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ノート注釈
The 1st research project began in 2001 with the name of DAPAS. Its full name is the development of advanced power system by applied superconducting technology. It was fully funded by a national research fund. 
After long years of research, several demonstration projects have been conducted since the early 2010s, and we have verified that the demonstration results were very successful. We came to believe that there would be potentials.
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This picture shows the demonstration project which was conducted in Icheon, Korea. Icheon is a famous place for its history of producing pottery in the ancient time. It is located near Seoul, Korea. The 23 kV HTS cable was installed inside the Icheon substation to test the performance of the HTS cable and its cooling system. At that time, the length of the HTS cable was 400m.
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154kV HTS Cable Demonstration in Jeju

The demonstration project to install 154kV HTS cables was conducted 
at Jeju HVDC and Superconductivity Test Center. 
DC 80kV HTS cable was also installed to test the performance on the 
same place.

Jeju Island
Hawaii of 
S.Korea
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Jeju Island is called Hawaii in Korea. As I introduce Korean city I think I am a tour guide. The 154 kV HTS cable was installed and tested its performance in Jeju. The length of 154kV HTS cable is 1 km. 
This is a terminal. This is a joint. 
We also installed a DC 80 kV HTS cable on the same place. Fortunately, there was a 80kV HVDC research facility on the same place, so this research could be carried out. All those cables were installed on the ground instead of the tunnel because it was a research purpose only.




6© 2015 Korea Electric Power Corporation. All Rights Reserved

3kW@66.4K, 
2006~2008

• Icheon 22.9kV 

50MVA 

• (6.5kW@69K, 
2011)

6kW@66.4K, 
2008~2012

• Icheon 22.9kV 

120MVA 

• (6kW@69K, 2013)

[DC] 3kW@69K   
2008~2012

[AC] 12kW@69K 
2013~2016

• JeJu DC80kV 
(6kW@69K, 2014)

• JeJu AC154kV 
600MVA 
(12kW@69K, 
2016)

R&D

DEMO

Decompression
System

Decomp.+
Stirling System

Stirling + 
Brayton Sys.

Development of HTS Cable Cooling System

IEEE CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), February 2019.  
Invited oral presentation 3LOr2A-01 given at ASC 2018, October 28-November 5, 2018, Seattle (USA).

6

sora
ノート注釈
During the research and demonstration projects, various types of cooling systems were applied. Initially, we used a decompression system. After that, Stirling system is combined with decompression system. We upgraded the system initially installed in Icheon to this. Pilot project in Jeju used the combined system of Stirling and Turbo-Brayton.
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History of HTS Cable Projects in KOREA

[Ref. http://Landoflegendslv.com]

Korea began research on the development of superconducting cables in the early 2000s.
The development and verification tests of the HTS cables for AC and DC from 23kV 
to 154kV have been very successful through the various demonstration projects.  
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With the start of the New Millennium, the challenging research on superconducting technology was begun in the early 2000s. We started our research a little bit later than other institutions in developed countries. However, these pilot projects contributed greatly to the creation of commercialization projects.
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Opening Ceremony for the HTS Industrialization

KEPCO 
CEOToday’s 

Speaker
KEPCO 
CTO

KEPCO declared to lead the industrialization of HTS in an opening ceremony in  
Mar. 2016.
The 1st commercial application of HTS cables, “SHINGAL Project” was developed     
with the support of high executive levels.
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It is very important to get the attention and support of those who have the right to make a new business. 
It was two years ago. KEPCO hosted an opening ceremony of the HTS industrialization. We invited many guests including media reporters, journalists as well as KEPCO executives. We introduced the progress and achievement of HTS cables research to them. Among the people, this gentleman in this photo is CEO of KEPCO at that time. Another person standing here is a CTO of KEPCO. As you know, those gentlemen are very important persons. And who is this guy? It’s me. I am not talking I am also very important. Please don’t misunderstand me. Anyway I was in charge of the event. 
Big drum is a symbol when you start a new job or start a war. It's an important symbol. We beated the drum and announced the start of a new business, the 1st commercial application of the HTS cable, Shingal Project.
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“Shingal” Project  : 23kV HTS Cable Installation
23k HTS Cable Layout between two substations 
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This slide shows cable layout of the Shingal Project. The purpose of the Shingal Project is to install a 23kV HTS cable along the underground conduit to connect two substations. This 154kV substation is Shingal and the other substation is Heungdeok. As you notice, the Shingal Project was named after the Shingal Substation. The two substations are one kilometer apart. It’s not common to get so close between substations. But it is one of the best site among the candidates for the commercial application of superconducting cables.
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Period : Nov. 2016 ~ Jun. 2019
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KEPCO)
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by connecting 23kV HTS cable 
between two substations

“Shingal” Project  : 23kV HTS Cable Installation

154kV Bus

154kV XLPE Cable
KH 
S/S

23kV Bus

154kV Shingal S/S 154kV HD S/S

LN2

Circulation

Turbo-Brayton Cryostat Control System

Terminals TerminalsCable Joint Box

T- Sensor P- Sensor

23kV HTS Cable

IEEE CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), February 2019.  
Invited oral presentation 3LOr2A-01 given at ASC 2018, October 28-November 5, 2018, Seattle (USA).

