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SUMMARY OF REPORT 

ñDC networks on Distribution Level ï are they a new trend or a Vision?ò That is the question that has focused 

the efforts of the Working Group the last two years, and whose consideration is summarized in this report. This 

report represents the first phase evaluation of this topic and is focused primarily on medium (MVDC) and low 

voltage (LVDC) level applications. 

DC solutions are already established in specific applications like point-to-point High Voltage DC transmission 

(HVDC) systems, DC grids for public transport like such as city tram or subway, ships and aeroplane board 

grids, data centres, Uninterruptable Power Supplies (UPS) etc. As the majority of new energy applications 

including renewables, e-mobility or storage are internally DC based, the prospect of DC or hybrid AC/DC 

distribution offers connections through DC-DC converters that are more efficient and architecturally simpler. 

In this sense, they are more than just a Vision. Although any deployment of DC distribution grids on a large 

scale remains unproven given some missing key technologies still remain in development, several of their 

outstanding high- level benefits have been identified and demonstrated, including the following: 

¶ Expanding the capacity of power lines and grids to host greater volumes of renewables distributed 

energy resources, e-mobility and other DC based loads;  

¶ Increased energy supply radius and decreased concerns for power quality; 

¶ Improving the system energy and resources efficiency;  

¶ Enhanced grid resilience and management in case of grid faults; and 

¶ More environmentally friendly and sustainable use of resources in production and operation. 

Over the last decade, several early technologies for the realization of DC distribution have been demonstrated 

in a variety of pilot installations and research platforms across a number of countries. The lessons learned 

from these early pilots evidence the effective contribution that DC distribution networks can make to grid opti-

mization and stabilization, laying foundations for a net zero carbon energy future. The potential for lowering 

the cost of the energy transition exists.  Therefore, it is entirely feasible for AC and DC grids to coexist within 

hybrid AC/DC energy systems for future power distribution, both, behind (prosumer) and in front of (utility, 

energy communities?) the meter. 

Despite all the development and euphoria around the DC distribution networks, the majority of technical solu-

tions and devices remain in pilot project stage and the commercial markets are missing. To determine the 

extent to which and if a large-scale breakthrough of this relatively new technology is reasonable for which 

distribution grid use-cases, areas (utility, industrial or building/infrastructure) and on which voltage level (low 

and medium voltages) the following actions and additional investments in this field will be required:  

¶ Essential research questions have to be answered and key technologies as well as techno-economic 

planning tools to be developed by universities/RTOs in collaboration with OEMs; 

¶ Clear use-cases, exploitation strategies and business models for their products and services have to 

be formulated by RTOs, OEMs and service providers;  

¶ International standards and regulations have to be defined by standardization bodies and regulation 

authorities; 

¶ Answers to the long-term impact of DC integration into the public MV and LV networks (in terms of 

capacity and ease to connect future customers in the surroundings of a DC investment, or capacity to 

reconfigure the grids at least the same way it is done in AC); and 

¶ Operational safety and experience have to be gained for these systems by distribution grid operators 

in more pilot projects on a short and mid-term perspective to keep a safe, reliable and trustful future 

supply system.  
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Therefore, standardization (LVDC and especially MVDC) is mandatory and one main factor for success. This 

report also discusses the state of the art of international and European standardization.  

The main drivers, needs, use cases, functionalities and technical solutions for DC and hybrid AC/DC distribu-

tion grids presented in this report have been derived from detailed analysis of more than fourteen global DC 

pilot projects. They show the actual state of the art in this rapidly developing field. In addition, these findings 

are complemented by three surveys based on pre-defined questionnaires for university/RTO, manufacturer 

and utility area. The last one was handled as positioning document of the participating members/companies 

of this Working Group. The results were analysed in detail within the working group and as many general 

conclusions as possible were extracted. 

As consequence of European and International climate goals, similar to other Smart Grid studies, nearly all 

projects are driven by the integration of more renewable and decentralized generation units into the system, 

accompanied by the integration of electric vehicles and storage units, while maintaining or even improving the 

quality and reliability of supply. In addition, efficient sector coupling (electricity, gas and heat) and the electrifi-

cation of the industrial processes to reach the decarbonization goals are identified drivers. To establish open 

energy markets for private and industrial customers, producers and ñprosumersò, including demand side man-

agement, is also an important objective. As an example, future energy communities, for which the legal frame-

work is currently being created in Europe, can be stated. Therefore, the expression ñDC distribution networksò 

is in some projects not strictly restricted to grid issues and technology demonstrations themselves, but as well 

includes ñSmart Marketò objectives and topics. 

