the practical application of pow-

er monitoring equipment in smart manufacturing, which 

can boost industrial transformation and gives the industry 

a competitive edge. 

This study is focused on the developmental history 

and significance of Taiwan’s industrial transformation 

from processing to OEM and its future developmental 

trend in smart manufacturing. Boosted by the integration 

of IoT, big data analytics, and smart energy management, 

the industry shall venture into smart manufacturing. 

TRIZ-based empirical analysis of smart energy manage-

ment shall be based on smart power monitoring equip-

ment to accomplish an improvement in manufacturing 

efficiency via preventive maintenance; the Internet’s role 

in factory management system is further discussed. 

 

2. Literature 

Taiwan transitioned from an early agricultural soci-

ety to a fast-growing light industrial society in the 1960s, 

producing electronic, textile, and plastic products. Tai-

wan further started development of strategic high-tech 

industries in the 1980s to accelerate industry upgrade and 

ride the wave of global industrialization. Despite the fact 

that recent development in smart manufacturing has out-

paced the past growth of industrial automation, the years 

of accumulated experience in industrial transition and 

explosive growth in knowledge gained over the past 20 

years allow the industry to draw on past experiences for 

an expedited way to determine solutions. By establishing 

a problem-solving approach towards management, tech-

nology, or operations on the wisdoms of our predecessors, 

we are no longer bound by existing framework of think-

ing and can identify the root of our problems via innova-

tive theories, thus leading the technological development 

of Industry 4.0 and smart manufacturing. 

 

2.1 History and significance of Taiwan’s industrial 

development 

The early economic development of Taiwan is built 

upon its agriculture and light industry. Boosted by the 

government’s Ten Major Construction Projects and its 

support in key industries, Taiwan accelerated its industri-

al transformation and improved its competitiveness, 

gradually developing into a small capitalist economy that 

draws investment through small and medium-sized busi-

nesses. The Taiwanese economy has continued its steady 

growth in various aspects. The manufacturing industry 

accounts for the largest percentage in Taiwan’s GDP. 

Among them, the telecommunication and high-tech 

manufacturing sectors started with traditional computers 

and video game consoles and moved on to the rapid-

ly-developing laptop market. This, coupled with the rap-

id development of the venture capital market, established 

Taiwan as a global hub for semiconductor foundry, 

packaging/testing, and system engineering, while laying 

the solid foundation for the optoelectronic industry of 

solar panel and display panel. 

 

(1) Innovative industrial significance - smile curve 

The government encourages new forms of techno-

logical R&D and international trade opportunities to 

stimulate demand and raise awareness for industrial 

transformation among the domestic manufacturing in-

dustry. New ideals and values are therefore the corner-

stone for brand development. Market demand and inno-

vative thinking are two concepts of the infrastructure 

industry, the former concerns the customized demand of 

clients (patent, technology) and the latter is about ideals 

and beliefs in the managerial aspect (brand, service). 

This model corresponds with the smiling curve theory 

proposed by Acer Group founder Stan Shih in 1992, 

which divides the industry value chain into three parts: 

patent & technology, manufacturing, and brand & service. 

The curve represents value-added, which is low in the 

middle part and high on the two ends. This theory sug-

gests that for a business to increase its profit, it has to 

reorient itself into the two ends instead of continuing 

development in manufacturing. For innovative R&D 

thinking, one must first find the corresponding market 

demand through which innovative value can be identified, 

and a continuous implementation of innovative thinking 

can be carried out. This is expected to create value 

through technological innovations of information evolu-

tion. 

 

(2) The innovative management model of the 

high-tech industry in Taiwan 

Open innovation is a new form of operational mod-

el that has been drawing large attention. The term “open” 

refers to the model’s contrast with past models, which 

focused on internal innovations without considering ex-

ternal situations. In a closed innovation model, enter-

prises can only profit through innovations by hiring the 

best employees and technicians. The open innovation 

theory facilitates flows across enterprise boundaries for 

existing internal technologies of an enterprise and exter-

nal technologies relatively unrelated to the enterprise’s 
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business operations (see Fig.1). For example, at the Tai-

wan Semiconductor Manufacturing Company (TSMC), 

designers can utilize the open innovation platform to 

integrate the relationship between upstream IC design 

clients, IP core partners, and the semiconductor design 

ecosystem and create a whole new business model for 

the semiconductor industry. This can help shorten the 

design-to-manufacture time of products and connect the 

company’s core competitive advantages in technology, 

manufacturing, and clients (see Fig.2). 

Fig.1 Open innovation 
Source: (Henry Chesbrough, 2006) 

 
In recent years, TSMC has been focused on the 

business opportunities of IoT and wearable technology. 