10

sora
ノート注釈
This configuration shows the Single line diagram of power system there. The lower figure is the cooling system. With the increase of the load, it was planned to install one more transformer in the substation. It had a limited space. On the other hand, Shingal substation has a transformer capacity remaining. Therefore, the project allows us to share the spare capacity of the two substations.
The HTS cable to be installed is a 3-phase 1 cryostat type with the capacity of 50MVA. So, the return path of cryogen LN2 is configured separately. Turbo-Brayton type as main cooling system is used, and back up cooling system is Stirling type refrigerator. 
The total budget was about $ 15 million; however, it costed $ 6 million each for the purchasing of a HTS cable and for the cooling system.
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“Shingal” Project  : 23kV HTS Cable Installation

The type test of the 23 kV HTS cable
system is underway at the Gochang
test center of KEPCO
- Duration   : Aug. 2018 ~ Nov. 2018
Based on CIGRE TB 538 (2013), 
IEC 60840, and IEC 61462,  KEPCO 
has established its own type test 
guidelines; KEPCO GS 6145-0088

bending 
test
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This picture shows a type test of 23kV HTS cable for Shingal project. The type test has been conducting at the Gochang test center of KEPCO. It started in this August and will be finished in around next month, November. As for the type test reference, we have established our own test guidelines, which are referred to as KEPCO GS 6145. This is based on the CIGRE Technical Brochure 538 in 2013 and some IEC standards for accessories.
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This is the milestones of type test,which includes various tests and measurements underway. It includes electric parameter measurement, pressure test, bending test, load cycle voltage test etc. After passing the test, the LS cable will produce and install the cable. Finally, The Shingal Project will begin its commercial operation in July, 2019.
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Paradigm Change of Power System  
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With the Singal project going on, many people are now wondering how widespread the HTS cable application will be in the near future. 
There have been many different opinions. Some people say the HTS cable is too expensive and therefore unrealistic. They claim that HTS cable makers need to innovatively lower the price, and that should be the first. Conversely, HTS cable manufacturers argue that it is important to allow more test beds such as the Shingle project since HTS technology is still at an early stage. It seems like they are arguing over which come first, chicken-and-egg.
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Paradigm Change of Power System  
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We are now in the middle of a paradigm shift of power system.
Let's take a look at this slide. Do you see what triggers the change of paradigm shift? First of all, the real-time balancing has been very important. It was impossible to store electric energy. In the past, the pumping storage power plant was the only possible means. However, the pumped storage has a bad effect on the natural environment. In Korea, we are not constructing them anymore. The changes have been triggered by the introduction of ESS, which can store large amounts of electricity through the batteries. 
Another trigger is HVDC. Until recently AC was popular. It was easy to change the voltage through transformers. I enjoyed watching the movie Transformers. but I am talking about this transformers of this small picture. The higher the voltage, the lower the loss and the higher the capacity. HVDC became stronger thanks to the power electronics made of ceramic semiconductors. As we all know, the initial investment of HVDC converters is very high. But we know that there is break even distance. Beyond this distances, the HVDC is better economical than AC. 
Needless to say, the last trigger is superconducting technology.
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Paradigm Change of Power System  

“Fire and 
Fury”

Ref. http://www.vox.com

Ref. http://www.toonpool.com

The HVDC connection with North Korea will be necessary considering the national  
security and the reliability of power system issues among others. 
This peaceful scenario will be able to envision a Super Grid which connects Korea 
with its neighboring big countries, such as China, Russia, and Japan.  
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This photo shows a handshake between the President Trump and the North Korea's leader, Kim Jung Eun. Not long ago, I was worried that the Korean War would break out again on the Korean Peninsula because of the two. I don’t mean to talk about politics, but when we have to supply power to the North in some day, we need to install the HVDC to connect with N. Korea due to national security and reliability issues. Furthermore, the connection with North Korea will be able to envision a super grid that connects with neighboring big countries, such as China, Russia and Japan.
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Paradigm Change of Power System  