Functionalities and use cases following the drivers in the context of current DC grid developments are:  

¶ DC and hybrid AC/DC microgrids operated on and off the AC main grid;  

¶ AC grid support through active AC-DC front end power converters;  

¶ Bidirectional power flow with AC-DC and DC-DC power converters including direct energy recovery 

for variable speed drives (LVDC factories);  

¶ Fault detection and localisation;  

¶ DC switching and overcurrent limiting;  

¶ Automatic reconfiguration in case of grid faults;  

¶ State estimation and optimal power flow energy service;  

¶ Smart power electronic transformers;  

¶ Refurbishments of last-mile MV/LV AC applications by LVDC;  

¶ Soft-coupled MVAC grids with MVDC links; and 

¶ LVDC homes and buildings, smart lighting and electric vehicle charging infrastructure. 

To realize the functionalities, a large number of technical solutions in the field of power converters, control and 

energy management systems, new grid components like MVDC sensors, DC measurement units and protec-

tion equipment based on fast power electronic-based hybrid and solid-state DC breakers (LVDC and MVDC) 

and planning criteria/tools are being developed. In particular, interoperable devices, control and protection 

strategies/protocols, reliability and component aging studies and test and validation infrastructure/methods are 

mandatory for the success of extended DC and hybrid AC/DC distribution grids.  

Finally, the work of the last two years shows that many projects all over the world are working on similar 

challenges and opportunities. This emphasizes the need for organizations like CIRED to bring together all the 

experts on distribution grids and component development, to enable the share of knowledge and expertise 

and therefore help to move forward into a smart distribution grid future. 

Convener Gerhard Jambrich and members of the Working Group, July 2021  



CIRED Working Group on DC distribution networks |   15 

 

Congrès International des Réseaux Electriques de Distribution 
International Conference on Electricity Distribution 

  

1 INTRODUCTION 

1.1 Background and Scope of the Working Group 

Background 

In the 2015 Paris Agreement, the global community pledged to limit global warming to well below two degrees 

Celsius and, if possible, to below 1.5 degrees Celsius compared to the pre-industrial level. In Europe, in De-

cember 2019, EU leaders committed to the goal of climate neutrality by 2050 and following measures (ñGreen 

Dealò). In December 2020, EU leaders agreed to raise the EU's 2030 climate target from the current minimum 

of 40 to at least 55 percent below 1990 levels. Accordingly, the EU's internal greenhouse gas emissions are 

to be reduced by at least 55 percent by 2030 compared to 1990. In parallel, from the International Energy 

Agency (IEA), scenarios of a global growing demand of electrical energy as much as 50% till 2040 were de-

veloped based on experts estimates because around 650 million people worldwide still have no access to 

electricity (see Section 2). 

As consequence, since the last decade, the energy supply business in Europe faces enormous changings 

never seen before as the centre of this transformation. The above-mentioned climate goals will strongly and 

sustainably influence the energy market especially in Europe, but also abroad during the actual and next dec-

ades. In the last years, power grids were in the centre of the integration of decentralized generation with 

renewable energy sources (wind, photovoltaic, biomass). Recently, also sector coupling concepts like Power 

to Gas, Power to Heat, Hybrid Power Plants, the electrification of the industrial processes and integration of 

electric vehicles and storage units gain importance to reach the ambitious climate goals. 

When we look at power grids and their transition to Smart Grids, a growing number of sources and consumers 

of electricity are natively producing or using direct current (DC), for example Renewable Energy Sources such 

as PV panels and wind turbines, e-mobility solutions, storage units and a majority of new electric appliances 

from domestic to industrial sectors. At the same time, a lot of progress is reported in terms of high-power 

electronic components and adapted DC breakers. This paves the way for DC network demonstration projects 

and raises the question of the place these technological solutions may have in the future.  

Scope 

The Working Group covers: 

¶ DC components, planning issues, standardization and regulatory framework;  

¶ LV, MV and HV distribution networks (in first phase focused on LV and MV); 

¶ Public networks and industrial, buildings, facilities or other specialized networks; and 

¶ Pilots and use cases. 

It investigates: 

¶ Economic and technical analysis of DC compared with AC; 

¶ Present maturity and expected progress of the components capable of setting-up DC networks, in 

particular conversion, protection and metering components; 

¶ Grid integration of components and solutions like power electronic converters in DC distribution net-

works by matching components as well as grid planning issues;  

¶ In which distribution network situations DC solutions could be most effective; 

¶ Impact of DC solutions on network architecture; 

¶ AC to DC system converting (for instance to enable greater power transfer); 
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¶ Prospects of developing these networks in complementarity with current networks; and 

¶ Standardization and regulatory framework.  