The company implemented an ultra-low power con-

sumption technology platform and created a comprehen-

sive design ecosystem that combines mobile communi-

cation chips and semiconductor manufacturing with 

vendors of computing/sensing equipment and communi-

cation technology, so as to support the IoT applications 

of ultra-low power consumption technology. When de-

signing a new manufacturing process for advanced tech-

nology, chip designers can utilize TSMC’s IP core data-

base for low power consumption technology to improve 

the success rate of design and manufacturing. Addition-

ally, TSMC also provides various related applications on 

the technology platform, which can facilitate the R&D of 

competitive products and shorten time to market. This 

open innovation platform is expected to bring about an-

other wave of technological growth at TSMC. 

Fig.2 TSMC extends open innovation platform 

By Daniel Nenni 
Source:https://semiwiki.com/semiconductor-manufacturers/tsm

c/462-tsmc-extends-open-innovation-platform/ 

 

2.2 Applications and development of smart manufac-

turing 

 

At Hannover Messe 2011, the German government 

introduced the topic of Industry 4.0. As the global manu-

facturing industry enters a new era, many governments 

are actively pursuing the implementation of Industry 4.0 

plans to reinvigorate their domestic manufacturing in-

dustry, and through this, maintain their competitive edge 

and global standing. To ride this wave of global industri-

al development, Taiwan government has planned for the 

implementation of Productivity 4.0, hoping to drive in-

dustries towards the R&D of smart machinery, Internet, 

big data analytics-based decision-making, logic systems 

of human-machine collaboration, etc. This new mindset 

shall improve manufacturing and operations, and help 

establish Taiwan’s industries as major partners in the 

global smart manufacturing supply chain. 

The early manufacturing industry often adopts reac-

tive maintenance; however, in recent years, the industry’s 

mindset has gradually shifted towards predictive 

maintenance, which analyzes the large amount of data 

generated in the manufacturing process to make further 

predictions. Manufacturing decision-making based on 

the analysis of these predictions can utilize the integra-

tion of various smart systems and implement the concept 

of smart manufacturing in actual applications within 

smart factories. Smart factories are built on the founda-

tion of IoT-based manufacturing industry, systematically 

processing information of the manufacturing process 

through collection of big data and predictive analysis, in 

turn helping manufacturing processes achieve the goal of 

smart manufacturing (see Fig. 3). 
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Fig.3 Industrial revolutions and future view  

by Christoph Roser Source: 

http://www.allaboutlean.com. 

 

2.2.1 Data utilization in the semiconductor manufac-

turing industry 

With the growing awareness towards Industry 4.0, 

the global manufacturing industry officially entered the 

age of big data and IoT, setting in motion the competition 

in advanced technology manufacturing, with the estab-

lishment of smart factories as an item actively pursued 

by the industry. Smart factories optimize resources to 

prevent unnecessary waste of resources. Smart transpor-

tation reduces the cost of material transportation and 

improves transportation efficiency. Smart grid technolo-

gy optimizes power distribution and reduces power 

transmission loss. Smart products are realized through 

meeting the low-quantity, high-variety production needs 

for customized manufacturing, which is achieved by 

connecting IoT with manufacturing equipment. Smart 

logistics employs transparent logistics information and 

real-time monitoring to enhance logistics efficiency and 

help businesses resolve their own issues. In conclusion, 

smart factories can perform real-time diagnostics and 

monitoring on manufacturing processes via IoT applica-

tions and the collection and analysis of big data. This can 

help businesses resolve their own issues, effectively im-

proving yield and enhancing the integration of produc-

tion control (Kagermann, H., Helbig, J., Hellinger, A., & 

Wahlster, W., 2013). 

In addition to the robust foundation upon which the 

development of the Taiwanese manufacturing industry 

was built, the industry also possesses advantages in the 

flexibility of supply chain cooperation and its experienc-

es in manufacturing management. For example, the sem-

iconductor manufacturing industry consists of upstream 

IC design companies, midstream IC manufacturers, 

which design and manufacture semi-finished goods. 

Semi-finished goods are then diced, packaged, and tested 

by the downstream companies before being sold to sys-

tem vendors to produce system products. The compre-

hensive industrial cluster and professional division of 

labor have helped Taiwan stay ahead in the global com-

petition of semiconductor manufacturers. How do we 

maintain this advantage in advanced technology? Smart 

manufacturing is probably the best answer to that ques-

tion. Real-time decision-making is the heart of smart 

manufacturing, which is achieved through the integration 

of equipment engineering capability, manufacturing ex-

ecution systems, manufacturing equipment, and auto-

mated material handling system. 

Fig.4 Electronics manufacturing roadmap 

Source: International SEMATECH e-Diagnostics and EEC Guidance 2003 

 

Equipment engineering capability is smart deci-

sion-making involving error prediction/classification and 

run-to-run control system. These are implemented 

through electronic diagnostic technology and integrated 
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measurement via the collation and analysis of data con-

cerning the equipment, personnel, process, and infor-

mation of a manufacturing process (see Fig.4). The inte-

gration of manufacturing execution systems and manu-

facturing equipment includes communication between 

equipment and the management of manufactured goods 

and their specifications, which can facilitate factory op-

erations and help with operational scheduling. This im-

proves the flexibility of manufacturing systems and 

shortens reaction time. Automated material handling 

systems can further increase the flexibility and efficiency 

of transportation via the management of factory trans-

portation carriers and the automated material handling 

system and direct transportation between and within are-

as. 

