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Introduction and overview

This societal and technology trend report presents 

a holistic view of the possibilities of direct current 

(DC) in power distribution solutions, ranging from  

high voltage grids down to low voltage direct 

current (LVDC) power distribution applications. 

The aim of this report is to make visible the 

changes already in place in this area and to 

specify a common vision concerning the next 

steps needed to maximize the evolution of DC in 

a unique direction that would be beneficial for the 

energy ecosystem and for all involved parties.

The necessity of this report has been generated 

by several clear trends currently subjecting the 

traditional approach to power distribution to 

increased levels of stress and by the need to pose 

the question of whether such trends are enabling 

the possibility of creating a more sustainable way 

to distribute power. In specifying a sustainable 

approach, we are clearly referring not only to less 

environmentally impacting solutions, but also 

to solutions that enable improved accessibility 

to energy for the entire human population, in 

particular a more balanced access to what 

constitutes one of the most primary human needs: 

electric power.

According to fundamental data driving the entire 

evolution of power distribution, 80% of global 

CO2 emissions arise from the production and 

consumption of energy (Source: IEA, 2019 [1]1). 

This means that to achieve the goals that humanity 

is setting for itself in order to save the planet, a 

drastic and rapid evolution of how energy is 

produced, distributed and consumed cannot be 

avoided. Multiple initiatives exist for achieving 

these goals, ranging from energy efficiency to a 

total ban on fossil fuels, passing through a smart 

management of power distribution grids.

Therefore, it is no surprise that by 2050, 60% 

of generated power is expected to come from 

renewable energies (Source: BNEF New Energy 

Outlook, 2018 [2]). Indeed this will be the only 

way to rapidly achieve massive reduction of 

CO2 emissions in energy generation, probably 

in combination with the latest technologies of 

nuclear power generation. But this major shift 

will first create major turbulence in the power 

distribution grid, a system historically designed to 

distribute power from remotely located massive 

power generation plants to major concentrations 

of population and consumers.

In addition, a major paradox involved is that energy 

demand has been growing massively in recent 

years, pushed primarily by population growth and 

the development of information technology (IT) 

infrastructures that are enabling a new degree of 

speed in the evolution of artificial intelligence and 

technological evolution. In 2040, it is estimated 

that IT and telecommunications company (telco) 

consumption of electricity will be four times what 

it is today. The amount of data being used in the 

world is growing very rapidly. According to a new 

report from the International Data Corporation 

(IDC), stored data is projected to grow by 61% by 

2025, worldwide, creating an inevitable demand 

in energy that will only gradually be balanced 

by more energy-efficient systems. Clearly, most 

existing data management infrastructures contain 

massive DC loads and power sources, and it is no 

1 Numbers in square brackets refer to the Bibliography.
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coincidence that 20% of the new data centres in 

China in 2018 were based on DC architectures. 

This is the second major factor driving the 

transformation of power grid distribution.

Last but not least, recent years have been marked 

by the addition of a new element that had been 

forecasted to develop at a much slower pace, but 

which in reality is now accelerating increasingly, 

namely the adoption of electric vehicles (EVs). 

In fact, 40% of electricity consumption in China 

is expected to come from EVs by 2040 (Source: 

BNEF), and even if viewed in a wider prospective, 

the expected compound annual growth rate 

between 2019 and 2040 for yearly electricity 

consumption from EVs is 18% (Source: BNEF). 

This represents a huge change in the logic of 

power distribution systems. Additionally, one can 

imagine the change required in the logic governing 

design of a simple residential building once the 

possibility has to be foreseen of connecting 30 to 

50 EVs at night, a completely different magnitude 

in terms of needed available power and the curve 

of power absorption.

The need for acceleration in the adoption of 

renewable energies, the exponential growth of 

power consumption for data and the Internet 

of Things (IoT), and the fast growth of EVs are 

all elements pushing the distribution grid to 

evolve. However this does not mean that DC will 

overtake alternating current (AC), it just makes 

the potential evolution more open. Actually, the 

most foreseeable scenario is a combination of AC 

and DC, with DC helping to manage high energy 

demand through local DC microgrids. This trend 

report briefly describes the current technology and 

adoption status of DC options and the possible 

evolution of these in the future. Nevertheless, 

the report remains largely focused on existing 

use cases that have already been adopted, with 

the aim of demonstrating that DC solutions are 

possible and actually cost-competitive as well as 

simple to install.