Existing demonstration projects are presented in this report including, when available, lessons learned from 

these projects (Chapter 3). The Working Group analyses what could speed up or restrain the development 

and the large-scale implementation of such solutions.  

The Working Group and so this report strongly focuses on the role of DC and hybrid AC/DC distribution grid 

aspects and other aspects dealing with smart and efficient applications like Smart Generation (including re-

newable generation), Smart Consumption (including e-mobility, frequency-controlled heat pumps, etc.) and 

Smart Storages (including batteries, supercapacitors, etc.) are only considered insofar as they correspond to 

the main purpose of the Working Group.  

From a historical point of view, the idea of DC distribution grids is not new. At the early time of electrification 

around 1880-1900, the first distribution grids starting in USA were local DC grid islands (ca. 1,5 km diameter) 

where DC generators were powering mainly public lighting (carbon filament lamps) and at this time only avail-

able DC motors for e.g. tooling machines (voltages 110 and 220 Volt). The so-called Edison meters were the 

first practical (DC) measurement devices for billing of electric energy. For protection against over- and short 

circuit currents mainly fuses were used. At this time no power electronic based converters to step up and step 

down the DC voltage and also no DC breakers to switch DC currents were available. With the invention of 

induction motor and AC power transformer AC grids became dominate till nowadays over the, at that time 

leading and with lots of patents protected, DC technology. Except for established applications such as point-

to-point High Voltage DC transmission (HVDC) systems, DC grids for public transport like city tram or subway, 

ships and aero plane board grids, data centres or Uninterruptable Power Systems (UPS), DC distribution in 

extended power grids was no major issue until the last decade. 

With the ongoing rapid development of high-power electronic components and adapted DC breakers (LVDC 

and MVDC) as well as new semiconductor technologies ī using wide bandgap materials like SiC and GaN 

which allow higher switching frequencies, lower on-state and switching losses and smaller converter units ī 

together with the steadily decreasing power converter prices, the biggest disadvantages of DC-technology 

almost disappeared. With the remaining advantages, a revival of DC and hybrid AC/DC distributions grids 

seems to be possible as one option for transition into a low carbon and renewable energy future. Therefore, 

the book of distribution grids cannot be written totally new because AC technology will stay in the coming 

decades the leading technology, but some chapters could take a turn to more DC and hybrid AC grids in the 

coming years.  

1.2 Structure of the Draft Report 

The final report of the Working group consists of three main parts: 

The first part (Chapters 2 and 3) describes the main drivers and the actual need as well as concrete use cases 

for DC distribution grid applications on low-voltage and medium-voltage level. The collection of DC distribution 

pilot projects all over the world is given in Chapter 3. It shows that many drivers are common, but some differ 

due to the specific situation in the countries.  

The main drivers of DC distribution grids for low voltage and medium voltage level are: 

¶ Integration of renewable energy and distributed energy generation; 

¶ Connection of high numbers of e-vehicles (including V2G-technologies) and other DC based loads; 

¶ Establishing storage units; 

¶ Electrification and decarbonization of industry sector; 
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¶ Increase of energy efficiency; 

¶ Establishing new energy markets (e.g. future energy communities) and demand side management 

¶ Increasing reliability; and quality of supply; and 

¶ Reduction of operational and investment costs. 

The second part (Chapter 4) gives todayôs ñState of the Artò of technical DC distribution grid components and 

technologies inclusive challenges and hurdles like needed emerging technologies/key components like MVDC 

breakers, protection systems, etc. 

The third part (Chapter 5) presents the ñState of the Artò of standardisation of DC distribution grids. European 

as well as international attempts on standardisation and some national standardisation activities are covered. 

Finally, in Chapter 6 conclusions with open points and challenges for the further is given. 

1.3 Procedure of the Working Group 

The work of the Working Group started with the collection of significant DC distribution grid pilot projects at 

low and medium voltage level all over the World. As a result, projects in Europe, Asia and North America were 

identified. The collection was carried out by summarizing available project descriptions, by contacting respon-

sible persons/companies, literature search and the evaluation of related press articles, respectively. Use-case 

descriptions and corresponding Key Performance Indicators (KPIs) were analysed and extracted as far as 

available. Standardized templates like use-case templates/methodology described in IEC 62559-2 are not 

used (incomplete data), but the structure was taken as guidance. This will be a recommendation for ongoing 

work.   

