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Cover Photo:
(1) Automatic change dispenser helpful in using a self-
checkout system, (2) Showcase using HFO refrigerant with 
built-in cooling unit, (3) Cloud-based vending machine quickly 
responding to market needs
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The increasingly critical labor shortages in the food distribution in-
dustry is accelerating the fi erce competition to secure workforce.  The 
diversifi cation of workers calls for easy-to-use products and pleasant 
working environments. Meanwhile, consumers’ needs also diversify and 
the demand for high-quality products and services is increasing.  Fuji 
Electric’s customers now face various challenges, such as new modes 
of operating physical “real stores” in the era of e-commerce, labor short-
ages, the aging population and energy.  In order to address each of these 
highly changeable challenges, Fuji Electric pursues research and devel-
opment of relevant technologies based on the keywords of “Enhanced 
convenience,” “Labor savings” and “Energy-saving technology” to sup-
ply products that meet customer needs. 

This Issue introduces the core technology for the food distribution 
industry, including heating and cooling technology, mechatronics and the 
IoT.  It also introduces elemental technologies for our vending machines 
and store and distribution equipment.

FUJI ELECTRIC REVIEW vol.65 no.1 2019
date of issue: March 30, 2019

editor-in-chief and publisher KONDO Shiro
Corporate R & D Headquarters
Fuji Electric Co., Ltd.
Gate City Ohsaki, East Tower,  
11-2, Osaki 1-chome, Shinagawa-ku,
Tokyo 141-0032, Japan
https://www.fujielectric.co.jp

editorial offi ce Fuji Electric Journal Editorial Offi ce
c/o Fuji Offi ce & Life Service Co., Ltd.
1, Fujimachi, Hino-shi, Tokyo 191-8502, 
Japan

Fuji Electric Co., Ltd. reserves all rights concerning the republication and publication after translation 
into other languages of articles appearing herein.
All brand names and product names in this journal might be trademarks or registered trademarks of 
their respective companies.
The original Japanese version of this journal is “FUJI ELECTRIC JOURNAL” vol.92 no.1.

America
Fuji Electric Corp. of America

Sales of electrical machinery and equipment, semiconductor devices, drive 
control equipment, and devices 

Tel +1-732-560-9410
URL https://americas.fujielectric.com/

Reliable Turbine Services LLC
Repair and maintenance of steam turbines, generators, and peripheral 
equipment

Tel +1-573-468-4045 
Fuji SEMEC Inc.

Manufacture and sales of door opening and closing systems
Tel +1-450-641-4811

Asia
Fuji Electric Asia Pacifi c Pte. Ltd.

Sales of electrical distribution and control equipment, drive control equip-
ment, and semiconductor devices 

Tel +65-6533-0014
URL http://www.sg.fujielectric.com/

Fuji SMBE Pte. Ltd.
Manufacture, sales, and services relating to low-voltage power distribution 
board(switchgear, control equipment)

Tel +65-6756-0988 
URL http://smbe.fujielectric.com/ 

Fuji Electric (Thailand) Co., Ltd.
Sales and engineering of electric substation equipment, control panels, 
and other electric equipment 

Tel +66-2-210-0615 
URL http://www.th.fujielectric.com/en/

Fuji Electric Manufacturing (Thailand) Co., Ltd.
Manufacture and sales of inverters (LV/MV), power systems (UPS, PCS, 
switching power supply systems), electric substation equipment (GIS) and 
vending machines

Tel +66-2-5292178 
Fuji Tusco Co., Ltd.

Manufacture and sales of Power Transformers, Distribution Transformers and 
Cast Resin Transformers

Tel +66-2324-0100 
URL http://www.ftu.fujielectric.com/ 

Fuji Electric Vietnam Co.,Ltd. *
Sales of electrical distribution and control equipment and drive control 
equipment 

Tel +84-24-3935-1593 
URL http://www.vn.fujielectric.com/en/ 

Fuji Furukawa E&C (Vietnam) Co., Ltd. *
Engineering and construction of mechanics and electrical works 

Tel +84-4-3755-5067 
Fuji CAC Joint Stock Company

Provide the Solution for Electrical and Process Control System
Tel +84-28-3742-0959 
URL www.fujicac.com 

PT. Fuji Electric Indonesia
Sales of inverters, servos, UPS, tools, and other component products 

Tel +62 21 574-4571 
URL http://www.id.fujielectric.com/

P.T. Fuji Metec Semarang
Manufacture and sales of vending machines and their parts 

Tel +62-24-3520435 
URL http://www.fms.fujielectric.com/ 

Fuji Electric India Pvt. Ltd.
Sales of drive control equipment and semiconductor devices 

Tel +91-22-4010 4870 
URL http://www.fujielectric.co.in 

Fuji Gemco Private Limited
Design, manufacture, sales, and engineering for drive control systems 

Tel +91-129-2274831 
Fuji Electric Philippines, Inc.

Manufacture of semiconductor devices 
Tel +63-2-844-6183 

Fuji Electric (Malaysia) Sdn. Bhd.
Manufacture of magnetic disk and aluminum substrate for magnetic disk 

Tel +60-4-403-1111 
URL http://www.fujielectric.com.my/ 

Fuji Electric Sales Malaysia Sdn. Bhd.
Sales of energy management systems, process automation systems, 
factory automation systems, power supply and facility systems, and 
vending machines

Tel +60 (0) 3 2780 9980 
URL https://www.my.fujielectric.com/ 

Fuji Furukawa E&C (Malaysia) Sdn. Bhd. *
Engineering and construction of mechanics and electrical works 

Tel +60-3-4297-5322 
Fuji Electric Taiwan Co., Ltd.

Sales of semiconductor devices, electrical distribution and control equip-
ment, and drive control equipment 

Tel +886-2-2511-1820 

Fuji Electric Korea Co., Ltd.
Sales of power distribution and control equipment, drive control equipment, 
rotators, high-voltage inverters, electronic control panels, medium- and 
large-sized UPS, and measurement equipment 

Tel +82-2-780-5011 
URL http://www.fujielectric.co.kr/ 

Fuji Electric Co.,Ltd. (Middle East Branch Offi ce)
Promotion of electrical products for the electrical utilities and the industrial 
plants 

Tel +973-17 564 569
Fuji Electric Co., Ltd. (Myanmar Branch Offi ce)

Providing research, feasibility studies, Liaison services 
Tel +95-1-382714 

Representative offi ce of Fujielectric Co., Ltd. (Cambodia)
Providing research, feasibility studies, Liaison services 

Tel +855-(0)23-964-070 

Europe
Fuji Electric Europe GmbH

Sales of electrical/electronic machinery and components 
Tel +49-69-6690290 
URL https://www.fujielectric-europe.com/ 

Fuji Electric France S.A.S
Manufacture and sales of measurement and control devices 

Tel +33-4-73-98-26-98 
URL https://www.fujielectric.fr/en

Fuji N2telligence GmbH *
Sales and engineering of fuel cells and peripheral equipment

Tel +49 (0) 3841 758 4500

China
Fuji Electric (China) Co., Ltd.

Sales of locally manufactured or imported products in China, and export of 
locally manufactured products 

Tel +86-21-5496-1177 
URL http://www.fujielectric.com.cn/ 

Shanghai Electric Fuji Electric Power Technology 
(Wuxi) Co., Ltd.

Research and development for, design and manufacture of , and provision 
of consulting and services for electric drive products, equipment for 
industrial automation control systems, control facilities for wind power 
generation and photovoltaic power generation, uninterruptible power 
systems, and power electronics products

Tel +86-510-8815-9229
Wuxi Fuji Electric FA Co., Ltd.

Manufacture and sales of low/high-voltage inverters, temperature control-
lers, gas analyzers, and UPS 

Tel +86-510-8815-2088 
Fuji Electric (Changshu) Co., Ltd.

Manufacture and sales of electromagnetic contactors and thermal relays 
Tel +86-512-5284-5642 
URL http://www.csfe.com.cn/ 

Fuji Electric (Zhuhai) Co., Ltd.
Manufacture and sales of industrial electric heating devices 

Tel +86-756-7267-861 
URL http://www.fujielectric.com.cn/fez/

Fuji Electric (Shenzhen) Co., Ltd.
Manufacture and sales of photoconductors, semiconductor devices and 
currency handling equipment 

Tel +86-755-2734-2910 
URL http://www.szfujielectric.com.cn/

Fuji Electric Dalian Co., Ltd.
Manufacture of low-voltage circuit breakers 

Tel +86-411-8762-2000 
Fuji Electric Motor (Dalian) Co., Ltd.

Manufacture of industrial motors 
Tel +86-411-8763-6555 

Dailan Fuji Bingshan Vending Machine Co.,Ltd. 
Development, manufacture, sales, servicing, overhauling, and installation 
of vending machines, and related consulting 

Tel +86-411-8754-5798 
Dalian Fuji Bingshan Smart Control Systems Co., Ltd.

Energy management systems, distribution systems, and related system 
engineering

Tel +86-411-8796-8340 
Fuji Electric (Hangzhou) Software Co., Ltd.

Development of vending machine-related control software and develop-
ment of management software 

Tel +86-571-8821-1661 
URL http://www.fujielectric.com.cn/fhs/

Fuji Electric FA (Asia) Co., Ltd.
Sales of electrical distribution and control equipment 

Tel +852-2311-8282 
Fuji Electric Hong Kong Co., Ltd.

Sales of semiconductor devices and photoconductors 
Tel +852-2664-8699 
URL http://www.hk.fujielectric.com/en/

Hoei Hong Kong Co., Ltd.
Sales of electrical/electronic components 

Tel +852-2369-8186 
URL http://www.hoei.com.hk/

Overseas Subsidiaries
* Non-consolidated subsidiaries

(1)

(3)

(2)



Contents

FUJI ELECTRIC REVIEW vol.65 no.1 2019

[Preface] Expectations for Technological Development to  2
Improve Convenience in Food Distribution
AOKI, Masao

In Food Distribution, Technologies to Improve Convenience  
and Save Labor and Energy 

In Food Distribution, Technologies to Improve Convenience  4
and Save Labor and Energy: Current Status and Future Outlook
SUGIMOTO, Koji

Vending Machine That Can Sell -5°C Beverages 10
OSAWA, Katsuyuki

Cloud-Based Vending Machines Quickly Responding to Market Needs 15
TANAKA, Seiichi    KOGA, Tsuneharu    YAMADA, Takahito

Vending Machine Business Processes Enhanced with ICT Solutions 19
PERERA, Madhura    KIMURA, Tomohiko    YANAGAWA, Hiroyuki

Showcase Using HFO Refrigerant with Built-In Cooling Unit to  23 
Render Installation Work Unnecessary
WATANABE, Tadao    YANO, Takayuki    IWASAKI, Takahiro

Labor-Saving Showcase Reducing Operational Workload 28
KINOSHITA, Suguru    MAEGAWA, Katsuhiko    NIWA, Yoshiyuki

Store Air Conditioning Solution to Save Storewide Labor and Energy 33
TERAWAKI, Hiroyuki    TAKANO, Yukihiro    MASUGI, Takuya

Drip Coffee Extraction Technology for Coffee Machines 39
NAGAYOSHI, Kenya    NISHIKAWA, Yohei    ITO, Shuichi

VVVF Inverters Using SiC Hybrid Modules for Renovated 5000 Series  64 
Railcars of Sanyo Electric Railway Co., Ltd.

New Products

“ECS-777” Automatic Change Dispenser That Meets the  44
Needs of the markets
NAKAMURA, Yoshihiro    CHIKUNI, Kazuya    KATAYAMA, Shugo

Freshness-Keeping Technology with Ambient Humidity Control 49
ICHIHARA, Shimoto    YAMADA, Tetsuya    HIRAKATA, Satoki

High-Efficient Power Supply Systems Utilizing 3-Phase 4-Wire  58
Uninterruptible Power Systems
YASUMOTO, Koji    WANG, Fangfang    TAKIZAWA, Ayumu

Earthquake-Resistant Technology for Uninterruptible Power Systems 53
YASUMOTO, Koji    WU, Ping    SHIGA, Hiroshi

Regular Paper



2 FUJI ELECTRIC REVIEW vol.65 no.1 2019

Expectations for Technological 
Development to Improve Convenience 
in Food Distribution

Buying things on the Internet namely online shop-
ping has become common practice these days.  In the 
2015 White Paper on Information and Communications 
published by the Ministry of Internal Affairs and Com-
munications of Japan, they say that over 70% of people 
across all generations have purchased goods online, and 
the population’s shopping behavior in physical retail-
ing establishments, which is “real stores,” is undergoing 
some changes.  It is not simply that fewer people shop 
in real stores; the implication of these changes extends 
to the emergence of new commercial models that inte-
grate real stores with online stores.  This trend has also 
touched the food industry, notably in such areas as fresh 
grocery, which has long resisted the integration into  
e-commerce, since technological advancement in food 
preservation has enabled online shopping, backed by the 
logistic systems that can have purchased items delivered 
on the same day or the next day.

Amid the changes in the market, engineers have 
tended to pursue their technological development to sup-
port food distribution, basically, by picking up issues sug-
gested by real stores, where end-customer needs were 
truly understood.  However, this passive approach is no 
longer sufficient to sell technology no matter how good it 
may be.  Today, a proactive approach to suggest improve-
ments is essential, and the ability to come up with a good 
proposal is a prerequisite.  For this reason, expectations 
are moving from the business to business (BtoB) model, 
which aims to meet business operators’ requirements, to 
the business-to-business-to-customer (BtoBtoC) model, 
which captures and realizes end-customer needs quickly 
and accurately.

Meanwhile, Japan is facing signs of a population 
decline, and the decrease of the population in the pro-
ductive age 15 or more and less than 65 years of age, is 
clearly shown in the prevalent shortage of labor.  This is 
particularly evident in food distribution sectors such as 
convenience stores (CVS) and restaurants.  In CVS, for 
example, a variety of services are being introduced to im-
prove convenience and to cater to diversifying customer 
needs, and they are putting more workload on employees 
as workflow becomes increasingly complex.  The increas-

ingly demanding work is likely to deter potential workers 
from joining, possibly exacerbating the labor shortage.

Given these situations as a context, improving conve-
nience in the food distribution industry requires innova-
tions, mainly through two approaches.  One takes a cus-
tomer perspective, and the other has the perspective of 
workers in food distribution.

First, taking the end-customer perspective, it is nec-
essary to reconsider the ways in which fun is provided in 
shopping in real stores.  A shop floor is recognized as a 
“selling space” seen from the proprietor’s point of view, 
but this can be redefined as a “buying space,” taking the 
customer point of view.  Efforts should continue to make 
best use of shelf space to display products effectively and 
make them look attractive.  More importantly, however, 
there is a need for creating enhanced experiential value 
in that customers can easily imagine how the products 
are used in their everyday context and enjoy the shop-
ping itself—leading to an enhanced buying experience.  
This may be about the in-store ambiance, customer ser-
vices, visual effects, convenience in shopping or positive 
sensations.  The point is how to make shoppers enjoy 
themselves, which may, in some cases, even call for en-
tertainment value.  Recently, CVS have been developing 
a new collaboration with other businesses to create “ex-
tra purchases.”  Together with this, efforts must be made 
in designing stores with a system to prompt customers to 
visit and buy products in physical stores.

From the perspective of the workers, the workforce 
shortage suggests a need for labor saving and an im-
proved work environment so that stores can be managed 
by fewer staff members.  These challenges may be eased 
by the recent emergence of the IoT and AI, which con-
nect many things to the Internet.  However, considering 
that work manuals at CVS are growing in volume, basic 
improvements to shop furniture and other equipment 
are also necessary to enhance the efficiency of each work 
process.  Meanwhile, employees also want to have their 
working experience enhanced.  Automation for labor sav-
ing is liable to make actual work redundant and, as a 
result, adversely affect workers’ morale as well as their 
skill development.  The way to move forward is to enable 
workers to be involved in customers’ buying experience, 
contribute to the enhancement of customer satisfaction, 
and increase their own satisfaction.  There must still be 
more possibilities that need exploring.

AOKI, Masao *

 *   Ph.D. (Business Administration), Assistant Professor, 
Faculty of Humanities, Law and Economics, Mie 
University

Preface
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In R&D, therefore, we need to regularly engage in 
cross-sectional thinking rather than focusing solely on 
our own areas of specialization. Thus, an open attitude is 

expected toward incorporating diverse ideas so as to im-
prove convenience in the food distribution industry.



4

Current
Status and

Future 
Outlook

1.  Introduction

In Japan, the population is aging and the work-
force is declining.  Furthermore, in the retail and 
distribution industry, human resource shortages 
are accelerating and competition to acquire labor 
is intensifying.  The increase in overseas workers 
has brought about the need for more user-friendly 
products and worker-friendly environments.  On the 
other hand, consumer demand is diversifying, and 
there is increasing demand for high-quality goods 
and services in the food and beverage distribution 
industry.

In overseas markets, income levels have been 
improving due to economic growth, especially in 
Southeast Asia, and this has caused a transition in 
consumption from daily necessities to durable goods 
such as automobiles and home appliances, as well 
as dining out, leisure and luxury goods and services.  
In this respect, the market for products in the food 
and beverage distribution industry, such as coffee 
machines and vending machines, is expected to ex-
pand in the future.

In order to respond to these market changes, 
Fuji Electric is working on research and develop-
ment of applicable technologies based on the three 
keywords “Enhanced Convenience,” “Labor Savings” 
and “Energy Savings” in the food and beverage 
distribution sector.  In this paper, we will describe 
these new technologies.

2.  Enhancing Convenience and Supporting 
Diversification

In the soft drink industry, more than 1,000 new 
products are marketed and sold each year.  Among 
these new products, only a few survive the increas-

ingly intense competition of the industry.  Fuji 
Electric is seeking to promote the consumption of 
products by effectively making use of the features of 
vending machines.

2.1  Vending machine that can sell -5°C  beverages
One of the features of vending machines is the 

ability to precisely manage the temperature of prod-
ucts.  In particular, in recent years, it has been nec-
essary to adjust temperature ranges based on the 
preference of consumers, while also maintaining the 
appropriate temperature for each product.

It is against this backdrop that we recently 
developed a vending machine in partnership with 
Asahi Soft Drinks Co., Ltd. that cools carbonated 
beverages to -5 °C, the temperature just before 
freezing.  When consumers open the cap, the bever-
age immediately starts freezing in a form similar to 
sherbet.

This phenomenon makes use of supercooling 
phenomenon*1, which requires that the beverage be 
cooled in an undisturbed state for a certain period of 
time.  Utilizing the temperature control function of 
this vending machine can achieve this type of envi-
ronment.

In order to prepare this undisturbed cooling 
environment for beverages, we have made use of 
a defrosting system based on a hot gas defrosting 
method that utilizes the refrigerant’s condensation 
heat.  By combining this system with cooling control 
to minimize temperature variation inside the vend-
ing machine, we have achieved temperature control 
of separated three zones inside the vending ma-
chine:  a sub-freezing temperature zone (for the next 
product to be sold), preliminary cooling zone and 
replenished product cooling zone.  As a result, the 
vending machine is able to maintain a sub-freezing 
temperature zone for the product when it is sold (see 
Fig. 1).

This technology is expected to enhance custom-

SUGIMOTO, Koji *   

In Food Distribution, Technologies to 
Improve Convenience and Save Labor and 
Energy:  Current Status and Future Outlook

 *    Food & Beverage Distribution Business Group, Fuji 
Electric Co., Ltd.

*1:  Supercooling phenomenon
This is a phenomenon in which a liquid 

does not solidify and maintains its liquid 

state even at temperatures below the freez-
ing point.  It is achieved by slowly cooling at 
a uniform temperature.  If shock or impact is 

applied in this state, the liquid immediately 
solidifies.
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ers’ brand power by enabling sales to go beyond sim-
ply selling things, because consumption is encour-
aged as a result of the fun-factor of seeing a product 
freeze in front of one’s eye and enjoying snow-cone 
like texture in one’s mouth.  We believe that the 
evolving performance and functions of vending 
machines will revitalize the vending machine mar-
ket and contribute to increasing customer sales 
(Refer to “Vending Machine That Can Sell -5 °C 
Beverages” on page 10).

2.2  Cloud-based vending machines quickly 
responding to market needs
The advancement of information and communi-

cation technologies (ICT) has made it easier for peo-
ple to exchange large amounts of information, and 
this, in turn, has had a significant impact on how 
industries do business.  Furthermore, innovative 
business models are just beginning to be created 
worldwide where multiple number of companies uti-
lize their strong points and develop products quickly 
and cost efficiently by removing barriers between 
companies and industries.  In order to respond to 
the proliferation of vending machines throughout 
the world, we have been developing an environ-
ment that enables customers to freely add or remove 
functionality based on local needs, while simulta-
neously constructing a framework that supports 
new entrants to the vending machine business.  
Furthermore, we have redesigned conventional con-
trol systems in order to respond to various specifica-
tions in short lead times required by customers and 
to accelerate collaboration with various different 
industries.

By layering and modularizing the software of 
vending machines, the cloud-based vending machine 
separates opened and closed (black-boxed) compo-
nents, thereby enabling other companies to freely 
add functionality, reduce their software sizes and 
improve development efficiency while maintain-
ing a high level of security.  Moreover, it facilitates 
the addition of functionality developed by other 
companies by providing an operating environment 
that consists of an embedded real-time OS *2 and 
internationally standardized general-purpose OS *2

(Linux<Note 1>, Android<Note 2>).  We are offering this 
model to markets other than Japan and aims to ac-
celerate the spread of vending machines worldwide 
(Refer to “Cloud-Based Vending Machines Quickly 
Responding to Market Needs” on page 15).

2.3   Vending machine business processes enhanced 
with ICT solutions
The development of communication technolo-

gies and sensors has been enriching life by connect-
ing things throughout the world through all types of 
devices, not limited to computers and smartphones, 
but also conventionally unimaginable ones including 
home appliances, automobiles and manufacturing 
equipment.  By 2020, it is said that approximately 
40 billion products will be connected to the Internet 
to provide various types of services(1).

It is expected by all quarters that even in the 
distribution sector, which includes vending ma-
chines and retail stores, various services will be de-
ployed using the Internet of Things (IoT).

For example, grasping the state of actual inven-
tory, which changes day to day, in real time and pre-
dicting daily consumption (demand) will encourage 
distribution process from primary industries to re-
tailers to change and optimize distribution quantity 
and frequency.  This enhancement leads to the solu-
tion of social challenges, such as promoting efficient 
distribution.

By developing ICT for vending machines and 
store appliances, which have conventionally been 
deployed on a device-by-device basis, we believe 
that the deployment of services will spread, thereby 
making it necessary to cooperate with different 
industries.  Figure 2 shows a system for providing 

*2:    Real-time OS and general-purpose 
OS
Conventionally, a real-time OS has 

been used to achieve real-time features.  
Dedicated facilities and environments are 

needed to develop applications that run on 
the real-time OS.  By separating a general-
purpose part that do not require real-time 
features from a real-time part, this machine 
uses a general purpose OS such as Linux 

for the former.  Using a general purpose OS 
allows other companies, such as vending 
machine operators, to facilitate the develop-
ment and addition of the applications they 
need.

Replenished 
product cooling 
zone
(Initial state)

Preliminary 
cooling zone
(Cooled for 1 
day)

Sub-freezing 
temperature 
zone
(Cooled for 2 
days)

Fan

Evaporator

To dispensing outlet

Wind flow

Fig.1  Zone operation system

<Note 1>   Linux is a trademark or registered trademark 
of Linus Torvalds in Japan and other countries

<Note 2>   Android is a trademark or registered trade-
mark of Google LLC
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services that improve business processes (Refer to 
“Vending Machine Business Processes Enhanced 
with ICT Solutions” on page 19).

3.  Facilitating Labor Savings

3.1      Showcase using HFO refrigerant*4 with built-in 
cooling unit to render installation work unnecessary
Convenience store companies that want to ex-

pand their businesses have been eagerly awaiting 
the development of showcases that take into con-
sideration the construction restrictions imposed on 
stores located inside buildings when opening new 
stores.  It is against this backdrop that we have de-
veloped a showcase equipped with a built-in cooling 
unit that utilizes an HFO refrigerant<Note 3>(see Fig. 
3).