 

2.2.2 IoT applications—increasing capacity and im-

proving yield 

In order for enterprises to strike a balance between 

cost and quality, the improvement of yield has become 

an important issue in production control. If an effective 

improvement of yield cannot be achieved, it can incur 

risks of under-supply or late delivery; business reputation 

is therefore an important criterion in choosing companies 

in the supply chain. With the globalization in supply 

chains, international collaboration and co-design have 

become major trends in the current high-tech industry. 

Increasing capacity and improving yield through the in-

terconnection between system technologies are therefore 

important parts of advanced technology manufacturing 

and also a major element of trust in international enter-

prises. By implementing the idea of smart manufacturing, 

we shall observe a clear effect the Internet has on manu-

facturing. Through a mutual understanding of manufac-

turing equipment status and operational scheduling be-

tween enterprises, prompt reactions and general invento-

ry management can be carried out between systems. 

Between the accelerated manufacturing and the reduction 

in manual inventory control, businesses can also reduce 

production defects. Enterprises should easily see quick 

results and increased profit after implementing smart 

manufacturing. In the long term, enterprises can also see 

a boost in corporate image and business reputation. 

 

2.2.3 Smart energy management 

Based on past experiences, equipment efficiency 

improvement and operational optimization can reduce 

energy consumption by 20 to 30 percent. In recent years, 

several enterprises have come under increasing pressure 

for energy conservation and carbon reduction from gov-

ernment policies, supply chains, and corporate social 

responsibility. The sound utilization of smart energy 

management technologies to achieve the virtuous cycle 

of effective energy distribution, low energy consumption, 

and equipment efficiency improvement is therefore an 

important objective sought by enterprises. The Industrial 

Technology Research Institute’s Industrial, Science and 

Technology International Strategy Center defined the 

field of smart energy applications: power system moni-

toring (infrastructure end; power generation, transmis-

sion, conversion, and distribution systems) and environ-

mental energy conservation/comfort level detection (user 

end; smart meter, smart plug, thermostat, smart gateway, 

smart lighting, smart smoke detector, smart home appli-

ance, etc.). The most important technology that consti-

tutes the components of all major application systems is 

a sensing technology capable of detecting environmental 

energy conditions at all times. 

The core concept of power system monitoring is the 

use of electrical sensors placed throughout smart energy 

systems and power transmission, conversion, distribution, 

and consumption systems to issue timely warnings for 

detected electric power system anomalies and establish 

bi-directional interaction between electric utility compa-

nies (power distribution) and end-users (smart energy 

consumption). This can reduce electrical load and im-

prove power consumption efficiency, so as to reach sup-

ply-demand equilibrium in electric power. For example, 

a supervisory control and data acquisition (SCADA) 

system is an actual application of an automated electrical 

distribution system on the power distribu-

tion/transmission end. A SCADA system monitors elec-

trical anomalies in electrical network equipment via var-

ious built-in power monitoring sensors (current sensors, 

capacitive/inductive liquid level sensors, phase detectors, 

etc.) in transformers, so as to perform instant shutdown 

of equipment affected by tripped circuit breaker, power 

outage, or electrical issues. 

 

3. Materials and methods 

This study is a case study of a semiconductor 

manufacturer and is primarily centered around the pro-

cess chilled water system on the fabrication end. An ob-

servation and analysis of the development and data colla-

tion of smart electric power sensor technology are per-

formed by first describing the issues in system technolo-

gies, followed by a discussion of technical contradictions 

and using the inventive principles presented by the con-

tradiction matrix to find the best technological applica-

tion for sensor components. Finally, Failure Mode and 

Effects Analysis (FMEA) is utilized to analyze the pro-

cess chilled water system for improvements in smart 

energy management, so as to improve efficiency and 

implement predictive maintenance. This chapter contains 
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two sections, the first explains the problem-solving pro-

cess of TRIZ, followed by a discussion of FMEA. 

 

3.1 TRIZ 

TRIZ is a tool of inventive problem-solving devel-

oped by Russian mechanical engineer Genrich Altshuller 

by analyzing hundreds of thousands of global patent lit-

erature and summarizing their problems and solutions. 

Beginning in 1946, he found systemic patterns behind 

the thinking and behavior of successful, innovative in-

ventors. In the development of this generalized 

problem-solving process methodology (see Fig.5), 

Altshuller clearly defined 39 basic engineering parame-

ters and 40 inventive principles to solve contradictions 

between any two of the 39 parameters; the inventive 

principles are used for problem-solving, turning abstract 

principles into concrete solutions. The development of 

the TRIZ theory by Altshuller and his research team via a 

cross-disciplinary integration of principles and rules 

summarized the various regular patterns followed by 

technological development and evolution, and solved all 

kinds of technical and physical contradictions through 

innovative principles and rules. 