The result of the collection was a database of about 14 DC distribution grid pilot projects from 7 countries in 

Europe, East Asia and North America. Many of them are local or national projects, while some are realized 

with partners across national boundaries or even as EU-wide projects. Figure 1.3-1 gives an overview of the 

analysed DC distribution grid pilot projects in Chapter 3. 

 

Figure 1.3-1: Analysed LVDC (green marked) and MVDC (yellow marked) distribution grid projects spread over the world. 
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Although the pilot project collection was done very extensively and accurately with contributions from all mem-

bers of the Working Group from different countries it is ï of course ï not ñcompleteò since not all countries 

were represented in this Working Group. The goal of the data collection was not to achieve a complete data-

base of all projects in the world, which is nearly impossible, since an enormous number of different DC distri-

bution projects are running worldwide with new ones starting every year. The idea was rather to analyse as 

many projects as possible in order to get an overview of the main goals, themes and objectives covered by 

the projects. 

In addition, three positioning surveys were carried out by the Working Group collecting data within the WG-

members and interested worldwide companies and members of European organizations and research net-

works. Two of them, for manufacturer (Section 4.2) and university/research area (Section 4.1), were based on 

prepared, anonymized questionnaires on a web-platform, the third one for utility sector was summarized as 

positioning paper based on potential use-cases (Section 3.3.1 and 3.4.1).  
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2 MAIN DRIVERS, NEEDS, FOR DC DISTRIBUTION NET-
WORKS, DEDUCTION OF A VISION/GOAL 

Distribution system operators are faced with ever increasing claims for cost efficiency and supply quality re-

quirements. Further, there are new challenges emerging, such as supplying charging stations for electrical 

vehicles (EV), the integration of distributed power generation and storages, as well as support for demand 

response. Therefore, a more flexible distribution grid with higher controllability helps to meet the requirements. 

DC can improve the grid operation in terms of providing reactive and active power capacity and, voltage con-

trollability. DC solutions can also be economical compared to the AC alternatives in some cases (e.g. a new 

transformer or cable).  

In order to evaluate the need for DC, especially in the prospective electrical grid, the following subchapters 

analyse the impact of future scenarios and upcoming challenges as a consequence. Based on this, the need 

for DC in power grids as well as the next generation of power grids and its technical challenges are elaborated. 

2.1 Growing Demand of Electrical Power  

In order to achieve the goals of the Paris agreement, the ongoing decarbonization of energy generation will 

make a decisive contribution. To this end, the focus is on further integration renewable energies on the one 

hand and additional sector integration of the heat and transport sectors in the electrical sector on the other. 

Hence, the future scenarios and their impact on power grids are examined.  

2.1.1 Scenarios for 2040 

According to the International Energy Agency (IEA), about 17 percent of the current global demand for energy 

is met in the form of electricity flowing through our grids [1]. Approximately 37 percent of electrical power is 

already free from emissions. Around 650 million people worldwide still have no access to electricity. Grid plan-

ners will need to account for scenarios with growing demand of electric power while replacing conventional 

energy sources. Experts believe that energy demand is set to grow by as much as 50 percent by 2040. For 

this reason, the International Energy Agency (IEA) has developed two possible future scenarios (see Figure 

2.1-1).  

Overall, current planning ýgures envisage the emission-free proportion of electrical energy generation growing 

to between 52 and 79 percent by 2040, with electricity generation rising by one and a half times in total. 

Measured against todayôs installed base, this would result in energy from nuclear power growing by 0 to 

33 percent, from hydropower by 50 to 75 percent, from wind by 400 to 700 percent, from solar plants by 400 

to 700 percent, and from other renewable sources by 100 to 200 percent.  

Electricity generation from oil, meanwhile, would virtually disappear and there would be an 80 percent reduc-

tion in generation from coal. The amount of energy generated from gas is set to remain stable or grow by up 

to 50 percent, depending on how things develop. Gas appears the most environmentally sound fossil-based 

energy source, and the plants that are ýred by it have the potential to use gas produced using regenerative 

methods, allowing them to provide a storage or buffer function. 
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Figure 2.1-1: Two scenarios for electric power by 2040 [2]. 

The resulting impact on power grids is twofold: 

¶ A structural change from centralized to decentralized provisioning of power; and 

¶ Growth of total power in the grid. 

In a more detailed view, power grids will need to change in size, structure and ways to maintain a stable 

balance of power and stable power flow. 

2.1.2 Impact on Power Grids 

Future grids will carry more electrical energy as demand continues to rise. In response to our move toward 

clean forms of energy, the proportion of large-scale power plants (nuclear, coal, and gas) contributing to grids 

is expected to drop from 70 percent today to between 56 and 32 percent. This means that we will be able to 

produce 52 to 79 percent of electrical energy without emissions, depending on which 2040 scenario plays out. 