The left figure shows the conventional method used to install substations in urban
areas, and the right figure illustrates the concept of a hybrid power system combined 
with 23kV HTS power cables.
The 23kV switching stations linked with HTS cables can perform the same tasks
rather than constructing new substations that require a large-scale space.
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There is also another good news to promote the application of HTS cables. On the other hand, it can be a sad news. This is a picture taken at a demonstration which took place several months ago. Those are opposing aginst underground transmission lines. They were even mobilizing a child. The letter which the child holds is that electricity is scary. It says that electromagnetic waves are scary. This is a typical NIMBY phenomenon. KEPCO is still unable to build underground cables there. In the US I do not know if they use electric blankets or not, but we use electric blankets during the cold winter. Some seniors use even magnetic blankets because they are good for the body. But people say they don’t like electric facility coming near. While I was looking for some pictures, I found a horse with a magnetic blanket on it. It is said to be good for the horse health to recover.
Superconducting cables do not have electromagnetic waves. If the residents know this, they will insist on installing the HTS cable immediately. But if we do it right now, my company KEPCO will go bankrupt and I will be fired. I can’t do this right now before the less expensive HTS cables development.




18© 2015 Korea Electric Power Corporation. All Rights Reserved

The HTS Cable is Ready?  How Economical? 
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From a view point of transmission planning, we have two issues for the broader
application of the HTS cables to power systems.
One is the price reduction of HTS cables and the other one is the length of them.
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We have the two issues from a view point of transmission planning. Those are the cost reduction and long distance. Let’s look at the unit price per MVA of the transmission and distribution cables. All these values are based on KEPCO’s procurement data. We use 23 kV TR CNCE / W (Tree Retardant CrossLinked PolyEthylen -Water proof) for distribution feeders. The capacity is 10MW. It is about $ 400,000 per kilometer. That's about $ 40,000 per MVA. As for the 154 kV cable, we use XLPE 2000mm2 with the capacity of 240 MW. Then the price is $ 3 million/km. I will not consider a joint terminal for the sake of simplicity. The unit price is about $ 100,000. How about the HTS cable?
It is almost five times more expensive. One more thing is that the possible distance of HTS cable is still too short.
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Worldwide development and demonstration of HTS Cables

JeJu AC 154kV (‘16)

JeJu DC 80kV (‘14)

Icheon
AC 22.9kV (‘13)

Ref. KEPCO & CNU
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How can we achieve the cost reduction of the 23kv HTS cable? How can we increase the length of the HTS cable? This is why the TRI AXIAL CABLE development has begun.
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Development of Tri-axial HTS Cable 

Research  Project  Overview

- Title :  Development of 23kV Tri-axial Cable System and Business Model 

- Period : Mar. 2017 ~ Feb.  2022 (5 years)

- Budget : $ 26 M  ( Funded by KEPCO)

- Target :  (Before) 60 MVA   3 km         (Present) 120 MVA  3 km
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KEPCO initiated a new research project to develop 23kV tri-axial HTS cables and cooling system in 2017. The research project is expected to last for five years from 2017 to 2022 with a budget of $ 26 million, which is fully funded by KEPCO. 
When we started this project last year, the original research target was to develop 60MVA 3 km TRI AXIAL CABLE system, however, the capacity target has been doubled to 120MVA through the interim evaluation last month. Several research institutes are collaborating with KEPCO. The KERI and CNU participate in the theoretical research. The INU and KEIT participate in the study for economic evaluation and application site selection. The LS cable is responsible for the development of cables and connectors.
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Development of Tri-axial HTS Cable 

The main feature is that the LN2 return path is configured separately to increase the 
length of the HTS cable up to 3 km. 
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The picture shows the structure of the 23 kV tri-axial cables that will be developed. The very center is a former made from copper wires. The HTS wire on top of it, again insulation layer over the HTS wires. That is a 1st phase. Repeatedly, copper former, HTS wire, insulation like that. The outermost layers are composed of a LN2 vessel, a vacuum vessel and a jacket. The main feature is that there is no LN2 channel in the very center. Former is there. This means that the LN2 return path is configured separately. For more information, please check with LS experts.
Why did we adopt this configuration with separate return path of LN2 rather that two channels of LN2 in the same cable? That’s because we need to increase the length of the HTS cable upto 3 km. We don’t like to constantly install the cooling system at regular intervals as like 1 km.
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The graph at the top left of the slide is a single line diagram of the conventional power system to supply the power to the new substation in urban area. To assume a steady increase in load and the capacity of existing substations seems to be insufficient. Obviously we need to install a new substation in the new load center and connect the two substations with 154kV cables. 
The figure on the right shows that we are connecting with an HTS cable rather than installing a new substation. The graph below shows the comparison of investment cost by distance between the two methods. As long as it is composed only of conduit, brown line shows the investment cost by distance. The yellow line is the investment cost by distance under 100% cable tunnel between two substations. Naturally, as the ratio of cable tunnel increases, the investment cost also increases more sharply. 
The red line represents the HTS cable investment. We don’t need to install a cable tunnel because we can install them with conduits. As a result, the point where the two lines cross each other appears. Over this distance, superconducting cable investment seems to be more economical. That is, a break-even distance. The more cable tunnels, the shorter the break-even distance. 
Land prices have not yet been reflected in the comparison of investment costs. 
The area of the switching station is much smaller than tthat of the 154kV substation because no space for transformers are needed. It can be said that it consists solely of switching facilities. Therefore, when HTS method is applied, the land price of the 23kV switching station is greatly reduced. The lower right graph shows the land price of the load center which dilutes the economic difference. For example, if the cable tunnel ratio is 50%, the purple color line shows the land price by distance. At 1 km, with $ 4 million for the land price, the difference of initial capital costs between the two methods almost disappears. For more than 2 km, the HTS method is more economical regardless of the land price. This is the finding of this evaluation.
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Economics Evaluation of HTS Hybrid System