In this regard, we have developed a new type of 
air curtain that uses ducts below the shelves to di-

rect cooling air from the back to the front in combi-
nation with air that flows from above.  This system 
reduces the amount of outside invading heat and 
meets the cooling performance requirements using a 
small-capacity cooling unit.  Placing the cooling unit 
on top of the case allows the showcase to lower the 
bottom shelf and increase the number of shelves, 
expanding product display area.  Furthermore, 

*3:   Acquirer, beverage maker, 
operator, owner

Acquirer
The acquirer is a company that acquires and 
manages affiliated merchants on cashless 
payment services.  It supplies payment to 
merchants for goods sold by the merchant on 
credit to users and provides the system that 
enables merchants to setup payment infra-

structure.
Beverage maker
The beverage maker is a manufacturer and 
distributor of beverages.
Operator
The operator is a company that installs, 
manages and maintains vending machines.  
It also replenishes goods and handles sales 
collection.

Owner
The owner is a company or individual who 
owns vending machines.

*4:  HFO refrigerant
HFO is an abbreviation for hydrofluo-

roolefin.  HFO refrigerants are character-
ized by a low global warming potential and 
an ozone layer depletion coefficient of zero.

Fig.3  HFO refrigerant showcase

<Note 3>   The “Showcase with Built-In HFO Refrigerant 
Cooling Unit” was awarded the Outstanding 
Performance Award of the “21st Ozone Layer 
Protection and Global Warming Prevention 
Awards” sponsored by Nikkan Kogyo Shimbun  
Ltd. https://biz.nikkan.co.jp/sanken/ozon/number21.
html.

Vending
machine

Data distributionData collection

Communi-
cations unit

(MCU)

Built into
vending machine

Base
station

Switching
station

Cloud server Customer system

○Service provider
○Acquirer*3

○Beverage maker*3

○Operator*3

○Owner*3

Software updates

Primary
data

Data analysis and
processing

Secondary
data

Device monitoring

Data service center

Vending machine communications interface Customer system
communications interface

Global communications platform

Sales info QR Code*settlement

Points granted

Remote
administration Web services

Service applications

*QR Code is a trademark or registered trademark of Denso Wave Incorporated.

Fig.2  Services that use general-purpose cloud systems



7In Food Distribution, Technologies to Improve Convenience and Save Labor and Energy:  Current Status and Future Outlook

is
su

e:
 In

 F
oo

d 
D

is
tri

bu
tio

n,
 T

ec
hn

ol
og

ie
s t

o 
Im

pr
ov

e 
C

on
ve

ni
en

ce
 a

nd
 S

av
e 

La
bo

r a
nd

 E
ne

rg
y 

incorporating the cooling unit into the showcase 
eliminates the need for on-site cooling system pip-
ing work required for separate-type showcases.  We 
utilized the heating and cooling technology that we 
cultivated in our vending machines (PWM type*5 
electronic expansion valve, high-efficiency all- 
aluminum heat exchanger) in the showcase to 
achieve compressor size reduction and cooling unit 
integration that helped to significantly reduce the 
amount of refrigerant filling (83% reduction).  The 
showcase uses low GWP*6 refrigerant HFO-1234yf 
for the first time in the industry.  Moreover, we 
have developed an evaporating system that utilizes 
the exhaust heat created when condensing the re-
frigerant in the cooling unit to evaporate the drain 
water inside the cooling unit so that buried piping 
work is simplified (Refer to “Showcase Using HFO 
Refrigerant with Built-In Cooling Unit to Render 
Installation Work Unnecessary” on page 23).

3.2      Labor-saving showcase reducing operational 
workload
Labor shortages in the convenience store indus-

try have become a challenge.  As a result, there is 
increased demand for labor savings and energy sav-
ings through automation and simplified operations 
that can help to reduce workloads.

We have developed the following labor-saving 
items that aim to reduce the amount of labor- 
intensive tasks performed by store employees:  

(a)  Slide shelf with tilting mechanism that 
makes it easy to pull out showcase shelves 
and streamlines product replenishment by 
switching between inclined and level states.

(b)  Filter simple access mechanism that allows 
the filter to be removed directly from the 
front of the showcase and makes it easy to 
check the state of the filter.

(c)  Movable shelves that can be mounted for 
carry heavy loads on walk-in showcase racks 
to streamline product replenishment for 
achieving labor savings (Refer to “Labor- 
Saving Showcase Reducing Operational 
Workload” on page 28).

3.3      Drip coffee extraction technology for coffee 
machines
In recent years, the coffee market throughout 

the world has been changing rapidly.  In particu-
lar, a type of specialty coffee, referred to as third 
wave coffee, has been popular in the United States 
and has increased the demand for real drip coffee.  
Furthermore, the demand for coffee beverages has 
been increasing in Asian countries due to improved 
income levels, and in particular, the Chinese mar-
ket for coffee has been growing rapidly.  It is against 
this backdrop that we have developed the following 
technologies:  

(a)  Mesh filter that extracts high-quality coffee 
as close to paper drip as possible and can 
be used in coffee machines and cup vending 
machines in overseas markets where it is dif-
ficult to obtain paper filters.

(b)  New type of coffee extraction device for third 
wave coffee that delicately controls flavor 
by strictly adhering to the taste of freshly 
brewed hand drip coffee.

(c)  New type of mill, based on research on elec-
trostatic charging mechanisms, that provides 
delicious coffee by preventing malfunction 
and extraction quality deterioration caused 
by clogging due to the abnormal adherence 
of roasted beans in the outlet (Refer to “Drip 
Coffee Extraction Technology for Coffee Ma-
chines” on page 39).

3.4      “ECS-777” automatic change dispenser that meets 
the needs of the markets
As mentioned previously, the retail and dis-

tribution industry, typified by supermarkets and 
convenience stores, is having a harder time secur-
ing a workforce of temporary and part-time employ-
ees.  Moreover, it is becoming increasing necessary 
to outsource check-out duties.  As a result, self- 
checkout and semi self-checkout systems*7 are being 
used in earnest to streamline the checkout process 
and reduce labor costs and checkout waiting times.

Since these systems are operated by consumers 
rather than store employees, the change dispensers 
used with these systems need to achieve a higher 
level of user-friendliness, resistance to bill and coin 

*5:  PWM method
PWM stands for pulse width modula-

tion and is a power control method.  It uses a 
semiconductor to create a constant cycle for 
the ON/OFF state of the pulse train and sup-
ports arbitrary voltage output proportional 
to the ON-state pulse width.  It is charac-
terized by excellent controllability and high 
efficiency and is widely used in inverter cir-
cuits.

*6:  GWP
GWP stands for global warming poten-

tial.  Greenhouse gases absorb some of the 
infrared radiation emitted from the surface 
of the earth and cause the greenhouse effect.  
The influence of the greenhouse effect is in-
dicated with CO2 as the basis (=1.0).  The 
smaller the number, the lower the green-
house effect.

*7:   Self-checkout and semi 
self-checkout

Self-checkout refers to the purchaser 
scanning the product barcodes and paying 
for the products by himself/herself.  Semi 
self-checkout refers to a store employee 
scanning the product barcodes and the pur-
chaser paying for the products at a checkout 
machine installed near the cash registers.
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jamming and safety than conventional change dis-
pensers.  In order to respond to these market needs, 
we have developed the automatic change dispenser 
shown in Fig. 4, as well as a slim coin roll storage 
that can be easily mounted to self-checkout systems 
(Refer to “ECS-777 Automatic Change Dispenser 
That Meets the Needs of the Markets” on page 44).

4.  Responding to Energy Savings and 
Environmental Needs

4.1      Store air conditioning solution to save storewide 
labor and energy
In the convenience store industry, there is 

increasing demand for energy-saving solutions 
that are measures for enhancing environmental 
friendliness and suppressing rising labor costs.  
Conventionally, store power consumption has been 
reduced by achieving energy savings in each piece 
of equipment such as air conditioner and showcase.

Fuji Electric has been operating an actual re-
tail store in its factories for several years, and has 
verified the movement of heat at this store and has 
sought new ways to attain further energy savings.  
Based on our studies, we have developed an in-store 
heat balance analysis tool for analyzing the heat 
balance of the entire store.  This tool makes it possi-
ble to visualize the heat load of each piece of equip-
ment by connecting with heat and airflow analysis 
software that makes estimates in consideration of 
the in-store layout.  This tool has dramatically sped 
up the time required to implement new ideas.

As a result of using this tool to analyze heat bal-
ances, we have developed a positive pressure control 
system for suppressing heat loads caused by the 
invasion of outside air that enters from the auto-
matic door of the store.  Furthermore, by taking into 
consideration the in-store layout of equipment and 
ventilation, the tool helps to achieve cost and energy 
savings, while also improving store cleanliness by 
suppressing the amount of dirt and dust that en-
ters the store from the outside (Refer to “Store Air 
Conditioning Solution to Save Storewide Labor and 
Energy” on page 33).

4.2  Freshness-keeping technology with ambient 
humidity control
In Japan, discarded food occupies about 30% of 

total food consumption.  Among them, food loss, re-
sulting from the discarding of edible food, currently 
accounts for more than 6 million tons of food.  This 
has become a serious social problem that also sup-
presses the profitability of the retail and distribu-
tion industry, especially supermarkets and conve-
nience stores.

The hot snacks sold next to the cash registers 
in convenience stores are disposed of within a few 
hours due to their texture losing freshness and 
moisture during heating.  As a result, there is a de-
mand for food fixtures that control ambient humid-
ity during heating to keep food fresher for longer.

Therefore, we have applied our polymer- 
electrolyte fuel cell technology in the development 
of a humidity control component that optimizes 
the electrolyte membrane and catalytic composition 
without the use of liquid water.  Compared with hu-
midity control methods that use liquid water, this 
humidity control component can be applied to coun-
ter fixtures (see Fig. 5) to significantly reduce the 
risk of fungal and bacterial growth and keep food 
at its required ambient humidity.  By suppressing 
excessive dryness and moisture in food and main-
taining the value of the food products, this technol-
ogy can increase sales opportunities and reduce the 
loss of the retail and distribution industry caused 
by discarded food (Refer to “Freshness-Keeping 
Technology with Ambient Humidity Control” on 
page 49).

5. Postscript

It is expected that the needs of the food and 
beverage distribution industry will continue to di-
versify, and in this regard, Fuji Electric must be 
prepared to respond quickly.  We plan to continue to 
research and develop our core technologies related 

Fig.4  “ECS-777” automatic change dispenser

Fig.5  Counter fixture
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to cooling and heating, mechatronics, sensors and 
communications in support of customer business 
environments so that we can offer unique products 
that meet the latent needs of the market.

References
(1) “Key Points of the 2018 White Paper on Information 

and Communications in Japan”. The Ministry of 

Internal Affairs and Communications. http: / /www.
soumu.go.jp / johotsusintokei / whitepaper / eng /
WP2018/key-points.pdf, (accessed 2019-01-15).
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1. Introduction

A beverage that starts freezing into a sherbet-like 
state when its container is opened.  Such a product 
has become a popular topic because it creates a cool, 
refreshing feeling.  A sub-freezing beverage vending 
machine jointly developed by Asahi Soft Drinks Co., 
Ltd. and Fuji Electric applies the supercooling phe-
nomenon, in which “liquid starts freezing as its inter-
nal pressure is altered by the container being opened.” 
In order to reproduce this supercooling phenomenon 
consistently, the beverage must be carefully cooled into 
an appropriate temperature zone.  By taking advan-
tage of the fact that a vending machine can create such 
an environment, we can produce the effect of not only 
selling products but also encouraging consumption, 
by offering consumers the fun of watching a beverage 
start freezing in front of their eyes and experiencing a 
snow-cone-like texture that fills the mouth.  This can 
be one example that could change the assumed values 
of vending machines.

2. Development Background

 Due to discounts at supermarkets and the emer-
gence of coffee chains and convenience stores in recent 
years, sales through vending machines are tending to 
decrease.  Therefore, just the convenience of getting a 
product anytime, anywhere does not work anymore.  
Vending machine operators are therefore trying to in-
crease their sales by offering attractive products with 
a unique selling point of vending machines, by setting 
various temperature zones in accordance with the pref-
erence of consumers with regard to beverage drinking 

OSAWA, Katsuyuki *   

Vending Machine That Can Sell -5°C Beverages

Asahi Soft Drinks Co., Ltd. and Fuji Electric have jointly developed a subfreezing beverage vending machine.  
Opening the beverage container triggers the contents to turn into a sherbet-like state.  This unexpected event is 
caused by the supercooling phenomenon, that is, the liquid starts freezing as the internal pressure is altered by the 
container being opened.  To consistently reproduce this event, we adopted the hot gas defrosting method, which 
does not affect beverage temperature.  The vending machine has three zones, sub-freezing temperature zone, pre-
liminary cooling zone, and replenished product cooling zone and allows the change of the maximum number of bev-
erages to be sold per day.  This structure enables the machine to stably supply sherbet-like subfreezing beverages.

temperatures.
Under such circumstances, Fuji Electric has de-

veloped a vending machine that can cool a carbonated 
beverage to -5 °C, which is the temperature immedi-
ately before freezing (see Fig. 1).  Its product concept 
is “contributing to the growth of customer business by 
offering products with novel surprise, fun and taste to 
consumers to increase the appeal of vending machines 
and by improving the value of product brand to in-
crease the sales per machine.”

3. Development Target and Challenges

Figure 2 shows the structure of a typical vend-
ing machine.  A vending machine has three compart-
ments for storing beverage products (left, center and 
right compartments).  The operation modes of these 
compartments can be switched to cooling or heating 
individually depending on the season.  In order to cool 
beverages into a normal temperature zone (+5 °C), 

Fig.1    Exterior appearance of sub-freezing beverage vending 
machine
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conventional machines internally circulate cold air 
that has passed through an evaporator maintained at 
a specific temperature.  When the inner temperature 
becomes too low, the cooling unit is turned off.  The 
unit repeats on/off operation to keep the inner tem-
perature constant.  As a measure to reduce cooling load 
and minimize power consumption, the circulating cold 
air is concentrated into the lower part of the storage 
where the next to be sold products are stored.

In order to allow consumers to enjoy sherbet-like 
beverages, we have to make this developed machine 
constantly keep the beverages cooled into a tempera-
ture zone in which opening the container triggers the 
supercooling phenomenon (-5 °C).  That means, the 
machine needs to send the necessary amount of cold 
air that is colder than that of conventional machines 
to the required area.  Assuming the machine would be 
used in summer when sherbet-like beverages are pre-
ferred in particular, there is another request from an 
operator to leave consumers the option of selecting bev-
erages in a normal temperature zone while providing 
sherbet-like beverages efficiently by setting conditions 
for cooling all compartments.

Meeting these requests meant we had to solve the 
following challenges:  

(a)  Controlling the inner temperature by properly 
lowering the evaporator temperature and ad-
justing the combination of operating time and 
air volume.

(b)  Avoiding a rise in the temperature of the 
products by removing frost (defrosting) that 
increases due to the lower evaporator tempera-
ture.

(c)  Avoiding a temperature rise during product re-
plenishment.

In order to achieve a cooling performance that can 
cool replenished products to a uniform temperature 
and create a supercooling state, it is necessary to pre-
vent invading heat from the outside and cooling loss.  
For that purpose, we checked factors related to each 
element one by one and tried to optimize the entire 
system.

The factors related to each element are as follows:  
(a)  Cooling performance:  Evaporation temperature, 

installation environment, and piping circuit
(b)  Uniform product temperature:  Airflow tempera-

ture, airflow velocity, operating rate, and duct 
height

(c)  Product load:  Capacity, and number of prod-
ucts, sales

(d)  Invading heat:  Heat insulating material, gas-
kets, and airflow velocity

(e)  Cooling loss:  Defrosting, operating rate, and en-
vironmental factors

4. Features

4.1 Defrosting system
Conventional vending machines have adopted a 

fan defrosting method.  It melts the frost that has 
formed on the evaporator gradually by circulating air 
inside the machine while the cooling unit stops operat-
ing.  This operation is repeated periodically to prevent 
excessive frost from clogging the airflow passage in 
the evaporator, which results in preventing a rise in 
the temperature of the products.  Unfortunately, us-
ing this method on the developed machine will increase 
the amount of frost because of the lower evaporator 
temperature.  As a result, defrosting must be repeated 
more frequently.  Moreover, the inner temperature 
is set to lower than that of conventional machines by 
about 10 K, which means it takes longer to melt the 
same amount of frost.  Since cooling stops during de-
frosting, a longer defrosting time results in a rise in 
the temperature of the products.  The lower target 
inner temperature causes a larger temperature differ-
ence between the inside and outside compared with 
conventional machines.  This is another factor that 
makes the gap between the product temperature and 
target temperature larger.

In order to cool beverages into the sub-freezing 
temperature zone, it is necessary to eliminate such a 
loss during defrosting.  For the developed machine, 
therefore, we use a heat pump circuit(1) to enhance 
the energy-saving ability of the heating chamber of 
the vending machine.  This allows it to lead the high- 
temperature and high-pressure refrigerant into the 
evaporator and finish defrosting within a much shorter 
time, resulting in preventing a rise in the temperature 
of the products.

As Fig. 3 shows, there are four operation modes as 
listed below:  

(a)  Pattern 1:  Cooling (cold, sub-freezing)
(b)  Pattern 2:  Heating (hot)
(c)  Pattern 3:  Fan defrosting
(d)  Pattern 4:  Hot gas defrosting

During the cooling operation, shown as Pattern 
1, a high-temperature and high-pressure refrigerant 
is sent to the condenser.  After heat dissipation and 
adiabatic expansion, the low-pressure refrigerant is 

Inside the door
(Upper and lower)

Left 
compartment

Center 
compartment

Right 
compartment

Product 
feeding 
inlet

Partition 
plate

Product 
chute

CondenserDispensing 
outlet

Fig.2  Structure of vending machine



12 FUJI ELECTRIC REVIEW vol.65 no.1 2019

sent to the evaporator for heat absorption (cooling).  
The heating operation of Pattern 2 does the opposite.  
The high-temperature and high-pressure refrigerant 
is led to the evaporator to dissipate heat and send hot 
air inside the machine.  In either operation, the fan 
mounted inside the evaporator operates to send the 
airflow that has exchanged heat in the evaporator (cold 
or hot airflow) to cool or heat the products to the target 
temperature.  When defrosting operation is considered 
here, in the conventional temperature zone, the fan de-
frosting method described earlier is used for defrosting 
in the state shown in Pattern 3.  In this pattern, the 
fan is operated while the compressor stops.  The frost 
is melted by the lukewarm airflow that is gradually 
heated by invading heat.

On the other hand, the state of Pattern 4 is used 
in the temperature zone of the developed machine.  
The high-temperature and high-pressure refrigerant 
is directly led to the evaporator as described above.  It 
heats the evaporator directly from the piping side to 
melt the frost.  Since this method does not send airflow 
to melt the frost, the fan can be stopped.  As a result, 
it does not send warm air around the products and can 
prevent a wasteful rise in the temperature of the prod-
ucts.  Table 1 shows a comparison of defrosting meth-
ods between the conventional and developed machines.

When compared in the temperature zone of the 
developed machine, the defrosting time of about 120 
minutes required by the fan defrosting method can 
be reduced to about 5 minutes by the hot-gas defrost-
ing method.  This can prevent the situation where the 

products go out of the temperature zone required for 
triggering the supercooling phenomenon during de-
frosting.  Once the product temperature rises, the sales 
opportunity will be lost until the temperature returns 
into the supercooling range.  We selected this method 
as an efficient one especially in the temperature zone 
of the developed machine.  Figure 4 shows an example 
of the evaporator state, before and after the hot-gas de-
frosting of the developed machine.

4.2 Zone operation system
Product replenishment is one of the causes of a 

thermal loss that prevents the machine from cool-
ing into the sub-freezing temperature zone.  In addi-
tion to the load of hot outside air entering when the 
machine door is opened, there is a load of reducing 
the capacity of heat held by the replenished products 
themselves that are almost as warm as the outside 
temperature into the sub-freezing temperature zone.  
Cooling the products into that sub-freezing tempera-
ture zone before selling was therefore a big challenge 
for the developed machine.  To solve the challenge, 
Fuji Electric focused on the amount of replenished 
products and replenishment position and performed 
three-temperature zone management linked to the 
operation (zone operation system, see Fig. 5).  The 
products are replenished from the top of the vending 
machine.  They are stored vertically inside and sold 

(a) Pattern 1:  Cooling (b) Pattern 2:  Heating

(c) Pattern 3:  Fan defrosting (d) Pattern 4:  Hot gas 
 defrosting

Center 
compartment

evaporator

Compressor Condenser

Fan
Center 

compartment
evaporator

Compressor Condenser

Fan

Center 
compartment

evaporator

Compressor

Fan
Center 

compartment
evaporator

Compressor Condenser

Fan

Condenser

Fig.3  Refrigerant passage in each operation mode

Table 1  Comparison of defrosting methods

Item Conventional machine Developed machine

Defrosting 
method Fan defrosting Hot gas defrosting

Operation No cooling + Fan operation Heating + No fan 
operation

Principle Gradual defrosting by  
invading heat and airflow

Quick defrosting by 
supplying hot refrig-
erant in reverse flow

Defrosting 
time

120 minutes
(about 15 minutes in  

conventional temperature 
zone)

5 minutes

Maximum 
product tem-
perature

Approximately 2 °C -3 °C or lower

(a) Before defrosting (b) After defrosting

Fig.4    Evaporator before and after hot-gas defrosting of  
developed machine
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cooling airflow will be applied to the products.  Vend-
ing machines control the circulation of the refrigerant 
according to the operating environment of the cooling 
unit by using the temperature sensor mounted in the 
evaporator of the cooling unit to properly control the 
temperature of the evaporator.  The developed ma-
chine sets this setting temperature lower to adjust the 
evaporator temperature.  On the other hand, although 
continuous sending of airflow settles the temperature 
to a certain level, the stabilized temperature varies 
depending on the temperature of the surrounding en-
vironment.  We control the on/off operation of the cool-
ing unit based on the temperature detected by the tem-
perature sensor mounted at the bottom of the product 
storage rack.  This makes it possible to keep the inner 
temperature constant and accommodate variable fac-
tors.  The developed machine controls the final product 
temperature according to the target based on this set-
ting temperature set to around -5 °C.  Figure 6 shows 
the changes in the product temperature, inner temper-
ature and evaporation temperature over time.

Figure 7 shows a cross-sectional view of the inside 
of the center compartment during cooling operation.  
In the structure of such a beverage vending machine, 
the airflow and inner temperature distribution are cor-
related.  As Fig. 7(a) shows, the products are cooled 
faster in the rack position that directly receives the air 
blown immediately out from the cooling unit (on the 
product dispensing outlet side).  Conversely, during 
the cooling unit is off, the position that receives stron-
ger air blow undergoes a temperature rise more easily 
due to the invading heat from the outside, as shown in 
Fig. 7(b).  The products in the rack position that does 
not receive direct airflow from the cooling unit (on the 
rear side) are cooled slower but are relatively less af-
fected by invading heat.  As Fig. 7(c) shows, conven-
tional machines suppress invading heat as much as 
possible to maintain the target temperature by stop-
ping the airflow also while the cooling unit stops.

The developed machine, however, requires a lower 
target temperature, which results in a larger tem-
perature difference from the outside air and higher 
influence of invading heat compared with conventional 

in the order from the one at the bottom (first-in, first-
out system).  Consequently, the products replenished 
earlier move gradually downward inside the machine.  
This ensures a long cooling time until the product is 
finally sold from the bottom.  Note, however, that the 
amount of products that can be stocked inside is lim-
ited.  Moreover, the amount of stored products varies 
depending on the positions of the product storage racks 
in the depth direction (front to rear).  Simply replen-
ishing the products results in varying standby times 
from replenishment to being sold.  As a countermea-
sure, controlling the amount and timing of product re-
plenishment makes it possible to secure the necessary 
cooling time.  The temperature zones are set individu-
ally for the three compartmental divisions provided 
horizontally (left, center and right).  As a result, the 
product storage racks in the same compartment are 
kept in the same temperature zone regardless of their 
position.  The target product discussed in this paper is 
sold through the use of all center compartments so that 
the control described above can be done throughout the 
center compartment.

With the developed machine, the number of bever-
ages sold per day approximately corresponds to one-
third of all the beverages stocked inside.  This means 
that the beverages will be sold in about three days 
from replenishment.  Therefore, we divided the inside 
into three zones:  sub-freezing temperature zone (prod-
ucts to be sold next), preliminary cooling zone and re-
plenished product cooling zone.  We managed the zones 
in accordance with the maximum number of beverages 
that can be sold per day for each rack based on the 
maximum storable number that varies depending on 
the position in the depth direction (front to rear).  As a 
result, we can ensure at least two days as the cooling 
time for replenished products and stably supply bever-
ages that turn into a sherbet-like state.