Solar and wind power will account for the largest energy share, but the amount that these renewable resources 
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are actually able to produce will þuctuate over the course of the year and day to day as local wind, sun, and 

water conditions change. As many of these plants are also much smaller than their conventional counterparts, 

the switch to renewable resources is set to have a noticeable impact on grids, which include: 

New power control methods  

Grid operation will need to adapt to fluctuating electrical energy provision in order to cover demand. Where 

coal bunkers were once the storage solution of choice, there is now demand for short-term and long-term 

energy storage methods as a way of regulating the available power balance. The storage technologies with 

the most focus include power-to-gas plants, pumped-storage power plants, and batteries. 

Structural changes in grids  

Most renewable sources of energy are installed in locations where the supply of primary energy (wind, sun, 

biogas, or biomass) is at its most plentiful ð not necessarily where demand is highest. Supplies of energy are 

also becoming increasingly dispersed and renewable plants tend to be smaller than conventional ones. Many 

producers are shifting away from transmission grids in favour of distribution grids. Due to the fluctuating supply 

of primary energy, the installed capacity (and therefore the connected load required) in relation to annual 

energy yield is much higher than it is in conventional power plants. This means that both distribution grids and 

transmission grids will need to be expanded in many cases. 

Growth of power grids  

As the world moves toward alternative resources, demand for electrical energy is also expected to rise by 50% 

worldwide and power grids will be required to transport this additional energy. The capacity needed for trans-

portation will depend on supply and demand over the course of the day. Renewable methods of generating 

energy create larger fluctuations on the supply side because, due to natural conditions, the operating times of 

wind power plants are only around 40 percent of conventional plants ī and just under 15 percent in the case 

of solar plants. As a result, much higher capacity levels need to be installed in order to deliver the same amount 

of energy. Integrating road transportation into the grid also brings new fluctuations on the demand side, which 

may result in a need to expand the grids, depending on their reserve capacities. 

Increased grid flexibility 

Grids operate with reserves that they can use in exceptional circumstances and as a backup in the event of 

problems. As a result of structural changes and increased electricity levels, the capacity of grids will be used 

more intensively at all voltage levels and, in response, grids will need to be strengthened and provided with 

relief measures using a more flexible approach to supply and demand. 

New technology in power grids 

Apart from the production and consumption of energy, a further technological development is taking place in 

electricity grids. Wind plants, solar plants, electric storage devices, electrolysis plants, charging infrastructures 

for electric vehicles, and numerous consumers all have one thing in common ð they both supply and are 

operated with direct current (DC).  

2.2 Challenges and Future Grid Scenarios in Distribution Grid Operations 

There exist several variants and drivers for the distribution grid:  

¶ Variants 

o Difference in size, number, structure, governance; 

o Distribution cost vary greatly; 
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o Very few with demand response; and 

o Network indicator of different nature. 

¶ Key driver for changes 

o Network capacity deferral; 

o Local congestion management; 

o Voltage control with renewable; and 

o Loss minimization. 

2.2.1 DSO ī Current Operation and Future Directions 

Some of the recommendation from Council of European Energy Regulator and European DSO on current and 

future operation of distribution grids are shown below: 

¶ Council of European Energy Regulators on DSO present operation: 

o Run business as expected from network users and other stakeholders; 

o Neutral market facilitator; 

o Public interest, costs and benefits; and 

o Consumers data safety. 

¶ Council of European Energy Regulators on future DSO: 

o Perform flexibility; 

o Exchange network information and co-ordinate with TSOs; 

o DSOs must plan for alternatives to system expansion; and 

o DSOs should be incentivized to consider innovative solutions. 

¶ E.DSO, ENTSO-E on coordination between DSO-TSO: 

o A whole system approach in network planning and investment; 

o Greater coordination in system services, operational and network planning; 

o Exchange of data between network operators to help coordination; 

o Use of flexibility -demand and generation resources; and 

o Fairer cost sharing to avoid reinforcement. 

¶ E.DSO conclusions on Council of European Energy Regulators advice on future DSO: 

o Observability ī the intelligent network can provide more data to increase observability; 

o Reduction of losses; 

o System reliability with the help of real-time information; 

o Resilience against cyber-attacks; 

o Optimized and extended life cycle of assets; and 

o Network capacity optimization, lowering connection costs and DSO investments. 