154kV Substation
(New) Load Center

154kV 
Cable Head

23kV HTS Cable
(Conduit)

154kV XLPE
(Conduit)

154kV Substation
(New) Load Center

154kV 
Cable Head

23kV feeders
(Cable Tunnel)

154kV XLPE
(Conduit)

HTS 
cable

IEEE CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), February 2019.  
Invited oral presentation 3LOr2A-01 given at ASC 2018, October 28-November 5, 2018, Seattle (USA).

23

sora
ノート注釈
It’s not easy to install a substation and a transmission line in urban area as shown in the upper left figure. We can find that there are many sad faces. 
Applying HTS cable will allow you to relocate the 154kV substation far from urban area. Then, we see a lot of smiling faces. It is not a cancellation of a substation but relocation of the substation candidate site with more flexibility. The figure on the right represents a single line diagram of the conventional method. The lower right figure is a single line diagram of the HTS hybrid method. Let's compare the total investment cost. This time, it also included the land price of the substation or switching station. However, I assumed that the land price at the center of a load is the most expensive, and decreases exponentially with the distance from it. I believe it is a very realistic assumption.
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Economics Evaluation of HTS Hybrid System

The high investment cost of HTS cables can be offset  by the effects of land acquisition,               

Most importantly, there is a break-even distance even in this case where the investment
costs of both conventional and the HTS hybrid method are the same.
The high investment cost of HTS cables can be offset  by the effects of land acquisition,               
the cable tunnel construction , and the price reduction of the tri-axial HTS cable.
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This graph on the left shows the total investment cost by distance. The distance represents the length between the substation and the load center or a switching station. The solid line represents the HTS method and the dotted line represents the conventional method. 
For example, the top red line indicates that the cable tunnel ratio is 50% and the load center land price starts at 700 $ per m2. HTS investment costs continue to decrease as distance increases. As the distance increases, the total investment cost decreases slightly and then increases again. This is because when a substation supplies a large number of distribution feeders to a load, it’s necessary to build a cable tunnel rather than conduits due to the corridor constraints. That is, as the length of the cable tunnel increases, the total investment cost increases. 
What is surprising is that there is a break even distance in this case as well. Beyond this break-even distance, HTS application can be more economical. 
What if the construction cost of a cable tunnel changes? The red line represents the 20% increase in the cost of construction rather than the blue line. From the blue line, the BED is about 6 km. The red line has reduced the BED to 4 km. As a result, this means the higher the construction costs of the cable tunnel and the higher the land price, the more economical the HTS hybrid method is even at shorter distances.
We always thought that HTS investment was economical only at a short distance, but in fact, it was confirmed that the economical feasibility can be achieved when the distance is more than a break-even distance. Of course, it can be said that these results are closely affected by the construction environment, that is, it is premature to accept it as a general fact. Anyway, I’d like to say that the use of HTS cable can be justified right now, depending on the construction environment as well as the price of HTS cable.
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Will Moore’s law apply to HTS cables?

Source : BNEF via Think Progress, Jul. 2016Source : Bloomberg New Energy Finance, Apr. 2015   

Moore’s law is the observation that # of transistors in IC doubles about every 2 years.
Similarly, Swanson’s law says the cost of solar panels drops 20% for every doubling 
of cumulative production.

.     Why not  to the HTS wires?

IEEE CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), February 2019.  
Invited oral presentation 3LOr2A-01 given at ASC 2018, October 28-November 5, 2018, Seattle (USA).
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sora
ノート注釈
It’s Moore's Law. This is a rule found in the semiconductor industry. I thought it was over because it was the story of the past. But it is not. This learning curve of solar panel price shows that Moore's Law exists in the PV cell. As well as price reduction, the efficiency increase is proceeding rapidly. Recent case is the price changes of lithium ion battery. Raw materials and techniques used by each other are different. But the market responds. The pace of innovation is beyond imagination. 
I am not sure whether this Moore’s law will apply to HTS materials. That’s because the price drop is not taking place so quickly. But when it was compared to ten years ago, it went down drastically. Why not to the HTS wires?
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