4.3 Heat insulation structure and temperature control
In order to lower the product temperature to -5 °C, 

it is necessary to set the evaporator temperature lower 
than those of conventional machines so that colder 

Replenished 
product cooling zone
(initial state)

Preliminary cooling 
zone
(one-day cooling)

Sub-freezing 
temperature zone
(two-day cooling)

Fan

Evaporator

To product
dispensing outlet

Airflow

Fig.5  Zone operation system

Product 
temperature

Inner 
temperature

Evaporation 
temperature

Elapsed time

Cooling unit on Cooling unit off

T
em

pe
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tu
re

Fig.6  Change in temperatures over time
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easily rises when the cooling unit stops.  To solve this 
problem, we reinforced the heat insulation wall and 
made the airflow continuously even while the cooling 
unit stops.  This reduced the fluctuation in the prod-
uct temperatures in the depth direction and kept them 
within the temperature zone required for triggering 
the supercooling phenomenon.  By limiting the target 
to the center compartment when cooling the three com-
partments, we could make the temperature difference 
between the center compartment and the right and 
left compartments smaller and further suppress invad-
ing heat.  Furthermore, the front and rear sides use 
vacuum insulating material to reinforce the heat insu-
lation.  The reinforced insulation allowed us to design 
the cold air inlet port at a higher position to increase 
the range of low temperature, which provided some 
margin for the zone operation system described above.

5. Postscript

This paper described a vending machine that can 
sell beverages stored at -5 °C.  This machine adopts 
the hot-gas defrosting method, which uses the conden-
sation heat of a refrigerant and does not affect product 
temperature.  It enables temperature management by 
dividing the inside of a vending machine into three 
zones to ensure a product temperature in the sub-
freezing temperature zone at the time of sale.

Fuji Electric will further provide new products 
based on these new technologies to stimulate the vend-
ing machine market as well as to contribute to increas-
ing beverage sales.
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machines.  If the airflow is stopped while the cooling 
unit stops, the attained temperature of the products 
is prone to fluctuation depending on the position in 
the depth (front to rear) direction inside the machine.  
This is because the products on the dispensing out-
let side (front) that receive direct airflow are cooled 
faster by cold air and the temperature of those on the 
rear side (back) that do not receive direct airflow more 
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Rear side
(back)

Product 
dispensing 
outlet side (front)

Cooling unit 
operating

Fan operating

(a) When cooling unit and 
     fan are operating
(a) When cooling unit and 
     fan are operating

Cooling unit 
stopped

Fan stopped

(c) When cooling unit and 
     fan stopped
(c) When cooling unit and 
     fan stopped

Cooling unit 
stopped

Fan operating

(b) When cooling unit stopped 
     and fan is operating
(b) When cooling unit stopped 
     and fan is operating

Cooled airflow
(cooling unit operating)

Uncooled airflow
(cooling unit stopped)

Invading heat

Fig.7    Cross-sectional view of inside of center compartment 
during cooling operation
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1. Introduction

The vending machine market in Japan has en-
tered a mature stage, whereas the market is expected 
to grow outside of Japan, mainly in China and South-
east Asia.  The Chinese market, in particular, sees a 
shipment of more than 100,000 units in FY2016.  The 
growth rates in recent years have exceeded 10% and a 
similar figure is expected also in the future.

Fuji Electric has been providing a line-up of high-
quality products, centered on beverage vending ma-
chines, to the Japanese market.  In China, however, 
due to the low unit prices of beverages, we need to offer 
a line-up of low-price vending machines with minimum 
functions to meet the market needs (see Fig. 1).

In addition to this fact, the installation locations 
are scattered over a wide area in China, so that route 
sales staff need much time to travel around.  Coupled 
with the rising labor costs and labor shortages due to 

TANAKA, Seiichi *   KOGA, Tsuneharu *   YAMADA, Takahito *   

Cloud-Based Vending Machines Quickly Responding 
to Market Needs

Vending machines are being required to quickly respond to dramatically changing needs as the market is grow-
ing outside Japan, notably China.  To meet these needs, Fuji Electric has developed a cloud-based vending machine.  
We replaced some common functions of vending machines, such as payment and the display of product samples and 
their prices with functions on smartphones and cloud-based servers.  Equipped with a minimum set of software, such 
as for product dispensing and heating and cooling, the vending machine helps significantly increase operational ef-
ficiency, despite the low price.

a robust economy, there is demand for more efficient 
operations.

The vending machine market in China is in a 
growing stage.  Vending machines need to quickly re-
spond to the dramatically changing market needs and 
this requires about three times faster development 
speed compared with the Japanese market.

To meet such needs, Fuji Electric has developed a 
cloud-based vending machine that can quickly respond 
to changing market needs.

2. Features

Fuji Electric has developed a cloud-based vending 
machine having the following features:  
(1)  Lower price through system optimization

We achieved a lower price by optimizing the func-
tions of the entire system including cloud-based serv-
ers.
(2)  Open structure for shorter development lead time

In order to respond to changes in factors such as 
consumer preference and consumption behavior, we 
renovated the software structure so that items can be 
added or changed easily.  We mounted a communica-
tion module (communication terminal device) using a 
general-purpose OS, Linux*1.  This has allowed vend-
ing machine operators (companies that install and op-
erate vending machines) to shorten the development 
lead time by changing software.
(3)  Efficient operation through the use of cloud-based 

servers
We improved operation efficiency by using cloud-

based servers to manage product price and other data 
which had been managed on individual vending ma-

*1:   Linux is a trademark or registered trademark of Linus 
Torvalds in Japan and in other countries.

Cloud-
based

machine

Chinese market

Fuji Electric’s 
machine

(conventional 
model)

Low High
Cost
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u

n
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Fig.1  Positioning of cloud-based vending machines
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chines.

3. Overview of Cloud-Based Vending Machines

3.1  Lower price through system optimization
When a consumer reads the QR code*2 attached on 

the cloud-based vending machine with a smartphone 
(user scan method), information of product images and 
prices is sent from a cloud-based server and displayed 
on the smartphone.  When the consumer selects a 
product from the images, the payment is processed on 
the server and the product is dispensed.

As shown in Table 1, this machine replaces the 
standard functions of typical vending machines used 
in Japan, such as the display of product samples and 
their prices and payment settling system (coin valida-
tor, bill validator and card reader) with functions on 
smartphones and cloud-based servers.  As a result, the 
vending machine itself can be made up of minimum 

control systems (see Fig. 2).

3.2      Open structure using general-purpose OS and vend-
ing machine SDK
Fuji Electric has been used an embedded OS in 

conventional vending machines due to the need for 
a real-time response.  Handling an embedded OS 
requires a dedicated development environment and 
specialist skills, therefore it is considerably difficult 
for vending machine operators to develop vending ma-
chine application software.

To solve this problem, we divided the functions 
into two groups:  one that requires a real-time re-
sponse and the other that does not.  We made the func-
tions that require a real-time response be operated on 
the embedded OS as before and made the functions 
that do not require a real-time response be operated on 
a general-purpose OS mounted on the communication 
module.  We selected Linux as the general-purpose OS 
and prepared a vending machine software development 
kit (SDK) to allow our customers to develop applica-
tions (IoT applications) more easily (see Fig. 3).

3.3      Renovation of software structure for easy modification 
(global platform)
The software for conventional vending machine 

was developed on the basis of vending machine soft-
ware designed for the Japanese market, and functions 
were added repeatedly to meet each request from cus-
tomers.  Consequently, there were problems of large 
size, complexity and much time needed for adding 
functions.  Since the software structure was different 
for each machine model, even an attempt at applying 
an identical function to several models required the de-
velopment of software for every model, which was an-
other problem.  To solve these problems, Fuji Electric 

*2:   QR code is a trademark or registered trademark of 
Denso Wave Incorporated.

Table 1    Comparison of functions between typical vending 
machines in Japan and cloud-based vending machines

Operation Required func-
tion

Required equipment

Typical vending ma-
chines in Japan

Cloud-based 
vending ma-

chines

Selling

Product 
confirmation

Product sample 
display

SmartphonePrice 
confirmation Price display

Product 
selection

Product selection 
button

Payment Payment system
(Coin, bill, card)

Smartphone +
Cloud-based 

server

Installa-
tion

Product 
registration Setting device Cloud-based 

server

Mainte-
nance

Sold-out prod-
uct and failure 

check
Setting device Smartphone

Product 
selection 
buttons

Coin 
validator

Bill 
validator

Card 
reader

Price display

Unnecessary

Setting 
device

Master

Cloud-based server
Communication 
module

Product 
dispensing, 
heating 
and cooling 
system

Fig.2    Control system configuration of cloud-based vending 
machine

Cloud-based server

Master

External communication
terminal device

Communication module (communication terminal device)

Vending machine 
application

Vending machine 
application 
library

SDK for 
vending 
machines

IoT applicationVending 
machine 
interface

General-purpose OS (Linux) Cloud SDK

Serial interface

Vending machine 
interface Embedded OS

etc.

Fig.3    Communication terminal device using general-purpose 
OS (Linux)
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renovated the structure of vending machine software 
by braking the software into modules, redefining the 
role of each module, and then setting up the rules for 
the connection between the modules (see Fig. 4).

After that, we divided the software modules into 
ones that are common to all models and variable mod-
ules that vary with models.  For example, we designed 
the specifications of the module interface for variable 
modules such as the product dispensing function to be 
common to all models.  This makes it easy to replace 
variable software modules with those appropriate to 
individual models (see Fig. 5).

Such common design of the module interface for 
variable modules has enabled vending machine opera-

tors to achieve the necessary functions within a short 
period.

3.4      Software structure for easy support of cloud-based 
servers specified by customers
It is vending machine operators that select a cloud-

based server used for the management and payment 
service of their vending machines.  Consequently, the 
software for the communication part of the vending 
machine must support the specifications that vary 
among cloud providers.  Developing that software in 
accordance with individual cloud-based servers would 
take much time.  We thus designed the software so 
that it allows loading of cloud SDKs provided by cloud 
providers.  When a vending machine needs to access a 
server of a different server provider, the operator can 
load the SDK with the one supporting that provider 
(see Fig. 6).

3.5  Increasing operation efficiency by using cloud
Figure 7 shows the data management of a cloud-

based vending machine.  With conventional vending 
machines, when products were replaced for the season, 
operators used a simple setting device to change the 
setting data such as product prices on individual vend-
ing machines.  This required a large amount of time.

With cloud-based vending machines, all vend-
ing machines can be set from the cloud-based servers.  
Vending machine operators can use a dedicated PC 
screen to change the settings of all vending machines 
under their management collectively from their offices.  
This has made it possible to save a significant amount 
of time.  The status of individual vending machines can 

1st layer

2nd layer

3rd layer

(a) New structure

(b) Conventional structure

Fig.4  Renovation of software structure (global platform)

Selling

Product DispensingPayment

Price
Can dispensing

Selling

Product DispensingPayment

PriceRecipe
Cup dispensing

(a) Software structure of can vending machine

(b) Software structure of cup vending machine

Cup moduleCan moduleCommon module

Fig.5    Implementation of common and variable modules for 
each model

Communication part

SDK adapter

Cloud SDK provided
by Company B

SDK adapter

Cloud SDK provided
by Company A

Vending machine 
software

Cloud-based server
of Company A

Communication part

Vending machine 
software

Cloud-based server
of Company B

(b) Development for conventional vending machine

(a) Development for cloud-based vending machine

Vending machine 
software

Vending machine 
software

Cloud-based server
of Company B

Cloud-based server
of Company A

Fig.6  Cloud-based server connection method (with adapter)
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also be checked in real time.  Failures, sold-out prod-
ucts and other operational information of all machines 
can be managed on the cloud-based servers.  Further-
more, remote recovery from some failure is also pos-
sible, and this greatly improves operation efficiency.

4. Postscript

This paper described a cloud-based vending ma-
chine that can quickly respond to market needs.  ICT-
capable vending machines have been spreading in 
China and other overseas markets.  They are expected 
to spread more rapidly and widely including their ex-
pansion into the Japanese market.

Fuji Electric is determined to improve customer 
value further by developing more sophisticated vend-
ing machines that can meet the customer needs in and 
outside Japan.

Data management

Setting function

Vending machine

Setting function

(a) Cloud-based vending machine

(b) Conventional vending machine

Product dispensing

Heating and cooling

Vending machine

Data management

Product dispensing

Heating and cooling

Fig.7  Data management of cloud-based vending machine
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1. Introduction

In Japan, the government is pushing a reform of 
working styles by laying down the legal systems to 
support various working styles in order to address the 
decrease in the working-age population caused by the 
declining birthrate and aging population, to balance 
work with child rearing or nursing care and to improve 
the problem of long working hours.

Due to expanding beverage sales channels such 
as supermarkets and convenience stores, vending ma-
chine operators (companies that install and operate 
vending machines) are facing risks with regard to busi-
ness profits, such as decreased sales of beverages sold 
from vending machines, increased and more compli-
cated business operations caused by the diversification 
of vending machine functions, difficulty of securing 
workers and rising labor costs.  Under such circum-
stances, the operators are not only reinforcing the mar-
ketability of their products but also driving a reform of 
their profit structure such as by reducing the procure-
ment and operation costs per vending machine.

 This paper describes services that help vending 
machine operators to increase sales and improve prof-
its by improving business processes of vending ma-
chines utilizing information and communications tech-
nology (ICT).

2. Overview of Services Using ICT Solutions

Fuji Electric has started offering services that im-
prove business processes of vending machine operators 
by building a service system that utilizes ICT as shown 
in Table 1.  Figure 1 shows a general-purpose cloud sys-

PERERA, Madhura *   KIMURA, Tomohiko *   YANAGAWA, Hiroyuki *   

Vending Machine Business Processes Enhanced with 
ICT Solutions

The diversification of vending machine functions has increased and complicated business operations.  At the 
same time, the declining birthrate and aging population has made it harder to secure workers.  Fuji Electric has thus 
started offering services that improve business processes of vending machine operators by building an operation 
support system that utilizes information and communication technology (ICT).  This system consists of service ap-
plications, cloud data services, and a global communication platform.  The system connects vending machines, com-
munication devices, base stations, switching centers, cloud servers, and customer systems via communication lines.

tem for offering services to improve business processes.
This system consists of service applications, cloud 

data services and a global communication platform.  
The service applications provide valuable information 
and services generated by the cloud service to stake-
holders concerning the vending machine business such 
as beverage manufacturers, operators, owners and 
acquirers*1.  The cloud data services collect data from 
vending machines through a global communication 
platform and save it as big data.  The global commu-
nication platform works as a communication infra-
structure to connect vending machines and the cloud 
services.
(1)  Service applications

The service applications provide various services 
such as QR code*2 and other Internet payment ser-
vices, a points-awarding service based on sales infor-
mation, remote management service through remote 
monitoring and trend analysis and other information 
services.
(2)  Cloud data services

The cloud data services store and process data ob-

Table 1  Examples of business process improvement

Item Improvement

Sales increase
Opportunity loss reduction

Product marketing

Profit improvement
(Business efficiency 
improvement)

Proper inventory

Disposal loss reduction (expiration date 
management)

Operation efficiency improvement

*1:   Acquirer is a company that acquires and manages affili-
ated merchants on cashless payment services.

*2:   QR code is a trademark or registered trademark of 
Denso Wave Incorporated.
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tained from vending machines and provide them as 
valuable data through the service applications.  They 
also offer basic remote monitoring functions such as 
vending machine monitoring and software updates.
(3)  Global communication platform

The global communication platform is a communi-
cation infrastructure for connecting vending machines 
to the cloud services.  It integrates vending machines 
with different specifications to ensure efficient commu-
nications.

This platform is also helping in the development 
of the specifications of the “New platform for the next-
generation vending machine network” being prepared 
by the Japan Vending System Manufacturers Associa-
tion (JVMA).

3. Features

3.1  System configuration
(1)  General configuration

The services using a general-purpose cloud system 
are provided by a configuration in which vending ma-
chines, communication devices, base stations, switch-
ing centers, cloud servers and customer systems are 
connected via communication lines (see Fig. 1).

The data sent from vending machines are safely 
delivered from the cloud server to the customer sys-
tems via a 3 G/LTE closed network.  Vending ma-
chines support three communication protocols, TCP, 
MQTT and HTTP, and can flexibly select them depend-
ing on the situation.  For example, operators can select 
TCP to reduce data communication costs as much as 
possible, MQTT to implement real-time bi-directional 
communication from each system, and HTTP to send 
large-size data such as image data.
(2)  Communication device (MCU)

A multi communication unit (MCU) is one of the 
important devices for setting up an ICT solution-based 

service (see Fig. 2).  An MCU can also be connected 
to existing vending machines.  It has both a BLE 4.2- 
compliant module and a Cat-4-compliant LTE com-
munication module to allow access to various types of 
network equipment.  Vending machines equipped with 
MCUs can communicate directly with smartphones 
and servers.

Operators can make their MCUs also meet various 
other international communication standards by just 
inserting a 3 G/LTE module supporting those stan-
dards into the motherboard.
(3)  Cloud server

The use of cloud services reduces introduction costs 
and achieved flexible scalability compared with conven-
tional on-premises*3 server building.  This allows op-
erators to perform the Proof of Concept (PoC) of their 
business models at low cost.

Operators can also use Platform as a Service 
(PaaS) offered by cloud providers to shorten the cloud 

Vending
machine

Data distributionData collection

Communication
device (MCU)

Installed inside
vending machine

Base
station

Switching
center

Cloud server Customer system

○Service 
　provider
○Acquirer

○Beverage 
　manufacturer
○Operator

○Owner

Software update

Primary
data

Data analysis
and processing Secondary

data

Terminal monitoring

Data service center

Vending machine communication interface Customer system communication interface

Global communication platform

Sales information QR code*payment

Point awarding

Remote management Web service

Service applications

* QR code is a trademark or registered trademark of Denso Wave Incorporated.

Fig.1  Service using general-purpose cloud system

Fig.2  Multi communication unit (MCU)

*3:   On-premises is a style of service where servers, software 
and other information systems are installed, introduced 
and operated within the facility managed by a user (usu-
ally a company).
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server building period and save on running costs.
As Fig. 1 shows, data sent from a vending machine 

is loaded into the cloud after undergoing protocol con-
version by the gateway.  The loaded data are analyzed 
and stored in the database.  The stored data are sent to 
users on request as necessary.

3.2  Service applications
The following are application examples for improv-

ing sales and profits:
(1)  QR code payment

Cashless payment is expanding in and outside Ja-
pan.  China, in particular, shows a high ratio of cash-
less payment.  Japanese companies have made capital 
investments to capture inbound tourism demand by 
accepting QR code payment services popular in China, 
such as Alipay*4 and WeChat Pay*5.  In addition, more 
and more Japanese major service providers engaging 
in electronic commerce (EC) have been entering into 
payment services.  LINE Pay*6, PayPay*7 and Rakuten 
Pay*8 use QR code as a payment method.

There are two types of QR code payment:  A user 
scan method where the buyer (user) reads the QR code 
shown by the seller (store), and a store scan method 
where the seller reads the QR code shown by the 
buyer.  Vending machines use the user scan method 
as shown in Fig. 3.  The QR code payment function al-
lows beverage manufacturers and operators to capture 
inbound tourism demand through vending machines, 
and this will lead to a sales increase (per machine).  

Vending machines with a QR code payment function 
will have a better chance of being installed in locations 
with better conditions than conventional machines do.  
Consequently, they also contribute to the proliferation 
of payment infrastructure provided by the service pro-
viders.
(2)  Point awarding

The aim of the points-awarding service is to en-
courage purchases and lock-in users, thereby increase 
sales made through vending machines (per machine).  
Buyers earn some points when they purchase a prod-
uct.  When the earned points reach a specific amount, 
the buyer can obtain a benefit such as exchanging the 
points for a product or receiving a beverage free of 
charge.

Fuji Electric has built a points-awarding system in 
cooperation with beverage manufacturers (see Fig. 4).  
The system uses Bluetooth*9 to send payment informa-
tion from a vending machine to the smartphone of a 
buyer.  The point server awards points to the buyer on 
the basis of that information.
(3)  Remote management

The operations, including enormous number of 
items to be operated or set, can be broadly divided into 
the following categories:

(a)  Installation and removal
(b)  Payment
(c)  Product replenishment
(d)  Product changeover
(e)  Troubleshooting

For the operations that do not require on-site 
work, Fuji Electric built a remote management system 
(see Fig. 5).  For the operations that require on-site 
work such as product replenishment, we developed a 
function that remotely monitors the conditions of the 
vending machine and its sales to achieve “one-trip op-
eration,” that is, operators can complete the site visit 
just once.

At present, operators can remotely manage ser-
vices such as sales data collection, setting value distri-

*4:   Alipay is a trademark or registered trademark of Alibaba 
Group Holding Limited.

*5:   WeChat Pay is a trademark or registered trademark of 
Tencent Holdings Limited.

*6:   LINE Pay is a trademark or registered trademark of 
LINE Corporation.

*7:   PayPay is a trademark or registered trademark of Yahoo 
Japan Corporation.

*8:   Rakuten Pay is a trademark or registered trademark of 
Rakuten, Inc.

Smartphone

Acquirer
server

Cloud
server

(1) Product
     selection

(4) QR code* display

(2) Request
○Payment amount
○Vending machine 
　information

(3) QR code information

(6) Payment 
     processing

(7) Payment result 
     notification

(5) QR code 
     reading

(8) Product
     dispensing

Vending
machine

OfflineOnline

* QR code is a trademark or 
registered trademark of 
Denso Wave Incorporated.

Fig.3  System configuration of QR code payment

*9:   Bluetooth is a trademark or registered trademark of 
Bluetooth SIG, Inc.

Smartphone

(5) Request
○Payment amount
○Vending machine 
　information

Cloud
server

Point
server

(1) Product 
     selection

(2) Bluetooth* connection

(3) Payment

(4) Product 
     dispensing

(6) Point 
     awarding

Vending
machine

Buyer

* Bluetooth is a trademark or 
registered trademark of 
Bluetooth SIG, Inc.

OfflineOnline

Fig.4  System configuration of points-awarding service
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allow operators that could not enter the vending ma-
chine market before to build a system for designing un-
precedented business models and creating new added 
value for vending machines.
(2)  Business model innovation (future)

In the future, Fuji Electric will provide a one-stop 
service that combines multiple products and solutions 
by connecting various commercial items to a network.  
By building our own cloud services, Fuji Electric will 
constantly offer customers the latest functions, such as 
that for subscription service replacing product selling.  
We will continue providing new services to bring about 
business innovation and offer platforms that allow our 
business partners to build business models leading to 
an increase in their profits.

5. Postscript

This paper described the improvement of vending 
machine business processes through the use of ICT 
solutions.  The product value improvement achieved 
through the use of ICT solutions is only a sustaining 
innovation at the present moment.  Fuji Electric is de-
termined to continuously improve its support for the 
Internet of Things (IoT) and the open structure of our 
products to encourage the entry of new business part-
ners and actively try destructive innovation so as to 
change business.

bution, content distribution, logging and firmware dis-
tribution.  We will work with prediction engines in the 
cloud to further improve the operations.

4. Business Models

(1)  Retention and expansion of vending machine mar-
ket (present)

By utilizing the ICT solutions and establishing 
an open structure for vending machines as described 
above, Fuji Electric is lowering the hurdles to entering 
the vending machine market and energizing the mar-
ket both in and outside Japan.  We think that this will 

Vending
machine

Communication device

Smartphone
(Offline)

Cloud
server

(2) Data 
     refer-
     ence

(3) Data 
     setting(2) Data

     reference
(3) Data 
     setting

(1) Data 
     notification

(4) Setting 
     value 
     distribution

Administrator
(Online)

OfflineOnline

Fig.5  System configuration of remote management
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1.  Introduction

In recent years, the convenience store industry has 
seen stagnated growth in the number of stores.  There-
fore, to facilitate store openings in profitable excellent 
properties and to further improve the convenience, the 
businesses in the industry have been studying ways of 
easily locating a store in a property that has imposed 
restrictions on the installation work of store facilities.  
Furthermore, they are working on measures to reduce 
greenhouse gas emissions to prevent global warming.