2.3 Need for DC in Power Grids 

Future grids will be powered to a significant extent by DC-sources. Given the volatile nature of renewable 

resources, energy storage systems or power-to-gas systems will need to be attached to the grid, which also 

operate as DC-systems. Electrification of road traffic is adding more DC-systems to the power grid. Industrial 

machine drives could be easier integrated in a DC power grid via DC/AC inverters and rotating energy directly 

fed-back to the DC grid (as for example shown in pilot installation DC Industry in section 3.3.2).  
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Figure 2.3-1: DC in power grids. 

Because of the move toward renewable forms of energy, the installed capacity of direct-current systems in 

many grids already exceeds that of conventional alternating-current systems (generators, drives, and alternat-

ing-current consumers). The use of converters that work with power electronics is set to rise in the future. New 

equipment with power electronics and new conventional equipment can be used to face the challenging situ-

ations presented by operating the grids of the future. Grids are also likely to become more and more auto-

mated, while requirements for reliable operation will remain the same. 

Another side effect of the further expansion of decentralized renewable energy sources is an increasing short-

circuit power in the distribution grids. If the grid topology is switched, for example in an (N-1) case and two 

sub-networks are connected, the short-circuit power of the interconnected grid can become too large. Based 

on conventional measures, the separation point will be opened permanently and the (N-1) safety will be re-

stored by additional construction measures within both sub grids. With the help of DC connections, the per-

manent opening of the separation point can be avoided. By galvanic decoupling of the DC connection, both 

grids can still be linked without influencing the short-circuit power. additionally, the technical advantage of the 

DC connection can be used to connect two differently grounded AC grids or two AC grids with different fre-

quencies. 

Some major differences between DC used in transmission and distribution systems 

The field of DC used for power transmission systems (HVDC) is already structured. HVDC has well-known 

advantages, and its relevance is now evident in identified cases, mainly point-to-point. For each voltage level, 

there is a ñbreak-even pointò which is the minimum link length from which it is more profitable over the life of 

the structure to deploy an HVDC link rather than an HVAC conventional link (losses avoided during operation 

offset additional investment costs). The market and the commercial offer are well structured around known 

players (American, European and Chinese).  

Recent advances in DC disconnection have even allowed the emergence of multi-terminal HVDC systems 

even if the vast majority of structures remain point-to-point links today. 

One of the HVDC solutions specificities: they are always specific to the project on which they are used.  

For use in medium or low voltage distribution, three major structural differences should be noted for LV/MVDC 

compared to HVDC:  
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¶ The use cases for which the relevance of its use has been demonstrated by global long-term Cost-

Benefit Analysis (CBA) studies, compared to conventional AC solutions, have not yet been clearly 

identified;  

¶ The market and the associated commercial offer are not structured, and the players are emerging with 

some coming mainly from the world of HVDC and others from the world of conversion for Renewables 

and / or storage applications; and 

¶ There is a much greater need for standard solutions that can be selected in short catalogues on 

the basis of identified criteria since each MV/LVDC solution needs to fit to a large number of situa-

tions. 

2.4 The Next Generation of Power Grids 

The next generation of power grids will need to accommodate a significant amount of DC systems. Today, 

power converters operate in HVDC links within the power grids. Apart from HVDC, most power converters are 

attached to the grid at low voltage levels and converted up to medium voltage level by conventional transform-

ers. Access to the grid is granted according to conformance to AC grid codes.  

Future power grids may see power converters operating beyond the low voltage level. They may feature po-

tential DC links or DC-distribution in the grid. Hence, power converters may be operating as resources within 

the grid, rather than an attachment to the grid (Figure 2.4-1). Among the technical questions concerning inte-

gration of DC systems are: 

¶ The vertical depth of DC integration: At some point, DC needs to be converted to AC. This point cur-

rently resides at the low voltage end but might move up to higher voltage levels; and 

¶ The use of horizontal DC-links: Currently, transmission grids are meshed, and distribution grids still 

structured according to a power flow from transmission to lower voltage levels. Given the decentralized 

nature of renewable sources and energy storage systems, it might be more efficient to exchange 

power in a horizontal way. This would result in a meshed structure of transmission grids while using 

DC links.  

 

Figure 2.4-1: DC integration into power grids. 
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DC deployment also starts in industrial power grids. The usage of renewable energy sources in combination 

of storage systems provides a higher degree of autonomy in industrial grids. In densely populated industrial 

areas, it may be more efficient to establish DC distribution instead of repeated conversions from DC to AC and 

back while accumulating converter losses (Figure 2.4-2). 

 

Figure 2.4-2: Industrial power grids. 