Further investigation into the applications of the 40 

inventive principles of TRIZ shows that within the con-

cept of Industry 4.0, systemic improvement or changes 

can be approached through systematic thinking and sys-

tem life cycle can be determined through equipment and 

internal components. This study classified the inventive 

principles into three categories: conceptual principles, 

technical principles, and material principles. The 40 in-

ventive principles and their classification have a multi-

faceted way (e.g., weight, shape, transmission mode, etc.) 

in approaching actual applications or design processes. 

By using the aforementioned classification, we can turn 

abstract problems into concrete ones and hope to find the 

best solutions for future designs that simultaneously 

solve systemic problems and improve operational effi-

ciency. 

  
Fig.5 The problem solving process of TRIZ 

 

3.2 Failure mode and effects analysis (FMEA) 

FMEA is a design tool based on past experiences 

and failures. It can continuously verify and improve op-

erating procedures in design, R&D, manufacturing, and 

assembly by performing careful analysis at the designing 

stage, detecting and eliminating factors of negative ef-

fects such as poor designs and human errors, leading to 

the goal of overall system optimization. 

The FMEA methodology primarily uses system 

function reliability block diagrams and analysis tables to 

list potential failure modes of systems, products, or man-

ufacturing processes. The occurrence of failures can be 

prevented by analyzing causes and potential effects, as-

sessing priority for improvements, and drawing up effec-

tive improvement plans. After a formal implementation 

of FMEA into system analysis, the failures’ effects on 

systems are evaluated. We can use the Risk Priority 

Number (RPN) to assess the risks and implement im-

provements based on the assessed priority. To calculate 

the RPN, we need to first evaluate the following: 

(1) Severity:  

The impacts on systems or personnel after the oc-

currence of the failure mode. This is evaluated based on 

the actual degree of the effects. 

(2) Occurrence:  

The likelihood of the failure mode occurring. This is 

usually determined based on the average number of oc-

currences in a fixed time period. 
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(3) Detection:  

The likelihood of the detection of the failure cause 

in systems or manufacturing processes. 

McDermott et al. put the factors of severity, occur-

rence, and detection on a scale ranging from 1 to 10 and 

defined the significance of each level of rating. However, 

due to the many restrictions imposed by practical con-

siderations, the calculation of risk priority number (RPN) 

is: RPN = Severity (S) × Occurrence (O) × Detection 

(D). 

 

4. Empirical analysis 

Information integration on a smart energy manage-

ment platform is highly correlated with the data moni-

toring of all systems. After diagnosing equipment status 

via data analytics, we can plan for the basis of predictive 

maintenance, thus reducing unnecessary hidden costs in 

manufacturing. In said platform, IoT is used for a cus-

tomized energy management system that integrates 

technology based on end-to-end data collation. After 

technology integration, the system possesses the smart 

management capabilities of failure prediction, power 

management, auto-balancing control, and automated op-

eration scheduling. Although this concept has already 

been implemented in the development of smart factories, 

energy management requires further improvement in 

equipment efficiency and data optimization. We hope to 

propose operational plans for overall efficiency en-

hancement in accordance with management deci-

sion-making in the future. 

The subject of this case study is the process chilled 

water system of the semiconductor manufacturing indus-

try; this system is provided for the manufacturing pro-

cess and air conditioning operations. As seen in Fig. 6, 

the main water chiller unit has a higher energy consump-

tion compared to the rest of the chilling equipment. The 

benefits of predictive maintenance can therefore be 

achieved by finding the operational energy consumption 

of the equipment in the system. After combining energy 

management principles with the analysis of smart elec-

trical sensors using TRIZ and analyzing big data through 

the IoT transmission framework, we combine the result 

with the equipment characteristic curve and transmit it to 

the smart energy management platform for application 

analysis. This allows the platform to automatically con-

vert energy consumption and have the operations set at 

the optimum energy-saving control point, thus achieving 

the goal of improved efficiency and predictive mainte-

nance. The implementation of smart energy management 

platform can increase the industry’s global competitive-

ness by combining innovative technologies with the en-

ergy management system of the existing Facility Monitor 

and Control System (FMCS), utilizing FMEA to reduce 

system risk, and planning for predictive management. 

 
Fig.6 The proportion of electric power systems 

 

4.1 Applications of process chilled water system 

This is a process chilled water system of the semi-

conductor industry. Its function is to provide for the 

manufacturing process and air conditioning operations. 

As the main water chiller unit has a higher energy con-

sumption, energy consumption data of the system is de-

termined and transmitted via IoT to the smart energy 

management platform for further application analysis, so 

as to achieve the goal of improving efficiency and pre-

dictive maintenance. A process chilling system has a 

higher percentage in power consumption and consists of 

various smaller units, including power supply systems, 

control elements, and operational support equipment. 