It is against this backdrop that Fuji Electric has 
developed a showcase with a built-in cooling unit that 
does not require installation work and uses hydrofluo-
roolefin (HFO) refrigerant with a low global warming 
impact (see Fig. 1).  This showcase was awarded the 

WATANABE, Tadao *   YANO, Takayuki *   IWASAKI, Takahiro *   

Showcase Using HFO Refrigerant with Built-In Cooling 
Unit to Render Installation Work Unnecessary

Fuji Electric has developed an environmentally friendly showcase for the convenience store industry.  It is de-
signed to be installed in stores that have imposed restrictions on installation work, such as those inside buildings, 
helping locate a store in excellent property and further improve consumer convenience.  The showcase comes with 
a built-in cooling unit system to simplify installation work and maintenance.  Equipped with ducts below the product 
showcase shelves and airflow guides at the edge of the shelves, it optimizes the amount of airflow to reduce invading 
heat by about 30%.  Moreover, it is the industry-first showcase in the Japanese market to use HFO-1234yf refriger-
ant, which has a proven track record of use in vending machines, to significantly reduce the environmental burden.

Outstanding Performance Award of the “21st Ozone 
Layer Protection and Global Warming Prevention 
Awards” sponsored by the Nikkan Kogyo Shimbun, 
Ltd*1.

2.  Background of Development

2.1  Need for eliminating installation work and simplifying 
maintenance
Showcase installation work requires human re-

sources with specialized knowledge and skills related 
to refrigerant pipe brazing, drainage pipe laying and 
electrical work.  However, in recent years, these tech-
nicians have been becoming more difficult to secure.  
Moreover, stores are often opened in existing buildings 
in which the cooling unit has to be installed outside of 
the store using long pipes or the drainage pipe cannot 
be laid in the floor of the store.  Furthermore, restora-
tion work needs to be considered in advance for the 
time of tenant lease termination.

Securing human resources for maintenance work 
are also required to maintain the service systems af-
ter installation.  In addition, a failure in the refriger-
ant piping would have to be repaired on-site because 
it will be difficult to remove or install the cooling unit, 
including the evaporator.  Therefore, it is necessary to 
streamline maintenance work.

2.2  Environmental support
Showcases and other cooling unit systems that use 

refrigerants are regulated by the “Act on Rational Use 

Fig.1  “USFTL22D1-038AMD”
*1   Showcase using HFO refrigerant with built-in cooling 

unit was awarded the “21st Ozone Layer Protection and 
Global Warming Prevention Awards” sponsored by the 
Nikkan Kogyo Shimbun, Ltd.

 https: / /biz.nikkan.co.jp/sanken/ozon/number21.html
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and Proper Management of Fluorocarbons” enacted in 
April 2015.  This act stipulates that existing cooling 
unit systems must be replaced with new ones using a 
low global warming potential (GWP) refrigerant, and 
proper measures must be taken to prevent refrigerant 
leakage not only when using the system, but also dur-
ing the life cycle from manufacture to disposal.

In a separate type showcase, the cooling unit sys-
tem (consisting of a compressor, condenser and control 
equipment) and the cases for displaying products are 
installed separately.  The cooling unit system and the 
cases are connected by long refrigerant pipes.  This 
structure requires a larger amount of refrigerant fi ll-
ing, making it more susceptible to large amounts of 
refrigerant leakage if the piping is damaged.  Separate 
type showcases occupied as high as 26.9% the total 
emissions from all items of equipment that use fl uoro-
carbons in 2012.  It is believed that one of the reasons 
for the refrigerant leakage was unstable work quality 
due to the on-site work for fl are connection and brazing 
connection of refrigerant pipes, refrigerant fi lling, and 
leakage inspection.

3.  Aims and Challenges of Development

The aims of development were to eliminate the in-
stallation work, streamline maintenance and reduce 
the environmental load through a completely-sealed 
cycle that uses an HFO refrigerant with a low GWP.  
To achieve these goals, we faced the following chal-
lenges:  

(a)  The load on the cooling unit and the amount of 
drain water must be lowered by the reduction 
of the amount of invading heat derived from 
drawn-in outside air.

(b)  The drain water generated by the evaporator 
must be evaporated in the showcase.

(c)  A cooling unit system that uses an HFO refrig-
erant with a low GWP must be offered and the 
amount of refrigerant fi lling must be reduced.

(d)  The compact built-in cooling unit must be able 
to be incorporated in a showcase and easily 
mounted and removed while delivering high re-
frigerating capacity.

4.  Features

4.1  New air curtain system with distributed airfl ow
As shown in Fig. 2, conventional units blocked 

invading outside air by forming an air curtain with 
airfl ow from the outtake at the top of the showcase to 
the intake at the bottom.  To form this air curtain, an 
extremely large amount of airfl ow was required at the 
front of the showcase, which induced non-negligible in-
vading heat caused by drawn-in outside air.

As shown in Fig. 3, most of the invading heat is 
due to latent and sensible heat in the air penetrating 
through the air curtain.  As a result, it became neces-

sary to reduce the airfl ow velocity while maintaining 
the air curtain for blocking the outside air.

As shown in Fig. 4, our recently developed show-
case forms an air curtain with low velocity airfl ow 
for each shelf by mounting a duct below each product 
showcase shelve and airfl ow guide at the edge of each 

Outside air invasion

Rear air flowRear air flow

TurbulenceTurbulence

Evaporator

Rear duct Front air curtain

Front height
(330 mm)

Fig.2  Conventional air curtain system

Connecting 
parts

Unit base

Evaporator boxUnit heat leakage amount

Sensible heat

Latent heat

Fig.3  Proportion of showcase invading heat

Distributed low flow speed 
cooling airflow

Airflow guide at the edge of 
each shelf

Air low 
guide

Short air curtain suppresses 
outside air invasion

Airflow
speed

High

Low

Fig.4  Developed air curtain system
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shelf.  While suppressing turbulence, this air curtain 
system combines the air that has blown from the duct 
below each shelf and fl owed under the shelf with the 
air that has blown from the top and fl owed along the 
front face by making these airs fl ow along the airfl ow 
guides at the edge of the shelves.

We analyzed the airfl ow using a hot air simulation 
(see Fig. 5) and particle image velocimetry (PIV) that 
visualizes airfl ows during an actual operation (see Fig. 
6).  As a result, we smoothed the airfl ow at the confl u-
ence of air blown from underneath each shelf and the 
front-face air curtain to optimize the fl ow rate under-
neath each shelf and that of the air curtain, reducing 
invading heat by approximately 30%. 

4.2  Drain water evaporation system that uses exhaust 
heat
In conventional showcases, drain water was drained 

outside of the store through the embedded piping.
To eliminate the need for piping installation, we 

have developed a drain water evaporation system that 
uses the exhaust heat generated when the cooling unit 
condenses the refrigerant.  Figure 7 shows the confi gu-
ration of the drain water evaporation system.  When 
air at normal temperature and humidity in a store 
passes through the condenser, the temperature will 
rise and the relative humidity decrease, resulting in 
high-temperature dried air.  The evaporation sheet is 

placed downstream from the condenser to use the high-
temperature dried air, facilitating evaporation.

The drain water that accumulates in the evapo-
ration pan is absorbed from the bottom of the evapo-
ration sheet and moved upwards then evaporated.  
The surface area in contact with the water surface 
is increased by using smooth evaporation sheets to 
enclose both sides of the bellows-shaped evaporation 
sheet.  This increases the water absorption rate and 
the surface area in contact with the airfl ow that passes 
through the evaporation sheet.  As a result, we suffi -
ciently increased a water absorption rate that exceeded 
the amount of generated drain water.  Figure 8 shows 
the simulation analysis results.  By utilizing simula-
tion to analyze the air blown to the condenser and 
evaporation sheet, we increased the proportion of air 
fl owing to the bottom of the evaporation sheet to im-
mediately evaporate a suffi cient amount of drain water 
absorbed by the evaporation sheet.

4.3  Cooling unit system with low GWP refrigerant
(1)  Use of low GWP refrigerant

Our recently developed showcase is the fi rst in the 
industry to use the refrigerant HFO-1234yf, which has 
a good track record in vending machines.

Table 1 shows the physical properties of this re-

Airflow
speed

High

Low

Fig.5  Below-shelf simulation analysis

Fig.6  PIV based visualization

Airflow direction

Fans

Evapo-
ration 
sheet

Fig.7  Confi guration of drain water evaporation system

Evaporation sheet

Drain water

Condenser Airflow
speed

High

Low

Fig.8  Simulation analysis (evaporation sheet)
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current so that the current can be increased to its up-
per limit.  Furthermore, the control system maintains 
a high rotation speed of the compressor by combin-
ing the current detection with proportional-integral- 
differential (PID) control for the temperature inside a 
showcase to provide required refrigeration capacity.
(3) High efficiency all-aluminum heat exchanger (con-

denser, evaporator)
In conventional systems, the evaporator that com-

bines copper piping for refrigerant circulation with alu-
minum fins was installed inside the rear ducts, and the 
condenser was mounted in the cooling unit outdoors.  
This structure led high thermal resistance because the 
fins are only in contact with piping by pipe expansion.  
It therefore needed a large heat exchanger.

The developed showcase uses an all-aluminum 
heat exchanger, which is used in vending machines.  
We have integrated the piping and fins into one metal 
part and used perforated pipes, which have fine holes, 
for the piping.  This structure change allows the heat 
exchanger to approximately double the heat exchange 
amount per unit volume and reduce the size.  The cool-
ing unit system, including a condenser and evapora-
tor, can be thereby housed in a removable enclosure 
and mounted on the top of the showcase.  Even if a 
malfunction occurs, the cooling unit system can be re-
moved and replaced very quickly without stopping the 
operation of the store.  Furthermore, the amount of 
enclosed refrigerant has been greatly reduced by 83% 
when compared with our conventional separate type 
showcases.  This reduction is due to the miniaturized 
evaporator, reduced volume inside pipes using perfo-
rated piping, and elimination of piping that connects to 
outside equipment.
(4)  Reduction in pressure loss of the cooling unit sys-

tem 
To improve the cooling capacity, the developed 

showcase increases refrigerant circulation amount 
through high-speed compressor rotation.  However, as 
shown in Equation 1, cooling capacity decreases due to 
a significant increase in pressure loss proportional to 
the square of the flow velocity in the pipe.

Using perforated piping, composed of thin pipes, 
for the all-aluminum heat exchanger is effective in 
that it increases the heat transfer area.  On the other 
hand, the small inner diameter of the pipe causes the 
heat exchanger to increase pressure loss, decrease re-
frigerant circulation, and reduce cooling capacity.

= ・ ・∆P λ L
D 2

γ ν 2
 ..................................................... (1)

 ΔP :  Pressure loss (Pa)
 λ	 :  Pipe friction coefficient
 L :  Pipe length (m)
 D :  Pipe inner diameter (m)
 γ 	 :  Pipe inner gas density (kg/m3)
 ν	 :  Pipe inner flow velocity (m/s)

frigerant, along with other refrigerants used in con-
ventional showcases.  This refrigerant has an ozone 
depletion potential of zero and an extremely low GWP 
of 1 or less.  Moreover, it allows cooling unit systems 
to provide high efficiency in a temperature zone of 
10 °C or less, in which refrigerated products are stored.  
However, HFO-1234yf refrigerant, having a low den-
sity, decreases in refrigeration capacity at low pres-
sures due to pressure loss.  We must overcome the 
properties.
(2)  Inverter compressor for high-speed rotation

The conventional model used a three-phase 200-V 
power supply because it mounted a high output 
compressor to cool multiple showcases.  The devel-
oped showcase uses a commonly-available single-phase 
100-V power supply to be installed in wide range of 
locations with fewer restrictions.  It is required to 
provide sufficient refrigeration capacity with limited 
power of 100 V/15 A.  Therefore, it employs a com-
pact reciprocating inverter compressor.  To circulate 
refrigerant in a sufficient amount for cooling capacity, 
the motor of the compressor needs to rotate at a high 
speed.  Figure 9 shows the configuration of the control 
system for the cooling unit.  To obtain stable current 
from the AC power supply, the control system im-
proves power factor by adjusting the reactor even when 
the input current of the compressor increases due to 
environmental changes, such as high ambient tem-
peratures in the summer and low supply voltages.  The 
converter has a current transformer for detecting the 

Table 1  Comparison of refrigerant properties

Items HFO-1234yf HFC-134a HFC-404A HFC-410A

Boiling 
point -29.0ºC -26.0ºC -46.2ºC -51.4ºC

Critical  
temperature 95.0 ºC 102.0ºC 72.0ºC 71.4ºC

Steam pres-
sure (25 °C) 0.677 MPa 0.665 MPa 1.250 MPa 1.660 MPa

GWP* 1 or less 1,300 3,940 1,920

Ozone 
depletion 
potential

0 0 0 0

*   Intergovernmental Panel on Climate Change (IPCC) 5th Report using 
100-year values

Converter Inverter
Com-

pressorReactor

Micro-
computer

Sensor

Sensor

Current

Operating 
state

Rotational
speed

command

100 V AC100 V AC 280 V DC

PWM

AC

DC power
supply

Fig.9  Configuration of cooling unit control system
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(5) High-precision control of refrigerant circulation
The conventional cooling unit was connected to 

multiple showcases.  To control refrigerant circulation 
for each showcase, It used mechanical automatic tem-
perature expansion valves, which control the amount 
of valve opening by detecting overheating in the evapo-
rator outlet.  However, these valves had difficulty con-
trolling the refrigerant temperature at the evaporator 
inlet.  Therefore, the conventional showcase cooled the 
refrigerant to approximately -10 °C to increase the 
difference in temperature with the showcase inside.  
As a result, the evaporator needed defrosting because 
frost formed on it and decreased the amount of heat 
exchange.  Furthermore, the cooling unit stopped dur-
ing defrosting and a large-capacity heat exchanger is 
needed to restore the temperature rise in the show-
case.

The developed showcase utilizes an electronic ex-
pansion valve with pulse width modulation (PWM) 
control, which has been employed in vending machines.   
The circulating refrigerant can be linearly controlled at 
very small flow rates according to the duty ratio (pro-
portion of ON/OFF time) of the electronic expansion 
valve.  Since the refrigerant temperature can be con-
trolled with high precision, the refrigerant no longer 
need cooling below 0 °C, and this makes it possible to 
eliminate evaporator frost.  Therefore, the developed 
showcase can continuously operate while controlling 
temperature fluctuation without defrosting.

5.  Postscript

In this paper, we described a showcase that uses 
an HFO refrigerant and does not require installation 
work because it comes with a built-in cooling unit.  
We plan to continue to develop products that reduce 
environmental burdens by constantly expanding our 
line-up, while also working to improve consumer con-
venience and preserve the global environment.

Therefore, we divided the paths through which the 
evaporator refrigerant circulates into four parts (top-
left, top-right, bottom-left and bottom-right), as shown 
in Fig. 10, to reduce the pipe length of each path by 
75% while maintaining the overall pipe length in the 
evaporator.  Moreover, by shortening the pipe for heat 
exchange in the internal heat exchanger, we were able 
to decrease pressure loss by 70% for the entire cooling 
unit system, as shown in Fig. 11, and secure the target 
refrigerant circulation amount.

Top-right

Bottom-right

Top-left

Bottom-left

Fig.10  Structure of evaporator path
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Fig.11 Proportion of cooling unit system pressure loss
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1. Introduction

In recent years, the retail industry like other in-
dustries has been facing labor shortages and increas-
ing labor costs due to the decreasing birthrate and ag-
ing population.  As a result, it has been diversifying its 
workforce through the employment of senior citizens 
and overseas workers.

Personnel savings and labor savings are increas-
ingly being demanded of items such as the showcases 
used in supermarkets and convenience stores in order 
to reduce workforces through increased productivity 
resulting from ease-of-use, decreased physical burdens 
and labor-saving operation.

To meet these demands, Fuji Electric has devel-
oped a labor-saving showcase.  In this paper, we will 
describe the features of the showcase.

2. Overview of Personnel-Saving and  
Labor-Saving Items

We have recently developed three personnel-saving 
and labor-saving items focusing on customer requests 
and opinions, which include the desire to “shorten the 
time required to replenish products,” “shorten the time 
required to clean showcases” and “reduce the physical 
burden of carrying heavy objects when replenishing 
products.”
(1)  Shortening the time required to replenish prod-

ucts
We have developed an easy-slide sloping shelf for 

displaying products on open showcases.  This shelf is 
easy to operate and helps shorten the time required to 
replenish products.

KINOSHITA, Suguru *   MAEGAWA, Katsuhiko *   NIWA, Yoshiyuki *   

Labor-Saving Showcase Reducing Operational 
Workload

The advancement of population aging and declining birthrates in recent years has been increasing the need for 
labor savings in relation to showcases.  To reduce the workload in operating showcases, three labor-saving items 
have been developed.  Firstly, the easy-slide sloping shelf, which can be pulled out for stocking and easily put in a 
sloping position for display to simplify operation tasks.  Secondly, the “swing rack,” which controls physically demand-
ing tasks with movable racks that assist the transfer of heavy items when stocking products.  Third, the showcase 
with a built-in cooling unit and equipped with an easy-filter-access mechanism that makes it easy to clean the con-
denser air filter.

(2)  Simplifying showcase cleaning work
We have developed a mechanism for the condens-

ers of showcases with built-in cooling unit that enables 
the air filter to be removed from the outside of the 
showcase.  This simplifies filter cleaning duties.
(3)  Reducing physical burdens when replenishing 

products
We have developed a “swing rack” that assists in 

product replenishment for walk-in cases.  The swing 
rack is a movable shelf that attaches to the back of 
a walk-in rack inside the walk-in case.  It is a labor-
saving option for walk-in cases for which products are 
replenish from the back.  It helps to reduce physical 
burdens.

3.   Easy-Slide Sloping Shelf for Open Showcases

3.1  Challenges facing conventional structures
In conventional open showcases, consideration was 

given to three types of available shelves depending on 
the application.  These were “fixed shelves,” “horizon-
tal slide shelves” and “horizontal/sloping slide shelves” 
(enables switching between horizontal and sloped 
states).

In order to achieve labor-saving operation, there 
has been demands to replace all fixed shelves with 
slide shelves.
(1)  Features of conventional slide shelf

(a)  Enables shelves to be pulled out when replen-
ishing products, thereby greatly reducing re-
plenishing time.

(b)  Enables shelves to be switched between horizon-
tal state and sloped state.  As a result, it diversi-
fies the product display and sales floor layout, 
thereby helping to increase sales.

(2)  Operational challenges of conventional slide shelf
(a)  Does not enable shelves to be switched between 
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horizontal state and sloped state when loaded 
with products.  As shown in Fig. 1, since the 
switching mechanism is located at the back of 
the shelf, switching cannot be performed unless 
all the products are unloaded.

(b)  Is difficult to switch between horizontal state 
and sloped state.  As shown in Fig. 2, it is neces-
sary to understand the switching mechanism 

beforehand in order to perform the complicated 
operation of first moving a stepped screw along 
an irregularly shaped groove that is shaped like 
an arc and then fitting the other stepped screw 
into a hanging groove.

(c)  Squeezes out the product display area due to 
the large size of the mechanism for switching 
between the horizontal and sloped state.

(1) Level state

(2) Pull out the shelf

Sloping mechanism

(3) Operate sloping 
mechanism at 
back of shelf 
(two locations on 
left and right)

(4) Sloped state of 
returned shelf

Fig.1    Procedure for switching between horizontal state and 
sloped state (Conventional configuration)

Irregularly shaped groove Stepped screw

Sloping mechanismStepped screw

Stepped screw Stepped screw

Irregularly shaped groove

(1)

(2)

(3)

(4)

Fig.2    Mechanism for switching between horizontal state and 
sloped state (Conventional configuration)

(1) Level state

(2) Pull out the shelf

(3) Operate sloping 
mechanism at front 
of shelf 
(two locations)

(4) Sloped state of 
returned shelf

Sloping mechanism

Fig.3    Procedure for switching between horizontal state and 
sloped state (new configuration)

Bracket
Inclination roller

Inclination roller

Sloping mechanism

Shaft (sloping mechanism)

Inclination roller
Shaft (sloping mechanism)

Sloping mechanism

Sloping mechanism

Inclination roller

(1)

(2)

(3)

(4)

Fig.4    Mechanism for switching between horizontal state and 
sloped state (new configuration)
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3.2  Features of easy-slide sloping shelf
In order to overcome these challenges, we devel-

oped the easy-slide sloping shelf as a product that re-
duces dead space (i.e., space where products cannot be 
displayed due to the large size of the switching mecha-
nism) by 20%, while also making it easy to switch 
between the horizontal state and sloping state with 
loaded products.

We employed the following measures to achieve 
the development of the sloping shelf:  

(a)  Moved the location of the mechanism for switch-
ing between the horizontal state and sloped 
state to the front of the shelf.

(b)  Made it possible to pull out the shelf and switch 
between states at the same time.

(c)  Placed the switching mechanism on the outside 
of the slide rail so that it does not interfere with 
the product display.

Figure 3 shows the procedure for switching be-
tween the horizontal state and sloped state with the 
easy-slide sloping shelf; and Fig. 4, the details of the 
new switching mechanism.  As shown in Fig. 4, the 
sloping mechanism on the shelf side is designed to in-
cline by running on the inclination roller.  The sloping 
mechanism is designed to enable switching between 
the horizontal and sloped states by raising and lower-

ing the shelf with the shaft (sloping mechanism) as a 
fulcrum while the shelf is pulled out.  By adopting this 
new structure, it is now easy to switch between the 
horizontal and sloped states even when products are 
loaded on the shelf.  This feature can reduce work time 
by 30 minutes a day.

In addition, the space-saving design of the sloping 
mechanism placed outside the slide rail, as shown in 
Fig. 5, reduces dead space by 20% when compared with 
conventional products.

4. Filter-Simple-Access Mechanism

Cleaning the condenser air filter (filter) is impor-
tant for maintaining the performance of a showcase 
with built-in cooling unit.  When the filter is 50% 
clogged, the efficiency of the cooling unit deteriorates 
and power consumption increases by approximately 
20% (as measured in nutritional drink cases manu-
factured by Fuji Electric).  To prevent this, we recom-
mend that stores clean the filter once a week.  In re-
cent years, convenience stores have started to use more 
showcases with built-in cooling unit per store in order 
to accommodate the increase in sales of frozen foods.  
As a result, the workload for filter cleaning has also 
increased.

Conventionally, it was not possible to remove the 
filter for cleaning unless the cover of the condenser, 
called the kick plate, was detached from the unit, as 
shown in Fig. 6.  Therefore, we developed a mechanism 
that enables the filter to be removed directly from the 
outside at the front of the showcase.  Furthermore, 
since the filter is visible from the outside, anyone can 
easily check the status of the filter, thereby making it 
possible to suppress the increase in power consumption 
due to filter clogging.

41 mm

35 mm

58 mm

54 mm

Product display dead space

Product display dead space

(a) New shelf

(b) Conventional shelf

Fig.5  Comparison of sizes of sloping mechanisms

Removing 
filter

Filter handle
Condenser

Filter

Conventional
configuration

Filter

New configuration
Kick plate

Fig.6  Filter mounting configuration
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5.2  Establishing durability and light operability for a mov-
able frame
Figure 10 shows a movable frame in which a sup-

porting shelf is mounted.  The results of our field tests 
showed that movable frames need a durability that 
enables 25 round-trip uses a day for six walk-in doors 
for the whole seven year service life of the showcase 
[one round trip of 7.5 m × estimated 110,000 trips 
(twice the safety factor of seven years) = total distance 
of 861 km].  Furthermore, to make it easier to use for 
the elderly and women, it is necessary to minimize 
the movement operating force to 50 N or less.  There-

5. “Swing Rack”

Cans and plastic bottles are stored in cardboard 
beverage boxes until they are displayed in walk-in 
cases.  Therefore, the physical burden of carrying 
heavy cardboard boxes (approximately 12 kg:  twenty-
four 500 ml plastic bottles) in and from the storage 
room and bending over repeatedly to replenish each 
product one-by-one from the cardboard boxes placed on 
the floor is by no means a small matter.  We developed 
the swing rack as a product that attaches to walk-in 
racks in order to reduce this physical burden (see Fig. 
7).