In such power grids, power converters may take the role of conventional transformers and connect different 

voltage levels to each other over AC and DC, as well as DC to DC. Whenever power converters operate on 

both ends of a grid, DC-distribution seems to be the more efficient choice (in terms of cost and power losses). 

Such an industrial grid adapts to the nature of the systems attached: to AC-systems, it provides AC-connec-

tions. To DC-systems, it provides DC-connectivity. Hybrid industrial grids apply in areas with high density of 

power. 

In utility grids, the following use cases apply: 

1. DC connection of MV primary feeders (from same or different substations) at normally open locations: 

This will provide power capacity enhancement of the system. Most likely of back to back structure with 

or without integration of EV, BESS at the DC bus; 

2. DC connection at Primary substation level ï This can be between different buses of the same substa-

tion or between two substations. This can be back-to-back or point to point in structure. The DC con-

nection between the substation or substation buses can enhance power capacity by using the availa-

ble transformer head rooms; and 

3. The DC grid at MV feeders:  

DC grid connecting primary and secondary substations of different MV feeders can exchange 

power, use head room in various feeder, provide reliability, integrate EV and BESS Multiport: 

Multi port connection to MV substation integrating multiple assets e.g. BESS, EV, renewable 

etc. This can provide grid flexibility, higher utilization of substation capacity and enhance con-

trollability of the connected sources and loads in the multiport device. 
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Figure 2.4-3: DC applications in utility grid. 

The examples shown represent technical options, which originate from the growing number of DC systems in 

power grids. Application may look easy, but as the history of power grids shows, there are technical challenges 

and there is a significant need for standardization to maintain the same level of reliability as in todayôs power 

grids. 

2.5 Technical Challenges 

DC technologies provide comprehensive advantages and new possibilities above AC to meet the challenges 

of tomorrow. Nevertheless, there are technical challenges mainly reasoned by a lack of experience in both 

industrial and utility grids, which are discussed in the following subchapters. 

2.5.1 Industrial Grids 

In industrial applications, DC supply for manufacturing (motor drives) or server farms need an increasing 

amount of DC power. Other applications with high demand on DC power are fast charging stations for electric 

vehicles, hydrogen generation, fuel cells and storage systems. 
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Figure 2.5-1: Example for industrial DC-grids. 

Conventional DC connections operating over low voltage AC lines are limited in power to about 150 kW and 

do not scale up in an efficient way. Moving the AC-converter up to medium voltage level may represent the 

more efficient approach: 

¶ Higher voltage-level for power transmission (e.g. ±750 VDC instead of 380/ã3 VAC); 

¶ Higher efficiency of the front-end AC/DC converter (instead of multiple back-end AC-DC converters); 

¶ Lower floor space (AC-DC front-end acting as DC-station with integrated transformer); and 

¶ A cost-effective way to connect DC-systems with low concurrency factors. 

The examples illustrate the migration from single DC-connections with limited power move to DC-grids at 

higher power levels. DC-grids facilitate the integration of DC-systems. The technical challenge is the stand-

ardization of DC-grids: While AC-distribution is widely in use, in particular at LV-level, standards on DC-distri-

bution are just emerging. 

2.5.2 Utility Grids 

In utility grids, connection of DC systems for renewables including storage systems and power-to-gas systems 

requires AC conversion at some point. Today, AC conversion takes place at low voltage level, so systems 

interconnect over AC distribution. This may not represent the shortest way for power flow if power from renew-

able sources needs to be stored before consumption in the grid.  
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Figure 2.5-2: Connecting DC systems. 

Alternatively, DC-systems could interconnect at low voltage level or at medium voltage level. This way, power 

flow remains in the DC-domain while the conversion to AC moves further up the power grid. At voltage levels 

up to 60 kV, medium voltage links could even directly feed into HVDC systems. 

Among the potential benefits of DC grids embedded in utility grids are reduction of converter losses, reduction 

of transmission losses, better control of power flow, and no need for reactive power to maintain voltage levels. 

At the same time, power converters would become grid resources in much the same way as power transform-

ers: As shown in the figure above, stations now operate DC power converters instead of AC transformers. 

The domain of ownership for a grid operator could end at high voltage level (respectively a higher medium 

voltage level such as ±55 kVDC) or at medium voltage level (such as ±20 kVDC). In either case, grid codes will 

be required to specify the rules for operating DC-systems on the grid. 

Concerning the grid-side converters, no AC grid codes apply, because they represent grid resources, which 

the grid operator owns and controls. With less conventional power plants on the grid, it can be expected, that 

new requirements apply for grid-side power converters, beyond the scope of conventional AC grid codes for 

renewables on the grid. Most likely, grid-forming features would be among their functional set. 