Current measures employed are mostly regular mainte-

nance, preventive maintenance, or predictive manage-

ment. This section is a discussion of the use of smart 

electronic sensors and TRIZ problem-solving theory for 

innovative inventions, and the preventive evaluation and 

analysis of components capable of energy management. 

 

(1) Operational equipment: Pumps 

The pumps within a process chilling system are 

critical to its operation. Equipment overload damage (see 

Fig.7) caused by abnormal voltage, environmental issues, 

or poor insulation can lead to system shutdown if the 

components are not given preventive replace-

ment/maintenance. Determination of equipment status is 

achieved by measuring the relevant voltage and current 

and performing predictive failure evaluation based on the 

regular maintenance cycle or component life cycle. 

However, technical difficulties concerning the actual use 

of certain components should be noted in advance. 
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Fig.7 Abnormal pump equipment 

 

(2) Control system: Electrical equipment switches 

No-fuse breakers (NFBs) are the first line of pre-

ventive measures in all systems. The purpose of such 

breakers is to provide systems with overcurrent protec-

tion, overload protection, and short circuit protection. 

When in use, degradation of internal components is not 

easy to spot (see Fig. 8), which can lead to the breaker 

failing to cut power or trip in case of anomalies, which 

may in turn cause downstream equipment damage or fire, 

threatening personnel safety.  Under regular safety 

standards, NFBs undergo service life evaluation; and the 

service life of internal mechanical and electronic com-

ponents are positively correlated. Currently, preventive 

maintenance and replacement can only be performed on 

equipment with anomalies in energy use by using infra-

red thermal imaging to measure the thermal radiation 

generated by components. 

 

(3) Control system: Multi-function power meter 

The semiconductor manufacturing industry has a 

complicated model in power supply and demand. For 

major energy consumers in the industry, effective energy 

management can only be achieved by controlling manu-

facturing or operational power consumption. Digital 

panel meters are used to measure the voltage, current, 

power, frequency, and demand of a power circuit, and are 

therefore important equipment in industrial energy man-

agement. The regular data transmission mode establishes 

physical wiring layouts and completes data output via 

RS-485 standard serial communication protocol, achiev-

ing anomaly detection and management on the remote 

monitoring platform. However, effective energy control 

cannot be achieved if the transmission fails due to issues 

with the physical wiring (see Fig. 9), if there are power 

detection issues, or if the meter has internal component 

damage. Using the TRIZ problem-solving theory for 

innovative inventions, we can move towards the devel-

opment of meters or related sensors that utilize wireless 

communication technology, so as to implement im-

provements in areas where physical wiring are difficult 

to place or in meters with power anomalies. 

Fig.8 Abnormal switch equipment 
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Fig.9 Energy management and wireless data transmis-

sion 

 

(4) Uninterruptible power supply (UPS) 

The primary function of a UPS is to provide the 

load with the stored energy in its battery when it detects 

voltage anomaly or power outage in the mains 

(Taipower), providing an uninterruptible power supply 

until power returns. Various control elements in the pro-

cess chilling system require uninterruptible power in 

order to power the operations of control elements during 

system anomalies. UPS operates in standby mode over 

long periods of time and therefore require better ventila-

tion to control the temperature for its internal power 

conversion and energy storage units. The internal fans 

are controlled via signals based on the monitored tem-

perature; overheating inside equipment can lead to deg-

radation of electronic components (see Fig. 10). The op-

erational status of the fans is currently determined 

through system maintenance/replacement or through the 

experience of inspection-performing personnel. Using 

the TRIZ problem-solving theory for innovative inven-

tions, we can develop sensors capable of monitoring the 

operational status of fans, collating their data, and per-

forming predictive failure evaluation before any occur-

rence of fan failure or other anomalies. An equipment 

health inspection system is established on the smart en-

ergy management platform to perform decision-making 

for failure prediction and diagnosis. 

 

 

 

 
Fig.10 Abnormal UPS equipment  

 

4.2 TRIZ analysis of the technological development in 

smart electrical sensors 

In this age of rapid technological development, sta-

ble power supply and electrical accident prevention are 

vital to production control. The development of related 

smart sensors and the establishment of smart grids ensure 

equilibrium in power distribution, which is the basis for 

government implementation of energy management and 

data collation; it is also an energy policy objective for 

many countries around the world. Applications of smart 

grids and related sensing technologies entail the imple-

mentation of said technologies in manufacturing pro-

cesses or electrical equipment. By integration the elec-

trical sensors in various electrical equipment and inte-

grating them with the remote power monitoring system, 

we can detect overload or equipment anomalies in the 

overall system. In the case of anomalies, the remote 

monitoring system can transmit control signals to control 

equipment operation, which in turn ensures operational 

safety, prevents accidents, and achieves energy control. 