5.1  Ensuring shelf strength and establishing easy stor-
ability
We performed field tests to analyze the labor-

saving effects and discover how store employees were 
working during actual use of the swing rack.  The re-
sults showed that the supporting shelf of the swing 
rack was required to bear a single-load carrying capac-
ity of three cardboard beverage boxes (totaling approxi-
mately 36 kg).  Furthermore, in order to ensure safety, 
it was designed to hold up to 120 kg in consideration 
of unintended use such as loading it with heavy goods 
other than beverages and acts of mischief such as lean-
ing on the supporting shelf of the swing rack (see Fig. 
8).

Moreover, storage rooms are also used for tempo-
rarily storing refrigerated products in addition to card-
board beverage boxes.  Therefore, the supporting shelf 
needed to be foldable when not being used for product 
replenishing work.  Stopper mechanisms for the sup-
porting shelf can cause injury, because they are likely 
to pinch fingers and hands when store staff folds the 
supporting shelf after having used it.  Therefore, we 
used a ratchet type locking mechanism and damper 
mechanism shown in Fig. 9.  This allows anyone to fold 
up the shelf safely and easily.

Supporting shelf

Fig.8  Detailed configuration of supporting shelf

Walk-in rack

Swing rack
(Fixed frame)

Swing rack
(Supporting shelf)Swing rack

(Movable frame)

Fig.7  “Swing rack”

Damper mechanism

Ratchet type locking mechanism

(1) Locked when opening (when arranging products)

(2) Lift the supporting shelf to unlock it

(3) After released,  the supporting shelf will slowly folds down 
with the damper

Fig.9  Opening and closing operation of a supporting shelf
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5.3  Easy installation in existing stores
The swing rack can be mounted to the walk-in 

racks of stores by modifying the racks on-site.  When 
introducing it to an existing store, it requires addi-
tional processing on-site to be mounted on the walk-
in racks of other manufacturers that have different 
dimensions in some degree.  Therefore, in order to 
be mounted on all other manufacturers’ products, it 
has the structure that the mounting position of parts 
can be changed according the external dimensions of 
various walk-in racks.  Moreover, spacers and leveling 
devices can be mounted to it to ensure the levelness 
of the lower rail even when the surface of the storage 
room floor is uneven.

Using the swing rack allows store workers to re-
duce work time by 29 minutes a day and the number 
of times they bend over to perform work by 29 times a 
day.

6. Postscript

In this paper, we described our labor-saving show-
case that reduces operation workloads.  We expect that 
the need for personnel savings and labor savings will 
continue to increase in the retail industry.  In this re-
spect, we intend to continue engaging in developments 
that meet the needs of our customers.

fore, we mounted the bottom of the movable frame 
with a door rollers that move along a V-shaped rail as 
shown in Fig. 11.  The V-shaped rail has the structure 
in which abrasion powder generated by the friction 
between the door rollers and rail, as well as dust from 
the storage room accumulate at the bottom of the rail 
groove.  This structure helps reduce the friction resis-
tance when the door rollers run up against dust.

When products are placed on the supporting shelf, 
a movement of force is generated that causes the mov-
able frame to fall toward the front as shown in Fig. 12.  
Therefore, we provided guide rollers in the horizontal 
direction on the upper rail, allowing the movable frame 
to maintain its position and to be moved with small 
force.

Movement of the movable frame 

Fig.10  Movement of movable frame

V-shaped railMovable frame door roller

Fig.11  Door roller and V-shaped rail configuration (side view)

Falling by product load

Product load

Maintaining position with 
upper rollers

Fig.12    Maintaining position of movable frame with upper roll-
ers (side view)
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1.  Introduction

In the supermarket and convenience store indus-
try, the demand for labor savings on in-store works 
and energy savings on store equipment has been sig-
nificantly increasing in order to respond to intensified 
environmental regulations and labor shortages caused 
by the declining birthrate and aging population.

Fuji Electric has been committed to energy-saving 
solutions centered on equipment such as showcases.  
However, in an effort to increase sales, stores have 
been increasingly using cooling and heating equip-
ment, and this has increased electricity usage per 
store.  In order to save energy, it is important to have a 
comprehensive view that considers the heat balance re-
lationship not only for single-unit equipment, but also 
for the entire store.

In this paper, we describe an air-conditioning solu-
tion for stores that aims to achieve storewide labor sav-
ings and energy savings by using an in-store heat bal-
ance analysis tool and positive pressure control system 
that prioritizes heat loads and in-store air flow from 
the perspective of the entire store.

2.  Current Challenges and Development Aims

Actual stores differ with respect to various condi-
tions such as location, size, store equipment configura-
tion and customer volume.  Likewise, there are various 
factors to consider in regard to increasing or decreas-
ing power consumption, and as a result, approaches to 
energy savings also differ.

For example, the temperature distribution and 
airflow in stores are greatly influenced by the air con-

TERAWAKI, Hiroyuki *   TAKANO, Yukihiro *   MASUGI, Takuya *   

Store Air Conditioning Solution to Save Storewide 
Labor and Energy

In the supermarket and convenience store industries, there has been increasing demand to save labor and en-
ergy for store equipment.  We have developed an in-store heat balance analysis tool that targets storewide heat load 
and airflow.  The accuracy of heat balance calculation has been improved dramatically by performing analysis in con-
sideration of store location conditions, size, equipment configuration, and layout.  By using this tool, we found that the 
intrusion of outside air through the doors is responsible for a large percentage of the store’s heat load.  To reduce the 
air invasion, we developed a positive pressure control system that equalizes differential pressure inside and outside 
the store.  We confirmed an energy savings effect of about 10% for stores that implement positive pressure control 
using our equipment for evaluating store performance.

ditioners and equipment layout.  Therefore, simply in-
troducing a system to control the entire store may not 
produce the desired effect.

Therefore, we have developed an analysis tool ca-
pable of analyzing the heat balance of the entire store 
through hot airflow analysis based on the layout of air 
conditioners and cooling and heating equipment in the 
store as well as the impact of airflow.

By using the analysis results, we build a positive 
pressure control system that controls the atmospheric 
pressure in the store to create a comfortable store en-
vironment while saving energy and reducing labor for 
cleaning of the entire store.

3.  In-Store Heat Balance Analysis Tool

Figure 1 shows the configuration of the developed 
in-store heat balance analysis tool.  The in-store heat 
balance analysis tool is composed of several units, in-
cluding a user interface to input store conditions for 
calculation and display the results, a heat balance cal-
culating unit that calculates the heat balance for the 
entire store seasonally and hourly, and a heat and air-
flow analysis unit that calculates the in-store tempera-
ture and humidity distribution required for the heat 
balance calculation.

The user interface and heat balance calculating 
unit use general-purpose spreadsheet software to en-
sure ease of use.  The heat and airflow analysis unit 
uses general-purpose heat and airflow analysis soft-
ware.  The heat balance required for the design of the 
store is calculated by linking these two software appli-
cations together.

In order to study how to save storewide energy and 
optimize store layout using the simulation, it is im-
portant to first reproduce the actual conditions of the 
target store.  Therefore, by using the in-store heat bal-
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ance analysis tool, users can consider various factors, 
such as the locational conditions and scale of the store, 
types and number of store equipment (equipment con-
fi guration), store layout and customer volume.  As a 
result, it is now possible to analyze the in-store tem-
perature distribution in detail and obtain a signifi -
cantly more accurate heat balance calculation.  This 
tool makes analysis more user friendly because it also 
enables users to visualize airfl ow inside the store.

In addition to equipment confi guration and layout, 
other signifi cant factors include changes in the outside 
environment due to the seasons and time slots.  We 
therefore allow the tool to use various past test results 
to refl ect changes in year-long environmental param-
eters, such as temperature and humidity, in the analy-
sis.

3.1  Heat balance calculating unit
Figure 2 shows the parameters considered when 

calculating with the heat balance calculating unit.  
Stores are equipped with various types of equipment, 
such as cooking equipment including fryers, separate-
type showcases, built-in showcases, air conditioners, 
and ventilation fans.  With regard to heat loads, it is 
necessary to consider not only the heat generated by 
lighting, cooking and food warming devices, and the 
exhaust heat of built-in showcases, but also to take 
into account outside air intrusion from doors and ven-
tilation fans, heat invasion from solar radiation and 
wall surfaces, as well as heat generated by the human 
body.  These types of invading heat and heat sources 
are cooled using the cool air from air conditioners and 
showcases to maintain a heat balance.

Figure 3 shows heat balance calculation results.  
By entering information such as the types and num-
ber of store equipment and outside air conditions, it 
is possible to calculate the heat load, power consump-
tion and running cost for each factor, including intru-

sion of outside air, solar radiation, and showcases, on 
an hourly basis 24 hours a day.  If an annual power 
consumption were calculated from the seasonal aver-
ages, it would have a large error.  The tool therefore 
calculates it on a one-month basis to provide accurate 
predictions.

3.2  Store heat and airfl ow analysis unit
To improve the calculation accuracy of the in-store 

heat balance analysis tool, accurate temperature and 
humidity data are needed.  Up until now, the accuracy 
of calculation results has been problematic because 
the actual temperature and humidity data of existing 

General spreadsheet software

Store heat balance calculation starts

NG

OK

Store temperature and humidity calculation starts

Store temperature and humidity calculation endsStore heat balance calculation ends

Heat and airflow analysis
Day/night calculation

Heat balance calculation
Calculation of load peak time 

from standard store data

Heat balance calculation
Calculation of year-long 24-hour-per-day 

in-store temperature and humidity based on 
heat and airflow analysis results

Heat balance calculation

Heat balance calculation
Annual running cost calculation 

for 12 months

Store temperature and humidity calculation

Repeated for 12 months

Repeated for 12 months

General heat and airflow analysis software

Four season, 4-condition calculation

Four season, 4-condition calculation

Heat and airflow 
analysis unitHeat balance 

calculating unit

Store design starts

Store design ends

Store layout, equipment, 
location condition setting

Store heat balance calculation

Required air 
conditioning capacity

Running cost

Fig.1  In-store heat balance analysis tool

Assuming same amount as ventilation.  
Invading air from the door is actually 
measured. Calculation of heat based on 
enthalpy difference. 
Temperature and humidity of outside 
air are specified for each season.

Outside air invasion

Invading heat calculation by 
specifying wall reflectance and 
heat penetration rate. Tempera-
ture and humidity of outside air 
are specified for each season.

Heat invasion from solar radiation 
and wall surfaces

For showcase exhaust heat, 
specifying amount of heat per 
unit. Calculation of operating 
rates for each season based on 
past measured data.

Showcase heat load (exhaust heat)

Assuming 3 employees 
and 7 customers work on 
light duties.

Body heat dissipation

Calculating when in-store heat 
load is reduced by showcase 
cooling

Showcase heat load (cooling)

Load estimation of lighting 
based on store specifications
(Assuming LED lights).

Lighting heat dissipation

Fig.2    Parameters considered by the heat balance calculating 
unit
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stores, which differ in store layout and parameters, as 
shown in Fig. 2, has been reused.  Therefore, the heat 
and airflow analysis unit now uses general-purpose 
heat and airflow analysis software to accurately pre-
dict temperature and humidity.

Figure 4 shows the model used for the in-store heat 
and airflow analysis.  The model reproduces the config-
uration for air conditioners, showcases, island gondo-
las, counters and ceiling ducts.  It also reproduces the 
layout for eating areas, walk-in cases, storage rooms, 
restrooms, and office spaces.  The natural convection, 
temperature and humidity of the internal air are also 
considered when performing analysis with the simula-
tion.  The influence of solar radiation, ground heat and 
heat generated by ceiling lighting fixtures is also con-
sidered, along with boundary conditions that include 
the air conditioner outlet air and intake air, air cur-
tains of showcases, the generated heat of fixtures, and 
the cooling and ventilation of walk-in cases.

The cold air leakage of showcases and exhaust 
heat of built-in showcases have a great impact on the 
temperature and humidity inside a store.  Therefore, 
we equipped this analysis tool with an equation that 
can calculate the amount of exhaust heat and cold air 

by calculating the operating rate of the showcases ac-
cording to the temperature and humidity inside the 
store.  In addition, we compiled analysis models for 
showcases, island gondolas, and air conditioners into a 
library to accommodate seasonal conditions, equipment 
replacement, and layout changes.  We also designed 
the tool so that it could respond quickly to customer 
requirements by taking into consideration operability, 
enabling simulations to be performed without a help of 
professional analyst.

Figure 5 shows the temperature distribution inside 
a store where summer-time heat and airflow analy-
sis was performed.  It was for the simulated store for 
experiment shown in Fig. 6.  It recreated the ceiling 
temperature, built-in showcase exhaust heat and air 
curtain cold air leakage.  We confirmed that the tem-
perature distribution of the analysis and the actual in-
store measurements were almost identical.

3.3  Power consumption calculation results
We first obtained the in-store temperature distri-

bution using heat and airflow analysis and then input-
ting the results into the in-store heat balance analysis 
tool to calculate the amount of power consumption.  
Compared with conventional methods, this tool im-
proves the accuracy of power consumption calculations 
and only has a margin of error of ±12% with respect to 
actual measurements (see Fig. 7).
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Fig.3  Heat balance calculation results
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Fig.5    Temperature distribution based on heat and airflow 
analysis

Fig.6  Appearance of simulated store



36 FUJI ELECTRIC REVIEW vol.65 no.1 2019

Therefore, we devised a positive pressure control 
system to keep the air pressure in the store higher 
than the outside air pressure (positive pressure).  In 
operating rooms, sterilized rooms and food factories, 
positive pressure is implemented inside the room to 
prevent unclean air from entering the room.  When ap-
plied to a store, excessive positive pressure will expel 
the temperature-controlled air from the inside of the 
store, increasing energy consumption.  Therefore, it is 
necessary to attain an inexpensive “uniform pressure” 
controlled with high precision so that the differential 
pressure between the inside and outside of the store is 
as low as possible.

4.2  System configuration
In order to maintain a positive pressure inside the 

store, the system prevents the invasion of outside air 
by using a positive pressure fan to supply air inside 
the store from the supply inlet according to the pres-
sure difference between the inside and outside of the 
store detected by the differential pressure sensor, as 
shown in Fig. 9. 

The speed of the positive pressure fan is controlled 
according to the pressure difference between the inside 
and outside of the store by feedback control, thereby 
enabling high-precision control even in stores with 
different conditions.  In addition, we designed the sen-
sor structure to be insusceptible to outside air distur-
bances due to wind to improve precision in combina-
tion with filter signal processing.

Figure 10 shows an image visualizing the invasion 
of outside air from the doors.  Positive pressure control, 
which suppresses the invasion of outside air from the 
door, prevents hot air from entering the temperature-
controlled store in summer and cold air from entering 
in winter, thereby reducing air-conditioning loads.

In this system, the air supply fan is installed 
where it can avoid becoming heat load by preferen-
tially expelling invading air from the store.  In particu-
lar, we gave consideration to the layout of the air con-
ditioners and ventilation of the store and installed air 
supply fans at locations where there is a large amount 
of air conditioning and ventilation such as between 

4.  Positive Pressure Control System

4.1  System-based suppression of outside air invasion
We analyzed the heat balance of standard con-

venience stores by using the developed in-store heat 
balance analysis tool.  As shown in Fig. 8, we learned 
that the invasion of outside air that enters from the 
automatic door at the entrance of the store occupies a 
large percentage of the store’s heat load.  Reducing the 
amount of invading outside air lead to prevent unclean 
air from entering the store, in turn, reduce the labor 
required to clean the store, and contribute to creating a 
comfortable store environment.  Therefore, we studied 
technology for suppressing the invasion of outside air 
from the automatic doors.

In general, there is a large amount of ventilation 
needed to discharge fryer and restroom odors from 
a store.  The air pressure in the store becomes lower 
(negative pressure) than that outside.  As a result, out-
side air pours through the automatic door according 
to the differential pressure.  We discovered that when  
the automatic door opens under a state of negative 
pressure, a large airflow is generated that invades 
through the door at a rate higher than that required to 
offset the pressure difference.
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Fig.7   Calculation error in power consumption calculated with 
the in-store heat balance analysis tool
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load fluctuations in summer and winter into amounts 
of invading air.  Similarly, we also determined the en-
ergy-saving rate from the air conditioning load fluctua-
tions.  We performed this verification on the assump-
tion that the store inside was controlled at a positive 
pressure with almost no differential pressure between 
inside and outside the store, and the automatic en-
trance door was opened and closed once per minute.

As shown in Fig. 13, we learned that stores utiliz-
ing positive pressure achieved an energy-savings of 
approximately 10% compared with negatively pres-
surized stores that do not implement positive pressure 
control.  Furthermore, measuring the amount of the 
dust in the store with a particle counter, we verified 
that the stores utilizing positive pressure reduced the 
ratio of particles inside and outside the store by ap-
proximately 30% compared with negatively pressur-
ized stores.  In addition, we confirmed that the invad-
ing air volume and air conditioning energy-savings 
effect were consistent with the prediction results using 
the in-store heat balance analysis tool.  This enabled 
us to verify the general calculation accuracy of the tool.

6.  Postscript

In this paper, we described a store air conditioning 
solution for achieving storewide labor and energy sav-
ings.

air conditioners and fryers or restrooms.  Figure 11 
shows the analysis results using the heat and air flow 
analysis simulation.  The outside air used for creating 
positive pressure ventilates a fryer and restroom, con-
tributing to reducing the impact on the air conditioners 
and lowering the building cost of a positive pressure 
system.

5.  Facility for Evaluating Store Performance

A comprehensive performance evaluation through 
field testing takes about one year in consideration of 
the four seasons.  Furthermore, it is necessary to con-
sider differences in location and weather conditions.  
Fuji Electric operates the facility for evaluating store 
performance shown in Fig. 12.  The actual store is re-
produced in a huge temperature-controlled room where 
we simulate outside atmospheric conditions for the 
whole country for all four seasons day and night in or-
der to verify the effect of energy savings.

By using the facility for evaluating store perfor-
mance, we verified the effect of the positive pressure 
control system on energy-saving by reducing invading 
air from the door and on reducing the amount of dust 
in the air, which is an evaluation indicator of unclean 
air from the outside.  We converted air conditioning 

(a) Positive pressure state

(b) Negative pressure state

Fig.10  Effect of reducing intrusion of outside air from doors

Air
conditioner

Positively
pressurized
outside air

Inside store Restroom

Sending outside air toward 
the restroom to reduce air 
conditioning load caused by 
positive pressure

High

Low

Temper-
ature

Fig.11    In-store temperature distribution at time of outside air 
intrusion

Fig.12  Facility for evaluating store performance
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der to contribute to further energy and labor savings.  
In the future, we also plan to expand the application to 
other stores such as supermarkets, in addition to con-
venience stores.

There seems to be much value in achieving energy 
and labor savings from the viewpoint of the entire 
store, thus we plan to continue using our in-store heat 
balance analysis tool and facility for evaluating store 
performance through simulation of actual stores in or-
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1.  Introduction

A coffee machine for convenience stores was of-
fered in 2012, and in combination with a café latte 
machine added to the line-up in 2016, it has recorded 
a total shipment of over 60,000 units.  This result is 
because our drip coffee extraction technology and deli-
cious coffee with it have been appreciated.  This tech-
nology has been developed and evolved over the past 
30 years for cup vending machines.

In this paper, we will describe our important 
equipment for coffee extraction process, including a 
coffee mill (grinder) for grinding coffee beans into the 
grains, a coffee brewer for extracting coffee by mixing 
ground coffee grains with hot water, and a mesh filter 
for straining coffee.

2.  Coffee Mill (Grinder)

A mill is a mechanism that grinds roasted coffee 
beans into grains with a predetermined size and dis-
penses them to the brewer.  As shown in Fig. 1, Fuji 
Electric’s mill consists of a lower blade rotated by a 
connected motor and an upper blade fixed to the hous-
ing.  The gap between the two blades determines the 
grain size of the ground beans.  This gap adjusts the 
coarseness of the beans with a minimum pitch of 0.05 
mm.  Our many years of experience developing coffee 
extraction mechanisms encourages us to adjust the gap 
with high accuracy so as to minimize the variation in 
the ground grain size of the beans to provide delicious 
coffee.

The fine grains of coffee created during grinding 
adhere to the passage of the grains and the brewer 

NAGAYOSHI, Kenya *   NISHIKAWA, Yohei *   ITO, Shuichi *   

Drip Coffee Extraction Technology for Coffee 
Machines

Fuji Electric has developed drip coffee extraction technology for coffee machines that rapidly prepare tastier 
coffee in large quantities.  The coffee mill, which determines the quality of the coffee taste, is protected from static 
electricity and enhanced in the precision of the grinder blade gap adjustment to equalize grain size.  For the brewer, 
which extracts coffee, a system that adds hot water during extraction and a tapered filter block are added to shorten 
serving time and continuously extract a large quantity of coffee.  Furthermore, as paper filters are sometimes unavail-
able outside Japan, we have developed a mesh filter that is finer than paper filters.

parts, increasing cleaning labor.  Neglecting the clean-
ing can cause malfunction.  Therefore, we have been 
required to take measures to the fine grain adherence.

 
2.1  Stabilizing grain size

In order to achieve a high-precision grain size, 
various measures have been applied to the shape and 
surface of the grinding blades.  However, improving 
precision by simply enhancing individual parts has 
reached its limit.  Therefore, we changed our viewpoint 
and focused our attention on improving the precision of 
the gap adjustment of the grinding blades, because we 
believed that doing so could lead to overall precision 
improvements.

Previously, the adjustment method determined 
the reference gap (default gap dimension determined 
by the product specification) based on the position ob-
tained by simply returning the upper and lower blades 
to their specified dimensions after making contact with 
each other (gap = 0) (see Fig. 2).  However, the gap 
dimension was not measured directly, and therefore 

Grinding
blade
(fixed)

Motor

Gap

Grinding
blade

(rotated)
Coffee grains

Coffee beans

Fig.1  Coffee mill structure
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variation occurred due to the difference in the force of 
the initial blade contact and the operation fluctuation 
of the return mechanism. 

Therefore, by adding a high-precision sensor sys-
tem, we have developed an automatic gap adjustment 
device that directly measures the gap dimension and 
adjusts it.  This mechanism improves the adjustment 
error by approximately 30% from the conventional 
value of ±0.075 mm to ±0.050 mm.

2.2  Reduction of fine grain adherence using electrostatic 
suppression
It is well known that static electricity plays a 

factor in the adherence of fine coffee grains to mills, 
including those of other companies.  Previous Fuji  
Electric mills also use structures for suppressing static 
electricity by selecting structural materials that were 
nearly the same in the triboelectric series*1 so that an 
identical charging tendency could be obtained for the 
beans and mill.  However, the amount of static elec-
tricity (charging voltage) would increase depending on 
environmental conditions and the amount and type of 
beans used.  Therefore, the adhesion of grains to the 
grain passage and brewer tended to increase, and this 
resulted in contamination and variation in the amount 
of discharge.

As a result of thoroughly examining the character-
istics of conventional mills, we discovered that there 
were instances where a sufficient antistatic effect could 
not be achieved due to contact conditions between the 
ground grains and mill housing.  Therefore, we devel-
oped a structure for creating effective contact between 
the ground beans and mill housing.  Furthermore, we 
selected an aluminum alloy with good processability 
and durability as a structural material in close proxim-
ity to coffee beans in the triboelectric series (see Fig. 
3).  Adopting this new structure reduced the charging 
voltage to one third through one half that of previous 
structure, thereby allowing the mill to suppress fine 

grain adherence, stabilize the amount of discharge, 
and reduce brewer contamination (see Fig. 4).

3.  Coffee Brewer

3.1  System for adding hot water during extraction
Coffee extraction methods can be roughly classified 

into espresso and drip.  The espresso brewing method 
extracts coffee to produce a rich and strong tasting cof-
fee in a short period of time by passing finely ground 
coffee grains through a fine perforated metal filter by 
applying high pressure (approximately 0.9 MPa).  On 
the other hand, the drip brewing method carefully  
extracts coffee by placing slightly coarse coffee grains 
in a paper filter or flannel cloth and then applies hot 
water.  It is said that drip coffee has a smooth taste 
that suits the liking of Japanese people.

Coffee machines that use the drip method, which 
require a longer extraction time than those use the 
espresso method, adopt either suction (negative pres-
sure) or pressurized (positive pressure) extraction to 
shorten the extraction time.