From a technical point of view, moving AC conversion further up into the grid appears to be a reasonable 

approach, as illustrated in the following figure: Connecting DC systems over DC grids reduces the total number 

of converters on the way. In particular, when paths are used several times e.g. for intermediate storage of 

renewable power, direct connection over DC could prove to be much more efficient. 
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Figure 2.5-3: Technical comparison of AC and DC grid codes. 

In summary, there are plenty of issues to be investigated. The current state of the art of DC in distribution grids 

has DC connections mainly at low voltage level, which are converted to medium voltage by conventional AC-

transformers. The better control of power flow has enabled pilot installations for DC-links at medium voltage 

level. Among the technical issues to be addressed are multi-terminal DC-grids, concepts for operation and 

protection, and DC grid codes. 

While overall efficiency may be a clear benefit, the key requirements for power converters in the distribution 

grid will be the total cost of ownership over a lifetime of operation and their reliability. Once the key conditions 

are covered, they may provide new and more flexible ways to operate the grid.  
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3 USE-CASES AND FUNCTIONALITIES OF DC-DISTRIBUTION 
NETWORKS 

The purpose of this chapter is to summarize applications of DC networks at distribution level, including sample 

installations and industrial practice. The chapter starts with a comparison of the transfer capacity of DC and 

AC grids, which represents the key feature of DC systems. Section 3.2 attempts to structure the areas of 

applications according to a functional view. The main part of chapter 3 is a collection of use cases and solu-

tions, respectively pilot projects worldwide. The collection of use cases and pilot projects differentiates between 

low voltage applications (in section 3.3) and medium voltage applications (in section 3.4). 

3.1 Transfer Capacity of DC-Grids 

In power transmission, AC systems utilize 3 wires with a power of  

 ὖ ὟὍÃÏÓ‰  (3.1.1) 

per wire. U1 represents the RMS values of the line-to-earth voltage, I1 represents the RMS-value of the line 

current, and cos(ű1) the load factor. In total, the AC-system carries a power of 

 ὖ σὟὍÃÏÓ‰  (3.1.2) 

When operating the same wires on DC, the current needs to be at the same RMS-value as in the case of AC 

for thermal reasons. Because insulation of an AC system covers the peak voltage, the operating voltage of a 

corresponding DC system may be fixed to the peak value of the AC voltage (Ὗ , i.e. a factor of Ѝς on the 

RMS-value: 

 Ὗ ЍςὟ (3.1.3) 

Hence, a DC system may carry a load of 

 ὖ ЍςὟὍ (3.1.4) 

per wire. In total, a two-wire DC-system carries 

 ὖ ςЍςὟὍ (3.1.5) 

At system level, this leads to the following ratio: 

 ὖ

ὖ

ςЍςὟὍÃÏÓ‰

σὟὍÃÏÓ‰

ςЍς

σ
ρ (3.1.6) 

Considering the load factor and skin effect, a DC-wire may carry about 150% of the load in comparison to an 

AC per wire. Hence, the transport capacity of a 2-wire DC system corresponds to a 3-wire AC-system.  

In general terms, the following rules apply for DC-systems in comparison to AC-systems: 

¶ A 2-wire DC system has to same power transfer capacity as a 3-wire AC-system; 

¶ Using only 2 wires instead of 3, losses of a DC-system are only 2/3 of an AC-system; and 

¶ A DC system only needs 2/3 of material (e.g. cabling and power converters) of an AC system. 

Figure 3.1-1 illustrates the case. 
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Figure 3.1-1: Comparison of AC and DC transmission. 

Depending on the physical properties of cables, DC-systems may actually carry much more load when oper-

ated at voltages above the peak value of corresponding AC-systems. This section just intends to compare the 

basic physical set-up of AC versus DC. For components and technologies, including transfer capabilities, pls. 

refer to section 4.3 and 4.3.3 (cables and overhead lines). 

3.2 DC used in Distribution Systems 

Distribution grids handle power supply over multiple voltage levels to traditional AC loads, and increasingly 

connect DC loads and DC sources. Currently, the conversion from AC to DC takes place at the lowest voltage 

level. This section summarizes the characteristics and potential benefits of DC applications in distribution grids 

at low voltage level and medium voltage level. 

3.2.1 Low Voltage Applications 

In low voltage applications, 4-wire AC systems may carry 2 DC-systems, as illustrated in Figure 3.2-1. 

 

Figure 3.2-1: Use of low voltage AC cables in DC systems. 
































































































































