 

 

4.2.1 Description of system technical problems 

 

(1) Miniaturized electronic design 

In this age of smart energy grid development, stable 

power supply and safety need to be major considerations 

for overall systems. For this reason, suitable current 
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transformers should be used to measure electric current. 

A traditional current transformer (TCT) operates by 

measuring the current in the primary winding induced by 

the flux generated in the internal iron core. In the case of 

electrical system failure, instantaneous non-linear current 

can occur with a power surge, which threatens the safety 

of the electrical system. Due to their large size, TCTs can 

affect the planning of manufacturing facilities and their 

layouts, and require time and labor costs for their regular 

maintenance. Therefore, improving on the size of TCTs 

is the primary goal (see Fig. 11) in practical application. 

However, the size reduction in current transformers will 

affect their precision, resulting in various issues, includ-

ing error when performing measurement on components. 

 
Fig.11 Current transformer technical principle 

 

(2) Wireless inductive charging 

A power supply is another point of consideration for 

improvements on smart sensors with wireless transmis-

sion capability. Current sensors placed in power grids 

require the design of power supply in accordance with 

their needs using the TRIZ theory for innovative thinking. 

The design of a wireless charging power source is pre-

sent in many inventions; the convenience and safety of 

its primary design make it suitable for applying the TRIZ 

problem-solving theory for innovative inventions (see 

Fig.12). By combining wireless charging with current 

sensors, we can create smarter sensors. 

 
Fig.12 Magnetic field technical principle 

 

4.2.2 Applications of TRIZ contradiction matrix 

 

(1) Miniaturized electronic design 

⚫ Improving technical parameter: 12. Shape 

“Shape” is the functionally necessary internal and 

external shape/contour of systems and its elements. For 

the semiconductor manufacturing industry, which seeks 

high quality and yield, the process planning, regular 

maintenance, and breakdown maintenance of manufac-

turing facilities are heavily considered when designing 

their layouts. Small-dimension designs free up more 

space and allow flexible planning in assembly lines. Im-

provements in time and efficiency can also be seen in the 

installation, transportation, replacement, and mainte-

nance of equipment. 

⚫ Worsening technical parameter: 28. Measurement 

accuracy 

“Measurement accuracy” is the level of deviation or 

error in measurement—i.e., the closeness of the meas-

ured value to the actual value. The electronic design of 

system components can improve data transmission capa-

bility and effectively improve the accuracy and stability 

of measured data. Miniaturized design enhances safety in 

installation and operation. 

The technical parameters 12 and 28 correspond to 

principles 28, 32, and 1 of the forty inventive principles 

presented in the contradiction matrix. By using Principle 
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28: mechanics substitution—use electric, magnetic and 

electromagnetic fields to interact with the object—we 

acquired the result. As electronic components continue 

the trend of thin, light, and miniaturized design, correc-

tive analysis is performed on the fundamental electrical 

and mechanical structure and mechanical components, so 

as to improve their shapes and plan for integrated design 

and optimizing measurement accuracy, thus achieving 

the goal of miniaturized electronic design. In addition to 

size and measurement accuracy issues, the analysis of 

wire charging applications in TCTs is as follows: 

 

(2) Wireless inductive charging 

⚫ Improving technical parameter: 38. Extent of au-

tomation 

 The technical parameter “Extent of automation” is 

the extent to which a system or object performs its func-

tions without human interface. Based on the changes in 

data management and operation mode, energy consump-

tion can be reduced in peripheral devices by reducing 

electronic sensors or putting them on standby. 

⚫ Worsening technical parameter: 23. Loss of sub-

stance 

The technical parameter “Loss of substance” is the 

partial or complete loss/waste incurred on a system. En-

ergy consumption of data transmission often uses exter-

nal power supply as the main power source. The 

long-term continuous operations of the system can 

shorten component service life. Additionally, the greater 

the power dissipation, the greater the power demand. 

The technical parameters 38 and 23 correspond to 

principles 35, 10, and 18 of the forty inventive principles 

presented in the contradiction matrix. By using Principle 

18: mechanical vibration—using an object’s resonant 

frequency or using combined ultrasonic and electromag-

netic field oscillations—we acquired the result. The ac-

companying planning for component power supply is 

another developmental focus of miniaturized electronic 

component designs. As the original plan for power sup-

ply may require revamp, energy allocation and demand 

are technical hurdles that need to be overcome. Through 

the combination of miniaturized electronic design and 

electromagnetic energy exchange, wireless charging 

technology can deliver electrical energy to smart electri-

cal sensors via magnetic induction or resonance, achiev-

ing the goal of improving wireless power technology 

applications. 