As shown in Fig. 5, a suction (negative pressure) 
brewer extracts coffee by sucking coffee liquid from the 
cylinder that mixes coffee grains and hot water.  Dur-
ing extraction, hot water can be added while the cylin-
der is open to atmospheric pressure, thereby enabling 

Gap

(a) Blades in contact (b) Separating by turning adjustment 
screw specified amount

Fig.2  Gap adjustment of conventional mill grinding blades

*1:   Triboelectric series: It arranges items in an ordered list 
based on their positive or negative charge for creating 
static electricity by rubbing objects with opposite charges 
together.  In other words, when positive objects at the 
top of the list are rubbed with negative objects at the bot-
tom of the list, they create a large static electricity.

Grinding blades
(Source of static 
electricity)

Aluminum alloy ring

Fig.3  Antistatic structure for bean materials

Conventional mill New mill

Large
charge

Small
charge

No
charge

0.36

0.34

0.32

0.30

0.28

0.26

0.24

0.22

0.20

0

C
of

fe
e 

be
an

 d
en

si
ty

 (
g/

m
l)

Fig.4  Antistatic effect



41Drip Coffee Extraction Technology for Coffee Machines

is
su

e:
 In

 F
oo

d 
D

is
tri

bu
tio

n,
 T

ec
hn

ol
og

ie
s t

o 
Im

pr
ov

e 
C

on
ve

ni
en

ce
 a

nd
 S

av
e 

La
bo

r a
nd

 E
ne

rg
y 

large-volume extraction using just a small cylinder.
On the other hand, as shown in Fig. 6, pressur-

ized (positive pressure) brewer extracts coffee by seal-
ing the cylinder after mixing the coffee grains and 
hot water in the cylinder, and then applying pressure 
(approximately 0.05 MPa) with an air pump (minutely 
pressurized extraction).  Since the cylinder is sealed 
at time of extraction, delicious coffee can be extracted 
without losing its aroma.  This method is used in many 
Fuji Electric products including our coffee machines 
for convenience stores.  However, hot water cannot be 
added during brewing because pressurized brewers 
seal the cylinder during extraction.  Therefore, when 
extracting large volumes of coffee, it has been neces-
sary to divide the coffee into multiple batches.  This is 
a problem because it lengthens the time for a sale and 
is not suitable for overseas markets where the portion 
size per cup of coffee is large.

To solve these problems, we developed a system 
capable of adding hot water to the cylinder during the 
extraction process of the pressurized brewer as shown 
in Fig. 7.

Figure 8 shows a comparison of systems for add-
ing hot water.  Conventional pressurized brewers em-
ployed a structure for opening and closing a solenoid 
valve that enabled hot water to be poured into the hot 

water tank through gravity.  The passage of hot water 
along the cylinder walls enabled the hot water to be 
evenly distributed to the coffee grains inside the cylin-
der and prevented the coffee grains from adhering to 
the cylinder.

Our new machine employs a structure for sup-
plying hot water to the cylinder by using a hot water 
pump to pour hot water from the supply outlet con-
nected to the lid that seals the cylinder during extrac-
tion.  The hot water pump can additionally provide hot 
water to the inside of the cylinder pressurized by the 
air pump for coffee extraction.  As a result, it becomes 

Coffee grains

Hot water

Reverse
rotation Air injection

Paper 
sent away

PP

Mixed

P

Forward
rotation

Coffee
extraction

Suction

P

Cylinder

Paper filter

Fig.5  Suction (negative pressure) brewer

Paper 
sent away

Raised

Mixed

Air

Hot water Coffee grains

LoweredCoffee extraction

Pressur-
ized

Air

Closed OpenedCylinder

Filter
block

Paper
filter

Fig.6  Pressurized (positive pressure) brewer

Water supply

Hot water tank

Hot water pump P
Brewer

Fig.7  System for adding hot water during extraction
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4.  Mesh Filter

The role of the filter is to extract coffee liquid from 
the mixture of coffee grains and hot water.  Drip coffee 
machines mostly employ a paper filter or mesh filter 
specially made for vending machines.

With a paper filter system, refreshing and clean 
tasting coffee can be extracted because the paper ab-
sorbs coffee oil and filters out the fine grains of coffee.  
This system is used for convenience store coffee ma-
chines and widely adopted in cup vending machines.  
However, since the dedicated paper filters used con-
form to a standard unique to Japan, they are hardly 
available overseas.

The mesh filter shown in Fig. 10 is formed by cre-
ating a countless number of holes in a mesh-like man-
ner on a thin metal or resin plate.  Since metal filters 
do not absorb any oil at all, they are used to extract 
coffee with a more explicit flavor that includes a high 
degree of coffee oil of the beans.  However, the mesh is 
coarser than that of paper filters, and thus fine grains 
can mix in with the coffee liquid (see Fig. 11) and cre-
ate a texture that is disliked by some consumers.  This 
is a problem that must be solved before offering coffee 
machines overseas.

Simply creating a finer mesh to suppress the min-
ute grains will not work because this will increase ex-
traction time and require a higher extraction pressure, 
giving coffee an unpleasant taste.

We collected data on coffee extraction while experi-

possible to continuously extract large volumes of coffee.  
Compared to conventional machines, it reduces the 
time needed to sell a large-sized coffee (240 ml) by 20% 
from 60 seconds to 48 seconds.

Furthermore, since the supply of hot water from 
the supply outlet to the cylinder employs a structure 
that can evenly sprinkle hot water on the coffee grains, 
we were able to improve the taste of the coffee while 
also making it more efficient to wash away coffee 
grains that adhere to the cylinder after extraction.

3.2  Tapered filter block
The amount of coffee grains needed increases ac-

cording to the amount of coffee to extract.  Therefore, 
the processing of residue after large-volume coffee ex-
traction becomes a challenge.  After coffee extraction, 
residue is removed by lowering the filter block and 
sending the paper filter away, as shown in Fig. 9.  At 
such a time, the height of the residue must be lower 
than the gap between the cylinder and filter.  How-
ever, the amount of usable coffee grains is limited to a 
certain amount, because the drop distance (stroke) of 
the filter block is restricted by the overall dimensions 
of the coffee machine.  In order to develop a small cof-
fee machine that is capable of extracting large volumes 
of coffee, it is necessary to increase the stroke without 
changing the size of the brewer.

In conventional machines, the filter block has a 
mechanism that simply moved up and down.  In our 
new machine, we have added a mechanism for tilting 
the filter block lowered to its lowermost limit.  The 
stroke is the same as before, but the gap between the 
cylinder and filter when discarding coffee residue is 
now larger.  This enabled the new machine to increase 
the amount of usable coffee grains by 25%, while keep-
ing the brewer size exactly the same as previous ma-
chines.

Hot water
Hot

water Pump

Solenoid valve

(a) Sprinkler system 
(New machine)

(b) Spiral pouring system 
(Conventional machine)

Fig.8  Comparison of systems for adding hot water

Residue disposal

Filter block

Filter block

Extraction

Extraction

Residue disposal

(a) New machine

(b) Conventional machine

Fig.9  Residue disposal method
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menting with various different fi lter meshes.  By doing 
this we got closer to our target taste by clarifying the 
correlation between the pressure and time for extract-
ing coffee and the values for bitterness, acidity and 
fl avor of the extracted coffee measured by a fl avor sen-
sor.  During the fi nal stage of development, we made 
adjustments on the basis of the sensory evaluations of 
coffee appraisers and determined the optimal combina-
tion of mesh fi lter thickness, hole diameter, hole pitch, 
aperture area and number of layers.  We thereby de-
veloped a “super fi ne mesh” consisting of about 130,000 
holes on a total diameter of 50 mm.  Using this mesh 
fi lter allows the coffee machine to deliver rich-tasting 
authentic coffee with a smooth aftertaste.

5.  Postscript

In this paper, we described a drip coffee extraction 
technology for coffee machines.  We have utilized our 
long and successful history of research and develop-
ment into coffee machines to create products that have 
now become essential to convenience stores.  In the 
future, we plan to pursue enhancements in taste, ease 
of use and size reductions so that we can contribute to 
the business development of our customers.

Fig.10  Mesh fi lter

Reduction in fine grains Fine coffee grains

Fine grains left at the bottom of the coffee cup

(a) Super fine mesh (b) Conventional type

Fig.11  Comparison of remaining coffee grains
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1. Introduction

In recent years, in companies in the distribution 
industry such as supermarkets, the employment of au-
tomatic change dispensers that can count and dispense 
cash automatically has been increasing to ensure more 
strict cash management, save labor and minimize 
checkout time at the register.

Figure 1 shows the automatic change dispens-
ers developed by Fuji Electric thus far.  Since the re-
lease of its fi rst coin change dispenser in 1993, Fuji 
Electric has been delivering change dispensers in vari-
ous distribution industries including major general 
supermarkets.  Since then, needs for the integration of 
coin and bill units and stricter cash management have 
been increasing.  In 2006, we released the “ECS-07,” 

NAKAMURA, Yoshihiro *   CHIKUNI, Kazuya *   KATAYAMA, Shugo *   

“ECS-777” Automatic Change Dispenser That Meets 
the Needs of the markets

In recent years, the distribution industry has faced increasing diffi culty in securing labor force, and self-checkout 
systems are actively employed to enhance effi ciency, reduce labor costs, and minimize checkout waiting times.  
Change dispensers in such systems are operated by customers instead of the checkout staff.  Therefore, easy opera-
tion, prevention of jamming of bills and coins, and safety in use are demanded more for present change dispensers 
than for previous ones.  To meet these market needs, Fuji Electric has developed the “ECS-777” change dispenser 
and the “CST35” slim coin roll stocker.

which was capable of deposit confi rmation operation*1 

and would be the prototype of the present change dis-
pensers.  Cumulative shipments of the “ECS Series” 
have reached approximately 110,000 units.  Its ease 
of use and reliability are highly regarded in the mar-
ket.  Moreover, this series can link information with 
the optional coin roll (spare coins for change) stocker to 
achieve sophisticated cash management.

2. Changes in Market Needs and Specifi cations 
Demanded of Change Dispensers

In recent years, the distribution industry has 
found it increasingly diffi cult to secure a labor force 
so that managers are forced to hire checkout staff 
through outsourcing.

1990

Market 
needs

Coin change 
dispenser

○Checkout work efficiency 
　improvement
・Checkout work 
　reduction

CSC60
(1993)

CSC600
(1997)

ECS-02
(1998)

ECS-777
(December 2018)

CSC660
(2002)

ECS-02F
(2002)

ECS-07
(2006)

ECS-77
(2011)

2000

○Streamlining of 
　accounting work
○Cash flow efficiency 
　improvement
・Change leaving operation

2005

○Streamlining of accounting 
　work
・Centralized cash management 
　by servers

○Register cash management, 
　deposit confirmation operation

○Support for self-
　checkout registers

2010 2018

○Streamlining of change reserve 
　preparation
・Change leaving operation 
　including coin rolls

Bill and coin 
change 
dispenser

New bill and 
coin change 
dispenser

Fig.1  Automatic change dispensers developed by Fuji Electric

*1:   Deposit confi rmation operation refers to the operation 
where a change dispenser counts deposited money.
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Under such circumstances, self-checkout systems 
using self-service machines such as self- or semi-self-
checkout registers have been actively employed to 
enhance effi ciency, reduce labor costs, and minimize 
checkout waiting time (see Fig. 2).

Unlike those used for conventional cashier-staffed 
checkout registers, automatic change dispensers used 
for self-checkout systems are operated by general cus-
tomers instead of checkout staff.  Therefore, demands 
for user-friendliness, resistance to bill and coin jam-
ming, and safety in use are even higher.

3. “ECS-777” Automatic Change Dispenser

To achieve such a self-checkout system, Fuji 
Electric has developed the “ECS-777” automatic 
change dispenser on the basis of our main model “ECS-
77” with more advanced functions (see Fig. 3).

Its development concept is to achieve a higher per-
fection level as an automatic change dispenser that can 
be used also for a self-service machines*2 to enhance 
the effi ciency of cash management jobs and support 

smooth accounting at retail stores.  We combined im-
proved operability and high-quality design and pur-
sued ease-of-use through intuitive operation.  Table 1 
shows the main specifi cations of the ECS-777.

3.1  Improved usability
Self-checkout systems are operated by various us-

ers in a wide range of age groups, instead of trained 
checkout staff, to pay or receive cash.  It would be best 
if even unfamiliar users could handle cash safely and 
securely through intuitive operation.  To attain such a 
goal, we improved the usability of the ECS-777 on the 
basis of the following points (see Fig. 4):
(1)  Navigational guide with deposit support lamps

The deposit support lamps light up at the timing 
of payment so that the user can fi nd the deposit ports 

Fig.2    Semi-self-checkout register and automatic change 
dispenser using in self-checkout system

Various mounting layouts

(a) External appearance

(b) Mounting onto semi-self-checkout register

Fig.3  “ECS-777” automatic change dispenser
*2:   There are some limitations on the use with self-service 

machines.

Table 1  Specifi cations of “ECS-777”

Item Specifi cation

Coin unit Bill unit

Type CSC777 CSB777

Deposit 
identifi cation Batch deposit, electronic identifi cation

Deposit port 
capacity 50 coins 25 bills (Japanese 

offi cial bank note)

Acceptance 
speed Approx. 6 coins/second Approx. 4 bills/second

Discharge 
speed

Approx. 3 seconds/
transaction

(999 yen with mini-
mum value of coins)

Approx. 3 seconds/
transaction

(9,000 yen with mini-
mum value of coins)

Outlet port 
capacity 60 coins 20 bills

Storage box 
capacity

1 yen, 10 yen and 100 
yen: 

  Approx. 170 coins 
for each

5 yen and 50 yen:
  Approx. 160 coins 
for each

500 yen:
  Approx. 110 coins

1,000 yen:
Approx. 250 bills

Mixed storage box 
(2,000 yen, 5,000 yen 
and 10,000 yen):

Approx. 100 bills
10,000 yen (collection 
box):

Approx. 220 bills*

Automatic 
audit function Provided

Temporary 
storage unit Provided**

Collecting 
method

Outlet port and 
overfl ow port

Collection box and 
outlet port

Operation 
indicator Storage status panel and operation switches

Dimensions*** W270 × D600 × H130 
(mm)

W220 × D600 × H130 
(mm)

Mass Approx. 16 kg Approx. 19 kg

Operating 
power supply 100 V AC 50/60 Hz

Power 
consumption

During operation (max.):  Approx. 140 W, 
Standby:  20 W,
Energy saving mode:  Approx. 6 W

*  Rechecked circulated notes
**  Only when deposit confi rmation (prior deposit) operation is used
***  Excluding protrusions
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quickly and continue operation.
(2)  Improved bill insertion with bill guide

A bill guide controls the position of bills during 
transfer.  Even an unfamiliar user can insert bills 
without the machine jamming.
(3)  Improved coin handling with large-diameter coin 

outlet tray
The well-established large-diameter coin outlet 

tray of conventional models is employed to allow users 
to take the coins in their change easily.
(4)  Dispensing support lamps to show remaining 

change
The dispensing support lamps directly illuminate 

the dispensed coins and bills to prevent users from for-
getting to take their change.

3.2  Improved operation efficiency
The distribution industry has found it increas-

ingly difficult to secure a labor force and it needs to 
minimize the labor required for operating change dis-
pensers, such as replenishing and collecting coins used 
for change and troubleshooting.  For the ECS-777, we 
improved various functions to improve the operation 
efficiency:

(a)  Audit function capable of automatic cash inven-
tory

(b)  Coin overflow function to reduce collection work
(c)  Large-capacity bill collection box to reduce bill 

collection work
(d)  Improved reliability to reduce downtime

(1)  Audit function capable of automatic cash inven-
tory

The amount of cash (number of coins and bills) 
stored in the change dispenser is managed so that it 
always agrees with the amount counted by the dis-
penser.  If, however, a badly defective coin or bill gets 
stuck, some cash in the dispenser may have to be 
taken out so that the machine can operate again.  In 
such case, the counted amount may not agree with 
the amount actually stored in the machine.  To ensure 
strict cash management and prevent such a problem, 
operators should re-count the cash when checkout 
staff changes at the end of the day.  Additionally, in 
recent years, companies have increasingly performed 
a change-leaving operation, where the change reserve 
to be used the next day is left in the machine and the 
remaining cash is collected.  In such a case, the change 
reserve should be re-counted.

With the ECS-777, the automatic audit function, 
which has been well-received in conventional models, 
has become more sophisticated to enable automatic 
cash inventory.  The automatic audit function can au-
tomatically re-count the cash in the storage box with-
out the need to temporarily take it out from the dis-
penser, resulting in a significant improvement in op-
eration efficiency (see Fig. 5, operations A to C).  In the 
class of change dispensers without requiring a special 
register stand, this automatic audit function is Fuji 
Electric’s original one and is not found in other compa-
nies’ products.

When, for example, the time required for cash in-
ventory is 15 minutes per day, this function can save 
approximately 91 hours a year.  When the hourly wage 
of an employee is 850 yen, the automatic audit function 
is effective in reducing cost by approximately 780,000 
yen a year in an average store with 10 checkout regis-
ters.
(2)  Coin overflow function for reducing collection work

During busy hours of a store with many transac-
tions, the coin storage box of an automatic change dis-
penser sometimes becomes full.  In such a case, auto-
matic change dispensers temporarily stop working un-
til the checkout staff collects the coins.  For self-service 

(a) Deposit support lamp

(b) Bill guide

(c) Large diameter coin outlet tray

(d) Dispensing support lamp

Fig.4  Improved usability
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As is the case with the coin overfl ow function, bills 
should be sent to a collection box when the storage box 
becomes full to minimize the downtime.  The ECS-777 
is equipped with a large-capacity bill collection box 
as shown in Fig. 7.  The bill storage capacity has in-
creased by 10% compared with conventional models, to 
220 from 200.  Such large-capacity design eliminates 
any worry about collection or replenishment until clos-
ing time (the bill storage capacity indicates the number 
of rechecked circulated notes*3).
(4)  Improved reliability to reduce downtime

With the guide at the bill deposit port and posi-
tion control with software, the ECS-777 has greatly 
improved the bill jamming rate compared with conven-
tional models.  This signifi cantly reduces the downtime 
while lightening the workload of operators.

4. “CST35” Slim Coin Roll Stocker

As shown in Fig. 3, self-service checkout operation 
often uses the coin unit and bill unit stacked verti-
cally.  Conventional coin roll stockers required a large 
installation area and so they could not be mounted on 
self-service machines in which units are supposed to be 
stacked vertically.  To solve this problem, Fuji Electric 
developed the slim coin roll stocker “CST35” that can 
be mounted on self-service machines (see Fig. 8 and 
Fig. 9).  Table 2 shows the main specifi cations of the 
CST35.

4.1  Space saving design
The CST35 was designed to have the same width 

as the coin unit so that it could be mounted onto a 
self-service machine while maintaining the same coin 
roll identifi cation functionality as that of conventional 
models.  We greatly reduced the size of the internal 
electromagnetic lock mechanism compared with the 
conventional models and also miniaturized the control 
board by approximately 50% to achieve the industry’s 
smallest-class machine and save space.

machines, it is necessary to minimize the downtime 
of the dispenser due to the coin storage box being full 
during busy hours.

Fuji Electric therefore developed a coin overfl ow 
function for the ECS-777 (see Fig. 6).  This function col-
lects coins in the storage box as overfl ow coins.  This 
lightens the collecting workload of checkout staff and 
enables the machine to continuously operate without 
stopping.
(3)  Large-capacity bill collection box to reduce bill col-

lection work

(a) Coin unit

(b) Bill unit
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Deposit section
Validation section

A
u
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t
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x

1,000-yen bill
storage box

Mixed bills
storage box

Dispensing section

Collection
box

(C1)

(C2)

Fig.5    Unit confi guration of change dispenser and overview of 
automatic audit function

Illustrated operation

10 yen

500 yen

5 yen

100 yen

1 yen

50 yen

Fig.6  Coin overfl ow function

(a) Collection through door (b) Collection by cassette

Fig.7  Large-capacity bill collection box

*3:   Rechecked circulated notes are strapped bills that were 
circulated, returned to a bank and rechecked.
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4.2  Power supplied from change dispenser and power 
saving control
We designed the internal control unit to save on 

power consumption and receive power supply from 
the change dispenser.  This has achieved a simplified 
power supply system.

The power supply can now be controlled from the 
change dispenser.  By operating the stocker with the 
power save mode of the dispenser, we reduced the 
standby power by approximately 80%.

4.3  Coin roll management function and flexible tray layout
The CST35 has pocket-shaped storage trays to 

store coin rolls.  Each tray is equipped with an identifi-
cation function based on the combination of a magnetic 
sensor and an optical sensor.  By not only counting the 
number of coin rolls being stored but also identifying 
the coin type of the roll, it prevents any discrepancy 
in the amount due to improper storage of coin rolls.  
Moreover, the CST35 can send information on the 
counted amount to the change dispenser.  This allows 
strict cash management over the entire system includ-
ing the change dispenser and coin roll stocker.

There is a tray as spare free space in the coin 
roll stocker.  It can be used for objects that cannot be 
stored in the change dispenser such as deformed coins, 
torn bills or gift certificates received from customers, 
and this improves usability.

5. Postscript

This paper described the “ECS-777” automatic 
change dispenser that meets the changing needs of 
the market.  The distribution market, where auto-
matic change dispensers are used, includes compa-
nies having many different business types and styles 
and their demands have become diversified.  Fuji  
Electric’s change dispensers have been quickly re-
sponding to needs for the introduction of self-checkout 
systems in the market and lead the industry in the 
number of units mounted on self-service machines.

In the distribution industry, where cashless settle-
ment is expected to increase, the amount of cash han-
dling might possibly decrease.  On the other hand, 
we expect to see growing needs for labor savings and 
automation of cash handling work.  In order to further 
expand the use of automatic change dispensers, at Fuji 
Electric we will continue responding to the change in 
customers’ needs and increase customer value by im-
proving our customer service ability and product us-
ability in the future.  We will also focus on not only the 
Japanese market but also overseas markets to develop 
the business on a global scale.

(a) External appearance

(b) Interlocking with with change dispenser

Fig.8  “CST35” slim coin roll stocker

Fig.9  Example of mounting onto semi-self-checkout register

Table 2  Specifications of “CST35”

Item Specification
Type CST35
Dimensions W270 × D550 × H65 (mm)

C
ap

ac
it

y

500 yen coin roll 2 rolls
50 yen coin roll 2 rolls
100 yen coin roll 4 rolls
10 yen coin roll 4 rolls
1 yen and 5 yen coin rolls 
(shared) 2 rolls

Storage box for gift  
certificates and other notes Free space
Spare coin pocket

Display None

Operation Electromagnetic lock through 
POS connection

Coin roll identification function Electronic identification  
function*

Interface Notification to POS through 
change dispenser

Mass Approx. 8 kg

Operating power supply 24 V DC (supplied from change 
dispenser)

*   Excluding free space
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1. Introduction

In recent years, food being discarded even though 
it is still edible (food loss) in the food distribution in-
dustry has become a social problem.  Reducing food 
waste to half in terms of retail and consumption levels 
by 2030 is one of the Sustainable Development Goals 
(SDGs) adopted by the United Nations and must be 
recognized as a global problem.

From a micro perspective, food loss puts pressure 
on the profits of convenience stores and supermarkets 
and reducing it has become a big challenge for them.  
Convenience stores have counter fixtures around their 
counters (see Fig. 1).  In these fixtures, cooked foods or 
sweets that emphasize freshness and deliciousness are 
exhibited in an unwrapped state.  Although they have 
a strong product appeal, their fresh texture and taste 

ICHIHARA, Shimoto *   YAMADA, Tetsuya *   HIRAKATA, Satoki⁑   

Freshness-Keeping Technology with Ambient 
Humidity Control

In recent years, food being discarded even though it is still edible (food loss) has become a social problem.  Tak-
ing note of how freshness is lost as food becomes dry, Fuji Electric has developed technology that controls ambient 
humidity to keep food fresher for longer.  This method applies Fuji Electric’s polymer electrolyte fuel cell technology.  
Using no liquid water significantly reduce the risk of bacterial and fungal growth that causes food poisoning.  The 
technology allows users to determine appropriate humidity conditions for specific food materials, store them with little 
loss of fresh texture, and increase sales opportunities, reducing food loss.

are greatly affected by the storage environment be-
cause they are exposed.  This leads to the problem that 
they have to be discarded after several hours.  In con-
ventional counter fixtures, temperature control such 
as cooling or heating was used as an effort to maintain 
the texture and taste.  This paper describes a technol-
ogy for keeping freshness by focusing new attention on 
the drying of food and by controlling humidity as well 
as temperature through the use of an element to which 
the principle of fuel cells was applied.

2. Characteristics of Freshness-Keeping 
Technology

A typical and known humidifying method uses 
heat or ultrasonic waves to vaporize water and release 
it into a space.  Unfortunately, with this method there 
is a high risk of bacterial and fungal growth in the 
stored water.  Fuji Electric decided not to select this 
method for counter fixtures because it might lead to 
the risk of fatality from factors such as food poisoning.

As a new method, we developed a technology for 
controlling humidity without using liquid water by ap-
plying Fuji Electric’s polymer electrolyte fuel cell tech-
nology.

Figure 2 shows the external appearance and struc-
ture of the developed element.  It has catalysts with 
different compositions applied on each surface of an 
electrolyte membrane that selectively allows protons to 
pass.  The membrane is sandwiched between electric-
ity collecting metal plates (electrodes) and resin covers 
from both sides.

Figure 3 shows a schematic diagram of the reac-
tion of the element.  When a voltage is applied to the 
electricity collecting metal plates, a reaction occurs on 
the catalyst surface.  On the dehumidifying side, water 
is decomposed into protons and oxygens.  The protons 

Fig.1  Counter fixture
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pass through the electrolyte membrane and bond with 
oxygen on the humidifying side to form water and be 
released.  This is a reaction of decomposition and re-
lease at the level of water molecules in the air.  It is 
characterized by there being no need to replenish wa-
ter during humidification and no drain water being 
generated during dehumidification.

Another characteristic is that the target container 
can have both humidification and dehumidification 
functions and they can be switched depending on 
whether it is the front or back surface of the element to 
be attached to the container.

3. Element Technology Development

3.1  Technology to improve moisture treatment ability
At the start of developing the element, we set a 

target value for the moisture treatment speed required 
for humidification and dehumidification based on the 
capacity and airtightness of the counter fixture.  To 
satisfy the requirement for moisture treatment speed, 
we can increase the treatment speed easily by enlarg-
ing the surface area of the element.  When, however, 
the element becomes larger, the necessary amount of 
the electrolyte membrane and catalyst also increases, 
and this directly affects cost.  Consequently, the key 
point of the development is to determine how to use 

a small element to improve the dehumidification and 
humidification performances to ensure the necessary 
functions.

To satisfy the necessary element performance, 
we first studied the electrolyte membrane.  There are 
a wide variety of proton-exchange membranes from 
those used for fuel cells to those for water electrolysis.  
Figure 4 shows the transition of the internal humid-
ity change and current value when an element with 
an electrolyte membrane having a thickness of 30 μm 
(T30) and an element with a membrane having a thick-
ness of 180 μm (T180) are used to humidify containers 
of the same capacity.

In general, the number of protons passing through 
the electrolyte membrane is proportional to the electric 
current.  Therefore, the more electrolytic current that 
flows, the more protons that pass through the electro-
lyte membrane.  When the element performances of 
T30 and T180 are compared, it is found that T180 can 
increase the humidity inside the container faster than 
T30 despite its lower electrolytic current value.

As shown in Fig. 5, water back-diffuses through 
the electrolyte membrane from the humidification 
side with higher humidity to the dehumidification side 
with lower humidity.  T180 has a higher water diffu-
sion resistance, which may be the reason for its higher 
humidification and dehumidification performance.  In-
creasing the humidification and dehumidification per-

Resin cover

Resin coverHumidity adjustment 
element and packing

Electrode
Electrode

(a) Element (b) Structure diagram

Fig.2  External appearance and structure of the element
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Fig.3  Reaction schematic diagram
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formance of the element requires two factors to be 
optimally controlled:  Ensuring the electrolytic current 
value and suppressing the back-diffusion.  Based on 
these study results, we optimized the electrolyte mem-
brane thickness and catalyst layer to develop an ele-
ment that can achieve the specified target value with 
less power consumption.

3.2  Durability performance-enhancing technology
Elements mounted on food distribution equipment 

need durability so that they stably maintain their 
functionality for a long period of time.  For fuel cells, 
which have a similar structure, aggregation of the 
electrode catalyst is one of the important degradation 
modes.  We thus studied the durability of the devel-
oped element.  We looked at the initial particle diam-
eter of the catalyst and built elements by using cata-
lysts having three different particle diameters, small, 
medium and large.  We then conducted an accelerated 
durability test on each element for 1,000 hours under 
an elevated temperature environment.

As shown in Fig. 6, we found that the initial par-
ticle diameter greatly affected the durability perfor-
mance and there was an optimal particle diameter.  By 
clearly specifying the control range of the initial par-
ticle diameter, we now can stably build elements that 
satisfy the required durability.

4. Effect Verification

4.1  Effect verification through mounting on counter fix-
ture
We mounted the developed element on a counter 

fixture and verified the effect.  The fixture had speci-
fications of a capacity of 50 liters and cooling function 
(two settings of 10 °C or less and 18 °C).  Use at room 
temperature was assumed.  We selected sandwiches 
and stuffed rolls for the products to be stored and eval-
uated the influence of humidity changes inside the case 
on those sandwiches and stuffed rolls that were exhib-
ited in an unwrapped state.  Table 1 shows the details 
of the test conditions.

We placed the counter fixture in a constant tem-
perature and humidity bath set at 25 °C and 50%RH 
and stored sandwiches and stuffed rolls inside the 
case.  When the element was not activated, the humid-
ity naturally stayed at 50%.  After 12 hours of storage, 
the mass of the products in the fixture reduced by 2%.  
After 24 hours of storage, the reduction in mass dou-
bled to 4%.  We found there was a tendency for mois-
ture to decrease and the products to get dry over time.

We then activated the element to maintain the hu-
midity inside the counter fixture at 80%.  The decrease 
in mass was 1% after 12 hours and 2% after 24 hours.  
As shown in Fig. 7, we found that keeping a high hu-
midity inside the fixture was an effective way to reduce 
the drying out of the products.

Next, we conducted a simple sensory test by ac-
tually eating the samples.  Ten Fuji Electric male 
design engineers in their 20s to 50s were selected as 
evaluators.  After eating the samples, they answered a 
questionnaire asking if they thought it would be worth-
while to buy the products without telling them the 
condition of each sample (see Table 2).  The figures in 
the table show those evaluators who answered “I don’t 
think I would buy it” after evaluating the texture and 
taste of the samples they ate.

As a result, it can be considered that a reduction in 
mass of 2% is the limit in terms of product value and 
product value would be lost if the mass decreased by 
4%.  This indicates that sandwiches and stuffed rolls 
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Fig.6  Durability test result

Table 1  Test conditions for effect verification

Item Condition

Fixture capacity 50 L

Cooling unit Off (room temperature)

Outside air environment 25ºC, 50%RH

Product Sandwiches and stuffed rolls

Measurement timing

Immediately after opening

After 12 hours

After 24 hours

Measured items

Mass

External appearance inspection

Sensory evaluation

Stored at 50%RH
Stored at 80%RH

Initial After 12 hours After 24 hours
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Fig.7  Mass change rate
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tant to determine it.
We found that, by changing the storage humidity 

in accordance with the product concept, we can store 
food while maintaining the product value such as the 
texture to be emphasized.

We are still continuing our verification in these 
sensory evaluations and trying to accumulate data 
concerning the environmental factors required for the 
preservation of each food and to improve the evalua-
tion technology.

5. Postscript

This paper described a technology for keeping 
food freshness with humidity control.  Controlling the 
humidity makes it possible to extend the storage pe-
riod while maintaining product value.  This offers an 
advantage of extending sales opportunities at stores 
while increasing expectations for the effect of reducing 
food loss.  Humidity control without using water can 
also greatly decrease the risk of fatality in the food in-
dustry due to factors such as bacteria and fungi.

As a manufacturer of food distribution equipment, 
Fuji Electric will continue to develop ways to improve 
food preservation environments and help to overcome 
the challenge of reducing food loss.

will need to be discarded after approximately 12 hours 
in a storage environment of 50% humidity, whereas 
the products can be stored with product value main-
tained up to 24 hours when the humidity is kept at 
80%.

4.2  Verification of changes in texture due to storage con-
ditions
As described above, we found that food preserva-

tion is greatly affected by the parameter of humidity 
as well as temperature.  To confirm the influence of the 
storage environment on food, we studied the texture of 
sweet rolls and fried chicken to examine the parameter 
of humidity.

We used a constant temperature and humidity 
bath and prepared food samples by storing them for a 
certain period of time at a constant temperature while 
changing the parameter of humidity.  We conducted a 
sensory evaluation to evaluate the texture of the food.  
For the evaluation, we set texture terms to indicate 
contrary textures:  “crusty” and “fluffy” for sweet rolls, 
and “crispy” and “tender” for fried chicken.  Evalua-
tors made a judgment by using the rating scale method 
based on JIS Z 9080.  Figure 8 shows the evaluation 
result.

As for the sweet rolls shown in Fig. 8(a), samples 
were stored at three levels of humidity for 6 hours in 
a 28 °C environment.  After the verification, we con-
firmed there was a tendency for the contradictory tex-
tures of “crusty” and “fluffy” to swap over when the hu-
midity changed from low to high.  This indicates that 
controlling humidity allows food to be preserved while 
keeping a specific texture.

As for the fried chicken shown in Fig. 8(b), samples 
were stored at three levels of humidity for 6 hours in a 
60 °C environment.  We verified the contradictory tex-
ture strengths, “crispy” and “tender.” Unlike the case 
of the sweet rolls, we confirmed the same decreasing 
tendency even for the contradictory textures while the 
humidity changed from low to high.  The tendency var-
ies depending on the composition or moisture content 
of the food.  In terms of food preservation, each food 
has its appropriate humidity condition and it is impor-

Table 2  Sensory test questionnaire result

Storage period Mass change 
rate

Number of  
answers*

Initial state — — 0/10

Storage at 
50%
humidity

12 hours -2% 5/10

24 hours -4% 9/10

Storage at 
80%
humidity

12 hours -1% 1/10

24 hours -2% 4/10

*   Number of evaluators who answered “I don’t think I would buy it” / 
Number of evaluators
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Fig.8  Taste evaluation by sensory test
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1. Introduction

Uninterruptible power systems (UPSs) are used for 
backup power at data centers, financial institutions, 
hospitals and other places requiring a stable supply of 
power even during blackouts and earthquake disasters.

This paper describes technology for improving the 
earthquake resistance of UPSs that have been made 
capable of continued operation even during earthquake 
disasters.

2. Need for Improving Earthquake Resistance in 
the Wake of the Great East Japan Earthquake

In the Great East Japan Earthquake that occurred 
in 2011, transformers shook, causing many short cir-
cuits and ground faults.  Repeated heavy shaking of 
transformers for a long time led to fractures of the  
primary-side terminals and burnout due to the  
secondary-side conductors coming into contact with 
the housing and multi-layered conductors.  Examples 
of accidents of seismic snubbers coming off have been 
reported.

Earthquake-proofing of transformer panels has 
been regarded as important and, in September 2013, 
the Guide for Movement of Distribution Transformers 
JEM-TR252(1) was established.  In response, relevant 
companies are working on earthquake-proofing of 
transformer panels and development of aseismic de-
vices for transformers.

With a large-capacity UPS system, the input trans-
former panel uses a molded transformer to step down 
three-phase 6,600 V to 400 V to distribute to the in-
dividual UPSs, for example, as shown in Fig. 1.  The 

YASUMOTO, Koji *   WU, Ping *   SHIGA, Hiroshi *   

Earthquake-Resistant Technology for 
Uninterruptible Power Systems

Uninterruptible power systems (UPSs) need to have adequate earthquake resistance because they are used as 
backup power during blackouts at data centers, financial institutions, hospitals and other places requiring a stable 
supply of power.  After the Great East Japan Earthquake, the guidelines on the earthquake resistance of transform-
ers have been established.  Fuji Electric thus tested the earthquake resistance of its UPSs using seismic waves, for 
which the acceleration response of the building was considered, and confirmed their stable operation.  On the basis 
of the analysis on the deformation of transformers by the finite element method, we took anti-sway measures and re-
vised the housing frame of the transformer panel to improve earthquake resistance.

output branch panel uses a dry-type transformer or 
other device to step down to 400 V or 200 V according 
to the load.  For that reason, the earthquake resistance 
of transformers and panels must be improved so that 
they can operate stably.

Input transformer
panel

Output branch panel

I/O panel

UPS

Battery

3   3 W 6,600 V

3   3 W 200 V

3   3 W
6,600/400 V

3
400/200 V

Dry type
transformer

Molded
transformer

φ

φ

φ

φ

Fig.1  Example of UPS system
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3. Vibration Test of UPS Equipment

3.1 Guideline for Aseismic Design and Construction of 
Building Equipment
The Guideline for Aseismic Design and Construc-

tion of Building Equipment presents aseismic designs 
and calculations for aseismic supports in view of the 
mechanism of action of seismic force on equipment.  A 
force resulting from multiplying the seismic force of 
the base of a building by the response factor of each 
floor is applied to the building and equipment, and the 
force must be supported by anchor bolts that secure 
the equipment.  The seismic force used in the Guide-
lines is not specified assuming any specific earthquake 
but is based on average properties of seismic forces 
generated on rare occasions.  For the input seismic 
waves for vibration tests, the Guidelines are used as 
a reference to take the response factor of the building 
into account to carry out the tests.

3.2 Vibration test
To evaluate the earthquake resistance of equip-

ment, vibration testing, in which actual seismic waves 
are applied, may be used apart from static analysis 
that uses the finite element method.  In a vibration 
test, the equipment is directly installed on a vibration 
table, to which seismic waves with the response factor 
taken into account are applied.

Electrical equipment is installed on the vibration 
table to conduct a resonance point search test, input 
seismic wave vibration test and resonance point search 
test in this order.  The resonance point search test 
applies random waves with a frequency of 2 to 50 Hz 
respectively in the X, Y and Z (lateral, depth and ver-
tical) directions with one-tenth of the design accelera-
tion as the maximum acceleration.  A delay of 90° with 
reference to the phase of the vibration applied by the 
vibrator is judged as a resonance state and the natural 
frequency is found.

To study the earthquake resistance against seismic 
motion, we applied reproductions of the actual seismic 
waves.  Because the acceleration response spectrum 
varies depending on the seismic wave, we selected 
seismic waves from the Southern Hyogo Earthquake 
(occurred on January 17, 1995) and Niigata Chuetsu 
Earthquake (occurred on October 23, 2004), and the El 
Centro seismic wave (occurred on May 18, 1940).

We mounted an accelerometer to measure the max-
imum acceleration of the housing and a strain gauge to 
measure the stress on the housing.  As the mounting 
locations, we selected points where large stress was ob-
served by static analysis.  In the UPS, devices such as 
the inverter transformer and reactor are secured only 
in the lower part and we mounted an accelerometer in 
the upper part of the devices, which shows a larger am-
plitude.

After the vibration test, another resonance point 

search test was conducted.  Any difference of the reso-
nance point between before and after application of the 
vibration suggests plastic deformation, which requires 
detailed investigation of deformation of the housing 
and internal devices.

3.3 Vibration test results
Figure 2 shows a row of the UPS and peripheral 

panels installed on the vibration table.  The configu-
ration includes four panels, which are an input trans-
former panel, UPS panel, input transformer panel and 
UPS panel from the left.

The maximum acceleration of the El Centro seis-
mic wave is 0.341 G.  Considering the response factor 
based on the building structure and the height of the 
floor of installation, we specified a maximum accelera-
tion of 1.0 G for the test.

The following presents the results of the vibration 
test:

(a) The characteristic vibration and acceleration 
response of the UPS panels were approximately 
17 Hz and 1.5 times respectively in the X direc-
tion, and 11 Hz and 1.6 times respectively in the 
Y direction.  The characteristic vibration and 
acceleration response of the peripheral panels 
were approximately 15 Hz and twice respec-
tively in the X direction.  In the Y direction, 
the characteristic vibration and acceleration 
response were approximately 14 Hz and 1.7 
times respectively.  The acceleration response 
can be large in either case and housing design is 
required to take earthquake resistance into ac-
count sufficiently.

(b) The characteristic vibration and acceleration re-
sponse of the transformer were about 30 Hz and 
1.5 times respectively in the X direction, and 
about 15 Hz and 2 to 3 times respectively in the 
Y direction.  With the transformers, the charac-
teristic vibration in the X direction was found to 
be high and the acceleration response in the Y 
direction to be large.  Accordingly, we designed 
earthquake resistance reflecting these results.

(c) With all of the panels, we confirmed that there 

Fig.2  UPS equipment installed on vibration table
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was no problem in the stress applied during vi-
bration, with the maximum stress at less than 
one-tenth of the allowable stress for temporary 
loading.

(d) Figure 3 shows the input and output voltage 
waveforms of the UPS during vibration.  Opera-
tion continued with no abnormality in the AC 
output voltage.

(e) We confirmed that there was no variation in the 
characteristic vibration after vibration and no 
plastic deformation occurred in the housing.

4. Improvement in Earthquake Resistance of 
Transformers

4.1 Displacement of dry-type transformers
For UPSs, a molded type is used as the input 

transformer, and a low-voltage dry type of Class H 
is used as the output transformer.  The iron core of 
these molded and dry-type transformers doubles as a 
strength member.  However, an iron core consists of 
layers of steel sheets with a thickness of 1 mm or less 
and has some uncertainty in terms of strength.  Ac-
cordingly, we conducted static analysis on the displace-
ment of transformers by the finite element method.

We took a 100-kVA dry-type transformer with a 
total mass of 427 kg as an example to analyze the dis-
placement.  The iron core consists of 357 layers of sili-
con steel strips with a width of 620 (legs:  100 mm × 3) 
× height of 650 × thickness of 0.35 (mm) and the top 
and bottom parts are held down with angle steel bars 
(L-bars), which are secured with bolts.  The three legs 
are secured with bolts.  The restraint condition is the 
bolts for securing the bottom angle steel bars on the 
floor.  As with the local seismic coefficient method used 
for equipment design, we applied a force equivalent to 
acceleration of 2.0 G to the center of gravity.  Figure 4 
shows the analysis results.  The maximum displace-
ment was found to be 20.5 mm.  In this case, we took 
measures with steady rests for the transformer be-
cause there was a danger of damage to cables and con-

tact with the panel.

4.2 Aseismic design of molded transformers
Recently, data centers have been getting increas-

ingly larger in capacity.  Generally, a molded trans-
former of 550 kVA is used for a UPS with a single-unit 
capacity of 500 kVA.  This section describes earth-
quake proofing of Top Runner MOLTRA used for UPS 
systems.

Figure 5 shows the structure of a molded trans-
former.  The iron core is secured with the top and bot-
tom frames and the windings are prevented from un-

Input voltage
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Input voltage
v-w

Input voltage
w-u

Output 
voltage u-v

Seismograph
X, Y and Z 
directions

Output 
voltage v-w

Output 
voltage w-u

Fig.3    Input voltage and output voltage waveforms during  
vibration

(a) Analysis conditions

(b) Displacement
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Fig.4  Results of static analysis of transformer
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Fig.5  Structure of molded transformer
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required for the device.  The displacement of molded 
transformers with a rated capacity of 1,000 kVA or less 
is specifi ed as 50 mm for up to 1.0 G.  Accordingly, no 
guideline is given for the condition of design seismic co-
effi cients 1.5 G and 2.0 G and the respective companies 
are required to improve earthquake-resistance inde-
pendently.

If a value of 1.0 G or larger is specifi ed for the 
design seismic coeffi cient, which is the ratio of accel-
eration in the horizontal direction to that of gravity, 
to ensure earthquake resistance while reducing intro-
duction costs, it is more appropriate to improve the 
earthquake resistance of the transformer panel than 
of the transformer.  JEM-TR252 presents a method of 
connecting the top part of a seismic transformer with 
a seismic frame and cushioning(1).  This method al-
lows the transformer to reduce not only the vibration 
of the top part but also the shock resulted from seismic 
motion.  However, solid propagation of the vibration 
generated when the transformer is operating must be 
taken into account because the transformer and seis-
mic frame are fi xed.

Figure 7 shows the steady rest at the top part of 
the transformer.  The transformer panel receives the 

dergoing displacement by providing guide pins of the 
coil clamps and supports between the top and bottom 
frames and coils.  The guide pins do not come off easily 
due to the large diameter and the long length.

Once a seismic force is applied to this transformer, 
the anti-vibration rubber mounts shrink to the seismic 
snubbers in the horizontal and vertical directions and 
the transformer is displaced.  Flexure of the trans-
former itself is also added to increase the displace-
ment.  Figure 6 shows the structure of a seismic snub-
ber.  The transformer is provided with anti-vibration 
rubber mounts between the top and bottom bed frames 
in order to reduce vibration transmission to approxi-
mately 3%.  Conventionally, seismic snubber bolts 
were used for securing to reduce vibration in the verti-
cal direction.  Vibration in the upward vertical direc-
tion is reduced by the vertical direction snubber bolts 
and in the downward vertical direction by the vertical 
direction snubber seats.  To reduce vibration in the 
horizontal direction, we have used a horizontal direc-
tion snubber structure since 2014.

The transformer is secured by the snubber pipes 
welded to the bottom frame and the bolts welded to the 
wheels.

5. Aseismic Design of Transformer Panels

The Guide for Movement of distribution transform-
ers JEM-TR252 specifi es the displacements of terminal 
sections during earthquakes.  The standard design 
seismic coeffi cient is determined by the applicable fl oor 
on which the device is installed and the seismic class 

Vertical direction 
snubber bolt

Vertical direction 
snubber seat

Holding rubberAnti-vibration rubber
mount fixing bolt

Top bed frame

Anti-vibration
rubber mount

Bottom bed frame Horizontal direction 
snubber pipe

Fig.6  Structure of seismic snubber of molded transformer
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Fig.7  Steady-rest structure at top part of transformer
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6. Postscript

This paper relates to technology for improving the 
earthquake resistance of UPSs and has described the 
need for this and methods of applying it on the basis 
of examples of accidents from the Great East Japan 
Earthquake.

In the future, we intend to strive to improve earth-
quake resistance to meet customer demands in addi-
tion to enhancing the reliability of power supply from 
UPS systems.

References
(1) JEM-TR252: 2014. Guide for Movement of Distribution 

Transformers. The Japan Electrical Manufacturers’  
Association. (Japanease).

vibration of an earthquake with the structure that has 
fixing seats provided at the top part of the transformer 
and snubber rubbers for vibrations in the lateral and 
depth directions.  On the panel housing side, steady 
rest strength members are provided where the trans-
former snubber rubbers comes into contact with the 
housing.  A gap of approximately 5 mm is provided to 
prevent vibration of the transformer from being trans-
mitted to the panel.

In order to reduce the force applied to steady rests 
of the transformer panel to less than the allowable 
stress for temporary loading of strength members, we 
have adopted a structure in which the housing frame is 
integrated with the seismic frame.  The seismic frame 
has been provided with an angle structure and earth-
quake-proofed by using a brace.  In addition, we have 
used square pipes for the housing frame.
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1. Introduction

In recent years, data centers have increasingly 
been using electricity, which has created a demand for 
improved efficiency of uninterruptible power systems 
(UPSs).  Fuji Electric has met this demand with the 
“UPS7000HX Series(1)” with 400-V output.  The Series 
has achieved high efficiency by employing a non- 
insulated system and three-level conversion.

To further improve the efficiency of an entire data 
center, one method is to use a three-phase, four-wire 
UPS instead of a three-phase, three-wire type.  It is 
capable of feeding directly to a server without a power 
distribution unit (PDU) transformer, saving space and 
cost while achieving high efficiency.

This paper presents a way to utilize three-phase, 
four-wire UPSs and the “UPS7000HX-T4,” a three-
phase, four-wire UPS offered by Fuji Electric.  It also 
describes how to build a three-phase, four-wire system 
by using an insulated three-phase, three-wire UPS 
with an inverter transformer.