 

4.3 TRIZ analysis of the data collation in smart elec-

trical sensors 

The communication framework of smart manufac-

turing plants achieves the goal of smart management by 

enhancing control over the communication equipment, 

network environment, and cloud management of auto-

mation equipment. Through the use of IoT real-time de-

tection capability, long-term monitoring, and regular 

inspection of equipment status, the framework can report 

anomalies when the equipment exceeds the alarm 

threshold value. This gives management control over 

equipment power and environmental variables via the 

energy management system. The implementation of IoT 

in energy management provides manufacturing processes 

with an advantage. As there is a diverse range of electri-

cal equipment in manufacturing plants, anomalies could 

only be detected through regular inspection and mainte-

nance. In order to provide management with the capabil-

ities of remote management, monitoring & diagnostics, 

and energy consumption awareness, IoT-connected wire-

less sensors are combined with cloud data application 

(see Fig.13). This is critical to the management model of 

smart factory applications. 

Fig.13 Range vs. bandwidth for IoT connectivity 

technologies 
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4.3.1 Description of system technical problems 

(1) Cloud data collation—wireless transmission sys-

tem 

In the communication framework of a traditional 

manufacturing plant, electrical equipment, detection 

functionality, and related sensor applications all rely on 

wired communication. However, the number of sensors 

installed has increased with the growing demand for 

equipment monitoring, resulting in signal interference 

and connection issues between components, which in 

turn affect the collation, storage, and immediacy of data. 

Furthermore, with the increasing number of physical 

wiring due to the growing demand for connection, these 

plants now face mounting installation costs incurred by 

the need for long-distance communication and the short-

age of equipment connection points. 

 

4.3.2 Applications of TRIZ contradiction matrix 

⚫ Improving technical parameter: 27. Reliability 

The technical parameter “Reliability” is a system’s 

ability to perform its intended functions in predictable 

ways and conditions. Through the use of developed net-

work protocol systems, we separated functionality and 

applications, turning it into a subnetwork system. This 

helps alleviate the connectivity issues between different 

systems and improves the reliability of data collation. 

⚫ Worsening technical parameter: 26. Quantity of 

substance 

The technical parameter “Quantity of substance” is 

the number or amount of a system’s materials, substances, 

parts, locations, or subsystems. Since a large number of 

network devices can cause signal interference, the initial 

network framework must be separated into various sub-

networks. 

The technical parameters 26 and 27 correspond to 

principles 21, 28, and 40 of the forty inventive principles 

presented in the contradiction matrix. By using Principle 

21: Skipping—enhancing transmission speed and effi-

ciency and shortening transmission time—we acquired 

the result. The number of equipment sensors is increas-

ing with the implementation of smart manufacturing. 

Because of the varying development of sensors in dif-

ferent equipment applications, the integration difficulty 

of physical wirings due to the separation of independent 

systems, and the lack of reserved spots, the functionali-

ties of wireless transmission technology in the smart 

management framework are separated, using 

long-distance communication to perform wireless data 

collation. 

 

Fig.14 The framework of industry 4.0 ecosystem  Source: Berger, R. (2015)
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To summarize the preceding analyses, an electronic 

sensor for electric power has all the functionalities of a 

traditional electric power sensor. However, besides the 

differences in operating principle and structure, an elec-

tronic sensor for electric power also alleviates issues of 

dimension, weight, and cost, while fulfilling the demand 

for high-precision measurement and system protection. 

The new form of energy transmission technology also 

improves on certain flaws concerning safety, including 

the elimination of the need to plug and unplug cables, 

thus avoiding electrical contact failure. New electric 

power sensors based on the aforementioned technologies 

can enhance their sensing capabilities and perform wire-

less transmission of data. 

By using wireless charging to reduce cost, imple-

menting electric power monitoring sensors in energy 

management, we can establish customized systems that 

combine energy-saving management and energy safety 

(see Fig.14). We can also incorporate sensors of different 

applications to move towards a form of manufacturing 

that integrates multiple functionalities. 

 

4.4 FMEA evaluation of application and management 

The aforementioned FMEA analysis table was used 

in this study to evaluate whether applied innovative 

technologies can overcome potential critical failure 

modes in the system, thus reducing or eliminating their 

effect on the system. The RPN—calculated from severity, 

occurrence, and detection—is used to determine the im-

provement’s effect on the system and the level of tech-

nological implementation, so as to draw up improvement 

plans or related control measures (See Table 1). Through 

the informatization of big data and the implementation of 

new technologies in the smart energy management plat-

form, we can improve on the existing energy manage-

ment model and benefit from predictive maintenance. 

 

Table 1. The FMEA process of cooling water 

 

We utilized FMEA to analyze the improvement in 

risk priority numbers (see Fig.15). Traditional energy 

management generally uses limited unidirectional trans-

mission, which means that data is transmitted to the 

management platform via internal networks. However, 

power distribution data can often be difficult to monitor 

due to various engineering factors such as wiring layout 

or interference, resulting in losses and making it difficult 

to establish a suitable energy management policy. In 

comparison, smart energy management implemented 

with smart electrical sensors provides effective control of 

equipment data via IoT, achieving diverse integration and 

management between management platforms. This 

highly efficient interaction can facilitate the functionali-

Item 
Original 

RPN 
Measures Improved RPN 

Pump 256 

1. Review of regular replacement and maintenance of 

equipment components. 