2. Comparison Between Three-Phase, Four-Wire 
and Three-Phase, Three-Wire Power Supply 
Systems

Three-phase, four-wire UPSs are widely in use out-
side Japan but not many examples of use are found in 
Japan.  Three-phase, three-wire power supply systems, 
which are the mainstream in Japan, have benefits 
such as being able to handle server load harmonics 
and suppressing short-circuit currents due to the PDU 
transformer provided.  This is assumed to be one rea-
son why three-phase, four-wire power supply systems 

YASUMOTO, Koji *   WANG, Fangfang *   TAKIZAWA, Ayumu *   

High-Efficient Power Supply Systems Utilizing 
3-Phase 4-Wire Uninterruptible Power Systems

In recent years, data centers have increasingly been using electricity, and their power supply systems need 
to improve efficiency.  Fuji Electric has offered power supply systems using 400-V, 3-phase, 4-wire uninterruptible 
power systems, as well as 3-phase, 4-wire power supply systems using conventional 200-V, 3-phase, 3-wire power 
supply systems.  Both types eliminate the need for a PDU transformer, achieving high efficiency.  Using a current-lim-
iting circuit-breaker enables short-circuit protective coordination.  Furthermore, the Igr method allows users to reliably 
monitor insulation and reduces the effect of harmonics on the K-factor and transformer equivalent capacitance more 
than standard power supplies.

are not employed often.
Table 1 shows a comparison between three-phase, 

four-wire and three-phase, three-wire power supply 
systems; and Fig. 1, the main circuit wiring diagrams 
of the two power supply systems.

The three-phase, three-wire system is provided 
with a PDU transformer for converting the voltage 
into single-phase 230 V to be supplied to a server load.  
Meanwhile, the three-phase, four-wire system uses a 
four-wire UPS with the secondary voltage of the in-
put transformer being 400 V.  It can feed single-phase 
230 V to a server load between the neutral and power 
supply phases, eliminating the need for a PDU trans-

Table 1    Comparison of three-phase, four-wire power supply 
system with three-phase, three-wire type

Items Three-phase, four-wire 
system

Three-phase three-wire 
system

Efficiency Good
No PDU transformer

Fair
PDU transformer  

provided

Space Good
No PDU transformer

Fair
PDU transformer  

provided

Cost Good
No PDU transformer

Fair
PDU transformer  

provided

Short-circuit 
current

Good
Reduced with current-
limiting circuit breaker

Good
Reduced with PDU 

transformer

Insulation 
monitoring

Good
Provided for input  

transformer

Fair
Provided for input 

transformer and PDU 
transformer

Input  
transformer

Fair
Measures for harmonic 

current required

Good
Harmonic current dealt 

with by PDU  
transformer

Third and 
triplen  
harmonics

Fair
Triplen harmonic super-

imposition

Good
Dealt with by PDU 

transformer
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former.  Therefore, in order to suppress an increase in 
short circuit current, a current limiting breaker is pro-
vided to perform protection coordination.

In three-phase, four-wire system, the third har-
monic and triplen harmonic currents are superimposed 
on the neutral phase.  In some cases, the current ca-
pacity of the neutral phase is made larger than the 
power phase.  However, the current capacity of the 
neutral phase can be made equal to that of the power 
supply phase as described below, and this allows the 
system to reduce the introduction costs.  In addition, 
ground fault can be monitored for a three-phase, four-
wire UPS using an insulation monitoring device, im-
proving system reliability.

3. Outline of Three-Phase, Four-Wire Power 
Supply Systems

3.1      Power supply system based on the “UPS7000HX-T4” 
(three-phase, four-wire)
The UPS7000HX-T4 (three-phase, four-wire type) 

is a large-capacity UPS with a 400-V output developed 
for data centers.  Figure 1(a) shows the main circuit 
wiring diagram.  Figure 2 shows the external appear-
ance of the UPS7000HX-T4; and Table 2, the specifica-
tions.  UPS7000HX-T4 provides a capacity of 500 kVA, 
alternating current (AC) input, bypass output and AC 
output at voltages of 380 V, 400 V and 415 V.  The 
main circuit consists of an input filter circuit, recti-
fier, inverter and output filter circuit.  The UPS has 

achieved high efficiency by employing a non-insulated 
system and three-level PWM control.  While not shown 
in Fig. 1, a battery circuit is connected to the direct 
current (DC) intermediate part between the rectifier 
and inverter.

The neutral phase of the star connection in the 
input transformer is grounded with Class B.  The AC 
and direct feed inputs are drawn in with a three-phase, 
three-wire system and the neutral phase is connected 
to point M between the two capacitors in the DC cir-
cuit.  No switch is provided between the neutral line of 
the transformer and the UPS so as to prevent the neu-
tral phase from being cut off.

+

+

+

+

+

+

+

+

Rectifier

P

N

N

M
Inverter

(a) Three-phase four-wire power supply system

Server load

MC3

1   230 V

MC4

PDU transformer
420/400 V

6,600/400 V
MC1

ACSW

Rectifier

P

M
Inverter

(b) Three-phase three-wire power supply system
Server load

MC3

1   230V

MC4

6,600/420 V
MC1

ACSW

φ

φ

Fig.1  Main circuit wiring diagrams of three-phase, four-wire and three-phase, three-wire power supply systems

Fig.2  “UPS7000HX-T4”
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3.2      Three-phase, four-wire power supply system using the 
“UPS6000DX” (three-phase, three-wire)
The UPS6000DX (three-phase, three-wire) is an 

insulated UPS with 200-V input and output that has a 
transformer provided on the secondary side of the in-
verter.  Figure 3 shows a three-phase, four-wire power 
supply system built by using the UPS6000DX Series.  
Insulated UPSs have features such as an ability to con-
vert a rectangular wave voltage output of the inverter 
into a sine wave by using the function of the reactor 
of the inverter transformer and output voltage can be 
determined according to the specification of the load.  
They can also reduce short-circuit currents.

To build a three-phase, four-wire system with a 

three-phase, three-wire UPS, a delta-star connection 
is used for the inverter transformer to provide the neu-
tral point.  In the same way, the input transformer is 
delta-star-connected to provide the neutral point and 
the respective neutral points are connected together 
with the bus tie panel.  The UPS provides feedback 
control for balancing the phase voltage between the 
neutral phase and the respective phases of the inverter 
transformer.  Conventional UPS controls only the 
U- and W-phases but current one controls the three-
phases to uniformly correct the respective phases, out-
putting a stable voltage output.

4. Short-Circuit Protective Coordination of UPS 
Systems

Redundancy power supply systems for data cen-
ters include standby redundant, parallel redundant 
and 2N systems.  The respective systems use a single-
unit UPS or multiple UPSs connected in parallel.  A 
parallel system has a larger short-circuit withstand 
capability than a single-unit system, and short-circuit 
protective coordination is more difficult to achieve.  
For example, here we compare short-circuit protec-
tive coordination between a system with a single-unit 
capacity of 500 kVA and a parallel redundant system 
including eight 500-kVA units.  Figure 4 shows their 
impedance maps.  The trunk line is supplied through 
a 4P molded-case circuit-breaker (MCCB); and the line 

Table 2  “UPS7000HX-T4” specifications

Item UPS7000HX-T4

AC input

Number of phases Three-phase, four-wire

Voltage 380/400/415 V

Frequency 50/60 Hz

Power factor 0.99 (delay) or more

Bypass 
input

Number of phases Three-phase, four-wire

Voltage 380/400/415 V

Frequency 50/60 Hz

AC output

Rated capacity 500 kVA

Number of phases Three-phase, four-wire

Voltage 380/400/415 V

Voltage accuracy < ±1%

Frequency 50/60 Hz

Frequency accuracy ±0.01 Hz (self-oscillating)

Load power factor Rating 0.9 (0.7 to 1.0)

Transient voltage 
fluctuation < ±5%

Voltage waveform 
distortion factor

2% or less (linear load)
3% or less (nonlinear load)

Overload capacity 125% × 10 min,  
150% × 1 min

Peak factor <3

Battery
Rated voltage 480 to 528 V

Floating charge 
voltage 540 to 594 V

Others
External dimensions W1,630 × D1,000 × H1,950 

(mm)

Communication 
interface SNMP

Input transformer panel Bus tie panel

UPS

Fig.3    Three-phase, four-wire power supply system using 
“UPS6000DX” (three-phase, three-wire)

6.6 kV
20 kA

High-voltage cable
CVT 60 sq 30 m

550 kVA
6.6/0.4 kV
%Z = 5%

UPS
500 kVA

Low-voltage cable
CV 250 sq 2 lines × 4
60 m

Low-voltage cable
CV 5.5 sq 1 m

F1

F2

MCCB 2P
32AF/32AT
20 kA

6.6 kV
20 kA

High-voltage cable
CVT 60 sq 30 m

550 kVA
6.6/0.4 kV
%Z = 5%

No.1 UPS
500 kVA

No.8 UPS
500 kVA

Low-voltage cable
CV 250 sq 2 lines × 4
60 m

Low-voltage cable
CV 5.5 sq 1 m

F2

MCCB 2P
32AF/32AT
20 kA

(a) Single-unit system (b) Parallel redundant system

F1

...

Fig.4    Impedance maps of single-unit and parallel redundant 
systems
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used for the UPS output and on the server load side.  
Short-circuit protective coordination is required be-
tween the MCCB on the load side and branch MCCB, 
and a current-limiting circuit breaker is used for the 
MCCB on the server load side.  Figure 6 shows the 
cutoff characteristics of Fuji Electric’s “BM Series” 
current-limiting circuit breaker with a 32 AT.  The 
horizontal axis represents the short-circuit current ob-
tained by calculation; and the vertical axis, the peak 
value of the current that flows at the time of cutoff 
resulting from operating the MCCB.  The current- 
limiting circuit breaker of 32 AT can limit the short-
circuit current of 6.7 kA to 2.0 kA (with a 2.8 kA peak).  
For the MCCB on the upper side, one with a character-
istic of not starting instantaneous operation at 2.0 kA 
is selected for short-circuit protective coordination.

The three-phase short-circuit current at point F1 
directly under the UPS in the eight-unit parallel re-
dundant system can reaches very high current 91.5 kA, 
approximately six times that of the single-unit system.  

close to a server load, through a 2P MCCB.  Figure 5 
shows an equation for calculating short circuit current 
for a three-phase short circuit, two-phase short circuit 
and short circuit between the neutral and power sup-
ply phases.  The ratio of each short-circuit current to 
that of a three-phase short circuit as the reference is as 
follows:

(a)  The two-phase short-circuit current is √3̄/2 
times the three-phase short-circuit current.

(b)  The short-circuit current between the neutral 
and power supply phases is (Z1	+ 	Z2)/(Z1	+ 	2Z2) 
times the three-phase short-circuit current.

Z1 is the total of impedances per phase on the 
power supply side including the transformer, and Z2 is 
the cable impedance of the secondary side of the trans-
former and what follows.

The short-circuit current calculation conditions are 
as follows:  a short-circuit current on the power sup-
ply side of 20 kA; input transformer 550 kVA with a  
percentage impedance of 5%; high-voltage cable CVT 
60 sq of length 30 m; four low-voltage cable CV, 250 sq, 
2 core of length 60 m; and low-voltage cable from the 
main line to the server load CV 5.5 sq of length 1 m.  
Table 3 shows the results of calculation.

The three-phase short-circuit current at point F1 
directly under the UPS in the single-unit system is 
15.1 kA (at 400 V) and the short-circuit current be-
tween the neutral and power supply phases at point 
F2 directly under the MCCB on the load side is 6.7 kA 
(at 230 V).  MCCBs with 800 AT and 32 AT are mainly 

Virtual neutral line
V

Short circuit

(a) Three-phase short circuit (b) Two-phase short circuit (c) Short circuit between neutral and 
     power supply phases

Z 1 Z 2 I S3

Z 1 Z 2

Z 1 Z 2

3
V

Z 1 Z 2

Z 1 Z 2

Z 1 Z 2

Z 2

3
V

Short circuit Short circuit

Z 1 Z 2 I S2

I S1
Z 1 Z 2

Z 1 Z 2

IS3 =
Z1 Z2+

V
3

Z1 Z2+
I V

S2 =
2 ( )+

I

V

S1 = 3
+ 2Z1 Z2+

Fig.5    Short-circuit current calculation equation for three-phase short circuit, two-phase short circuit and short circuit between neutral 
and power supply phases

Table 3    Short-circuit current value comparison between  
single-unit and 8-unit-in-parallel redundant systems

System Point F1
Point F2

(Calculated 
value)

Point F2
(Cutoff current by 
current-limiting 
circuit breaker)

Single unit 15.1 kA 6.7 kA 2.0 kA

8 units in 
parallel 91.5 kA 10.6 kA 2.8 kA

BM3RSB, HB
BM3RHBIp (Ue = 230 V/240 V)

0.16 A

0.25 A

0.4 A

0.63 A

1 A
1.6 A
2.5 A
4 A
6.3 A
10 A
13 A
16 A
20 A
25 A
32 A

10.6 kA
(RMS value)

4.0-kA peak
2.8 kA
(RMS 
value)

0.1 1 10 100
I sc (rms)(kA)

10

1

0.1

0.01

0.001

0.0001

I p
 (k

A
)

Fig.6    Cutoff characteristic of “BM Series” current-limiting circuit 
breakers
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rent transformer (ZCT) to detect a leak current.
(b)  The Ior method uses the system voltage as the 

reference and detects a current by insulation 
resistance.  The Ior and the current Ioc, which 
flows through ground capacitance, are separated 
and extracted by computing.

(c)  The Igr method superimposes an electric current 
from a power supply with different frequency 
from the commercial power supply on the cur-
rent between each power supply and the ground 
and monitors insulation by measuring active 
current.  A superimposed voltage of 0.5 V and 
frequency of 20 Hz, for example, are used for de-
tecting active current of the same phase as that 
of this power supply.

Of these, the Igr method has features such as no ef-
fect of capacitance, the ability to detect insulation dete-
rioration of the ground and neutral phases, detection of 
three-wire balance insulation deterioration, and insus-
ceptibility to an imbalance of the ground capacitance, 
and it provides a reliable insulation monitoring.

With the Igr method, an Igr power supply can be 
inserted into the neutral phase of the secondary side of 
the star connection in the input transformer of a non-
insulated UPS to monitor the insulation of the power 
system including the UPS main body.  With some in-
sulation devices, however, the ground capacitance is 
limited, and the ground capacitance of the grounding 
capacitor in the UPS, cable and the load side must 
be calculated to consider whether or not to adopt this 
method.

6. Dealing with Harmonic Currents

Harmonic currents can affect the UPS input trans-
former capacity and current capacity of the neutral 
phase.  The input transformer, to which a harmonic 
load is directly connected when the UPS is switched 
to the bypass, must be selected in view of the capacity 
required when a harmonic current flows.  Therefore, 
the transformer equivalent capacitance based on the 
limits for harmonic current emissions of JIS C 61000-
3-2 and the K-factor value specified in the UL standard 
must be calculated.  The third harmonic current and 
any integer multiple of the three have the same phase 
because there is no difference in the phase angle, and 
a current flows in the neutral phase is three times as 
large as that in each power supply phase.  When the 
neutral phase current can exceed the rated current of 
the MCCB, the current capacity of only the neutral 
phase must be made large.  Accordingly, we see if the 
current capacity can be made the same level as the 
power supply phase.

JIS C 61000-3-2 specifies the limits for harmonic 
current emissions for devices with an input current per 
phase of up to 20 A.  For the harmonic current limits, 
devices can be grouped into four classes:  A, B, C and 
D.  The limits for the largest allowable harmonic cur-

In the parallel bus part, an appropriate measure must 
be taken to prevent short-circuit accidents.  Never-
theless, as shown in Fig. 6, the short-circuit current 
between the neutral and power supply phases at F2 
directly under the MCCB on the load side is 10.6 kA 
but is limited by the current-limiting circuit breaker to 
2.8 kA (with a 4.0 kA peak).

Short-circuit protective coordination can be easily 
achieved by using a current-limiting circuit breaker ei-
ther in the single-unit or parallel system.

5. Ground Fault Protection of Low-Voltage 
Circuit

To protect the UPS and the server load from 
ground fault, the most reliable method is the Igr 
method using an insulation monitoring device.

5.1  Ground-fault current of three-phase, four-wire UPS
With the input transformer provided on the pri-

mary side of the UPS, the contact-preventing plate and 
neutral phase of the secondary winding are grounded 
with Class B.  The load voltage on the server side is 
230 V and grounded with Class D.  To the closed-loop 
circuit during a ground fault, the Class B grounding 
resistor of the neutral phase and Class D grounding re-
sistor of the load on the server side are thus connected 
in series.  Figure 7 shows how the ground-fault current 
flows and the calculation equation.  In the main circuit 
of the non-insulated UPS, the insulated gate bipolar 
transistors (IGBTs) are provided with free wheeling 
diodes in anti-parallel configuration.  Therefore, even if 
an insulation failure occurs on the load side, a closed-
loop circuit is formed through the free wheeling diode 
when one IGBT is turned on, allowing the ground-fault 
current to be detected.

5.2  Insulation monitoring of UPS system
Insulation monitoring devices of UPS systems may 

be one of three types depending on the method used:  
Io, Ior or Igr method.

(a)  The Io method uses a zero-phase-sequence cur-

Class B

ZB

Class D

ZD

3
V

I g

I

V

g = 3
ZB+ZD

Fig.7    Ground-fault current equivalent circuit and calculation 
equation
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power supply with the load harmonic current grouped 
into Class A of JIS C 61000-3-2 (fundamental current 
20 A) and Fuji Electric’s server power supply.  As com-
pared with the common power supply, Fuji Electric’s 
power supply offers the K-factor of 1.20, transformer 
equivalent capacitance of 1.01 and the content of tri-
plen harmonics of 42.5%, showing less effect of har-
monics, and the transformer capacity and the current 
capacity of the neutral phase can be made the same 
level as the power supply phase.

7. Postscript

This paper has described high-efficiency power 
supply systems utilizing three-phase, four-wire UPSs.  
We have shown that the three-phase, four-wire type 
can be used without any problem by considering the re-
quired technical factors in building a three-phase, four-
wire power supply system.  We hope that, as a result, 
more three-phase, four-wire UPSs will be employed.  
In the future, we intend to continue to work on energy 
savings of power supply systems and meet customers’ 
expectations.
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rent of Class A, into which server power supplies are 
classified, are specified to be 2.3 A for the third har-
monics and 1.14 A for the fifth harmonics.

Generally, the winding loss of a transformer con-
sists of a resistance loss (I 2R) and stray load loss.  
With harmonics, the stray load losses (including eddy 
current loss and harmonic loss) in the winding loss 
significantly increase, and this can cause abnormal 
overheat of the windings.  Accordingly, the transformer 
capacity is selected by defining the equivalent base 
current so that the winding loss is the same as the load 
loss.

Ie =  KP×I1 ............................................................ (1)
 Ie :  Equivalent base current
 Kp :  Equivalent capacitance coefficient
 I1 :  Fundamental current

There is a factor called K-factor, which indicates 
the degree of inclusion of the harmonic component and 
is shown by the equation below, and a larger value 
of this factor indicates more harmonic component in-
cluded.

K = ΣFn
2 × In

2 .................................................... (2)
 Fn :  Harmonic order
 In :    Ratio of harmonic current to fundamental 

current

By using this K-factor, an acceptable harmonic 
load can be determined that does not cause overheat-
ing of the transformer.  The UL1561 standard specifies 
stepwise K-factors such as 4, 9, 13, 20, ... and provides 
that the temperature rise of windings shall not exceed 
the upper limit of the standard during the operation 
under the corresponding conditions.  Generally, 13 is 
applied.  PDU panels employed by data center opera-
tors and computer centers require K-factor transform-
ers.

Table 4 shows the effect of using standard products 
specified with harmonic current reduction.  The effect 
is shown by the results of calculation for a common 

Table 4    Effect of use of standard products specified with 
harmonic current reduction

Condition K-factor

Transformer 
equivalent  
capacitance 

Ie

Content of  
triplen  

harmonics (%)

JIS C 61000-3-2
Class A 1.72 1.03 58.7

Fuji Electric’s 
power supply 1.20 1.01 42.5
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To cope with the environmental issues such as 
global warming, energy saving in the transportation 
equipment has been proceeded.  In railcars, the energy 
losses in power electronic equipment such as vari-
able voltage variable frequency (VVVF) inverters for 
propulsion and auxiliary power supplies have been 
steadily reduced.  In this situation, Fuji Electric has 
developed a compact and lighter VVVF inverter appli-
cable to urban and commuter railways using own de-
veloped low-loss semiconductor devices.

The inverter has employed SiC hybrid modules, 
combining silicon carbide-Schottky barrier diodes (SiC-
SBDs) and insulated gate bipolar transistors (IGBTs), 
and significantly reducing the inverter losses.  In addi-
tion, the speed sensorless vector control improves the 
system reliability by eliminating the speed sensor.

1. Features

The main features of this product are as follows:
(a) Fuji Electric’s SiC hybrid modules with 3.3 kV 

and 1,200 A ratings have significantly reduced 
the inverter losses.

(b) The highly efficient fin structure of the cooling 
system, utilizing the airflow in traveling, has 
eliminated the heat pipes.

(c) Speed sensorless vector control has been devel-
oped to control a motor without a speed sensor 
by estimating the actual speed based on the 
voltage and current.

With these technologies, the product achieved a 
64% volume reduction and a 45% mass reduction from 
the conventional product.

2. Commercial Application

This product was applied to propulsion systems for 
the renovated 5000 Series railcars of Sanyo Electric 
Railway Co., Ltd.  Figure 1 shows the appearance of 
the renovated 5000 Series railcars, and Table 1 shows 
the major specifications.  Figure 2 shows the train 
consist (car formation) and the details of the renova-
tion.  Out of six-car-set, No. 1 and No. 2 cars (Hanshin 
Umeda side), previously adopting the superimposed 
field excitation control, were renovated.  Car No. 1 was 
converted to a trailer, and this VVVF inverter was 

TAJIMA, Hirokazu *   

VVVF Inverters Using SiC Hybrid Modules for Renovated 
5000 Series Railcars of Sanyo Electric Railway Co., Ltd.

Fig.1  Renovated 5000 Series railcars

Table 1  Specifications of Renovated 5000 Series railcars

Item Specifications

Electric system 1,500-V DC overhead wire system

Railcar 
perfor-
mance

Acceleration 2.8 km/h/s

Deceleration Service:  4.0 km/h/s max.
Electrical braking:  3.2 km/h/s

Maximum 
speed 110 km/h

Control method
Speed sensorless vector control

1C2M ×  2 group
2-level VVVF inverter

Inverter cooing system Traveling airflow cooling system

Traction motor Induction motor, 180 kW rating, 4 poles, 
1,100 V, 120 A

Braking method Electrically controlled pneumatic brake 
combined with regenerative brake

Hanshin Umeda

Before 
renovation

M’c
5004

M
5005

T
5502

M
5235

M
5252

Tc
5602

Superimposed field
excitation control 

Conventional
converter

Conventional
converter

After 
renovation

Tc
5702

M
5802

T
5502

M
5235

M
5252

Tc
5602

Trailer New VVVF
mounted

Conventional
converter

Conventional
converter

:  Trailing shaft:  Drive shaft

Sanyo Himeji

Fig.2  Train consist (car formation) and renovation
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mounted on Car No. 2.
Figure 3 shows the acceleration and deceleration 

data from the main track test run.  Figure 3 shows that 
the estimated speed followed the actual speed, and the 
testing railcars performed good acceleration (at power-
ing) to the maximum operating speed of 110 km/h and 
deceleration (at braking).

3. Background Technology

3.1 Own developed  SiC hybrid module
Figure 4 shows the appearance of the SiC hybrid 

module mounted on the VVVF inverter.  Figure 5 com-
pares the energy losses between the SiC hybrid module 
and the conventional Si-IGBT module.  In addition 
to the energy losses reduced in the semiconductor de-
vices, we have adopted the traveling airflow cooling 
system to cool the radiator of the inverter circuit with 
the traveling airflow, and reduced the volume and 
weight of the VVVF inverter by 64% and 45%, respec-
tively.

Figure 6 shows the appearance of the VVVF in-
verter with a traveling airflow cooling system.

3.2 Speed sensorless vector control
Figure 7 shows a block diagram of the speed sen-

sorless vector control.  This control improves the sys-
tem reliability through 

• Estimating the actual speed by the flux estimation 
from the voltage and current, and 

• Controlling a motor speed without using an exter-
nal speed sensor.

1,500 V

500 A

1,500 V

1,000 A

20 km/h

20 km/h

Traction:  18.7 kN/motor

100 km/h

100 km/h

5 sec

Catenary voltage

Filter capacitor voltage

DC input current

Traction motor current
(U-phase)

Actual speed

Estimated speed

Torque command

Fig.3  Acceleration and deceleration data from main track test run

Fig.4  SiC hybrid module (3.3 kV/1,200 A)
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Fig.5  Energy loss comparison

Fig.6  VVVF inverter
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