2. Installation of additional smart sensors to measure 

related data and transmit data to the smart energy 

management platform via wireless transmission. 

32 

Electrical equip-

ment switch 
144 

1. Regular equipment maintenance 

2. Evaluate the design for smart sensors to automati-

cally collect related data and transmit data to the 

smart energy management platform, so as to control   

load transfer. 

48 

Digital panel me-

ter 
192 

Review of equipment’s smart functionalities (e.g., 

wireless transmission), collection of related data,  

and transmission of data to the smart energy man-

agement platform. 

48 

UPS 320 

Plan for the implementation of equipment inspection 

management functionality, which can determine the 

equipment life cycle for the smart energy manage-

ment platform to perform predictive management. 

64 
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ties of maintenance/expansion and real-time monitoring 

in the energy management system. Data analysis per-

formed by the smart energy management platform can be 

further used to development new forms of IoT and sen-

sors, improving efficiency and management. 

Fig.15 The bar chart of RPN 

 

5. Conclusion 

The implementation of Industry 4.0 in enterprises 

fulfilled the manufacturing model of smart manufactur-

ing systems. This includes smart manufacturing, smart 

equipment, smart energy management, and smart manu-

facturing supply management. This study approaches the 

case study of smart energy management in the semicon-

ductor industry from the data collation aspect. The tech-

nological integration of network transmission, data colla-

tion, and equipment operational status help businesses 

determine potential equipment anomalies within an ac-

ceptable time period and propose predictive management. 

This allows for enhanced manufacturing efficiency and 

flexibility while avoiding late delivery. In conclusion: 

 

(1) Complete optimization of energy efficiency by 

achieving real-time monitoring and data management 

via smart equipment 

In the past, electrical equipment management gen-

erally utilized limited unidirectional transmission, which 

uses internal networks to transmit electric power data to 

the management platform. However, power distribution 

data can often be difficult to monitor due to various en-

gineering factors such as wiring layout or interference, 

resulting in losses. Through the implementation of smart 

electric power sensors and customized design in accord-

ance with manufacturing processes, effective data control 

of equipment can be achieved via IoT. This improves 

energy efficiency, reduces operational cost, and achieves 

diverse integration and management between manage-

ment platforms, greatly benefiting commercial smart 

energy management strategies. 

 

(2) Complete optimization of manufacturing efficien-

cy by utilizing real-time information integration to 

achieve predictive management 

With the technological breakthrough in sensors, the 

combination of smart energy management systems and 

electric power sensors has replaced the management 

model of the past, which is limited to local monitoring, 

manual inspection, and incompatible electronic systems. 

Improvement in the automation model’s real-time digital 

information concerning maintenance management, data 

collation, predictive maintenance, and environmental 

monitoring can help determine potential operational risks 

of equipment, including energy consumption anomalies 

and risks in predictive maintenance planning. This re-

duces the risks and losses incurred by failure and shut-

down, and can further facilitate bidirectional analysis of 

other systems and equipment information. Improvement 

of the overall operational effectiveness of manufacturing 

processes can be achieved by improving unit inspection 

system, unifying standard procedures, and progressively 

establishing database systems, thus achieving the goal of 

procedure optimization. 

 

(3) Reach optimal operation by helping business re-

source allocation via advanced smart energy man-

agement 

In the case of manufacturing process anomalies or 

product complaints, a reverse data lookup can be per-

formed on the data collected via the smart energy man-

agement platform. This allows businesses to conduct 

analysis over the 5M1E factors (man, machine, material, 

method, measurement, environment) and implement 

control measures accordingly, thus improving energy 

efficiency, reducing operating costs, and implementing 

green supply chain management. 

As the establishment of the smart manufacturing 

framework completes, corporate departments related to 

the planning of management shall begin to play bigger 

roles within the enterprise. With technological advances 

come improvements in engineering technologies, and 

management shall also face their corresponding prob-

lems, including: (1) Is the new business model intro-

duced for overall operations or management decisions? 

(2) How to further development in smart manufacturing? 

(3) Can modular manufacturing systems be implemented? 

(4) If co-design is required, can alliances be formed with 
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clients, contract service providers, or competitors to en-

hance each other’s technological capacities? Future de-

velopment of smart applications shall focus on interac-

tive applications combining artificial intelligence and 

virtual reality. With computational thinking moving from 

mobile-first to artificial intelligence, smart applications 

utilizing deep learning has begun to emerge in various 

high-tech industries. As men become used to living 

technologies, back-end data analytics and computation 

are merely the results of deep learning; decision-making, 

comprehension, and critical thinking are still performed 

by management. As we ponder over the fast-evolving 

future of human-computer technologies, the comprehen-

sion of the analytic judgment, regulation enforcement, 

and moral philosophy concerning smart applications is 

questions that need further discussion on another level. 
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