The final piece of information to be considered 

is the continuous decrease in the size of battery 

storage solutions. It is not yet clear whether or 

not this constitutes an advantage with regard to 

environmental impact, but it certainly could help in 

implementing the other principles introduced from 

the beginning: 1) the chance to provide access 

to energy to segments of the population which 

today still do not enjoy such access, and 2) the 

combination of renewable and battery storage 

at an affordable cost. In fact, this will enable the 

simplification of power generation and distribution 

in geographies where historically this has been 

very complicated, thus making one of the most 

important assets for humanity more widely 

accessible. In any case, the purpose is not to 

force a switch from AC to DC, though clearly the 

fact that most power sources are DC-based by 

construction makes the case open for discussion.

This trend report will therefore follow the logic of 

the power distribution system itself, starting from 

high voltage direct current (HVDC), then moving to 

medium voltage direct current (MVDC) and finally 

arriving at low voltage direct current (LVDC). It will 

be seen that for all three voltage levels the current 

status and projected future evolutions are quite 

different, but adoption on any one of the levels will 

have an impact on the others. This will constitute 

the beginning of the greatest potential evolution in 

electricity since the Tesla and Edison debate, with 

perhaps a possible eventual agreement between 

the parties.
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Alternating current (AC) has been the preferred 

global platform for electrical transmission to homes 

and businesses for the past 100 years. Yet high 

voltage AC transmission has some limitations, such 

as transmission capacity and distance constraints, 

and the impossibility of directly connecting two AC 

power networks of different frequencies. HVDC 

can help overcome these challenges 

Current progress of the UHV DC power 

transmission

Compared with the AC transmission system, 

the ultra-high voltage direct current (UHVDC) 

transmission system has some technical 

advantages, such as larger transmission capacity, 

longer transmission distance, higher operating 

efficiency and less power losses. The theoretical 

economic transmission distance of the ±1100 kV 

UHVDC transmission system proposed in recent 

years could be as long as 5 000 km, which greatly 

improves the ability as well as the scope of the 

power grid resource allocation.

1.1 Multi-terminal HVDC

A conventional DC transmission system has 

only one sending end and one receiving end, 

while a multi-terminal DC transmission system 

can have multiple sending ends and/or multiple 

receiving ends. Compared with the conventional 

DC transmission system, the multi-terminal DC 

transmission system offers better economy, 

flexibility and reliability. The power can be flexibly 

allocated among converter stations, and even if 

one of the converter stations stops working due to 

a failure, the others can continue operating reliably.

According to the connection mode, multi-terminal 

DC transmission systems can be divided into two 

types: parallel and in-series, each of which has its 

own operation control characteristics. All converter 

stations of a parallel-type multi-terminal DC 

transmission system operate at the same level of 

DC voltage. Under the normal operating conditions 

for such transmission systems, one converter 

station controls the DC voltage of the system, and 

other converter stations control the DC current 

in order to allocate the power. For an in-series 

type multi-terminal DC transmission system, all 

converter stations are connected in series with the 

same DC current flow. The power allocation among 

converter stations is mainly realized by changing 

the DC voltage. In an in-series type multi-terminal 

DC transmission system, generally a converter 

station is responsible for the balance of the DC 

voltage in the entire circuit, which also regulates 

the current simultaneously.

1.2 Flexible DC transmission  
(VSC-HVDC)

The flexible DC transmission, also called voltage 

source converter-high voltage direct current (VSC-

HVDC), is a new generation of DC transmission 

technology that has emerged in the last 20 years. 

It adopts fully controlled power devices and has 

outstanding advantages, such as independent 

control capabilities on the active and reactive 

power respectively, and no need of any AC or 

Section 1 
High voltage direct current (HVDC) >100 kV – 

Current and future trends



11

High voltage direct current (HVDC) >100 kV – Current and future trends

DC filtering equipment. Due to the advantages 

it offers of no phase change failure, there exists 

no AC system strength requirement. Moreover, 

it has the capability to provide dynamic reactive 

power support. Compared to a line-commutated 

converter-high voltage direct current (LCC-HVDC) 

system, the operating conditions for a VSC-HVDC 

transmission system are improved significantly, 

allowing the problems related to the simultaneous 

phase change failure of a multiple DC feeding 

system at the receiving grid to be alleviated. As a 

result, the capability of the system withstanding 

serious faults is significantly improved. The 

development of VSC-HVDC transmission 

systems is also a demand for large-scale power 

transmission in China. In recent years, with the 

development of technologies enabling the increase 

of operation voltage and capacity, the VSC-HVDC 

transmission system is being more and more 

applied worldwide, and the number of VSC-HVDC 

projects keeps increasing.

The world's first flexible direct current power grid 

project was put into operation in Zhangjiakou, 

Hebei province, China, in July 2020, and now 

nearly 30 flexible DC transmission projects are 

either under construction or have been put into 

operation around the world. All DC projects 

under construction in Europe are basically 

VSC-HVDC systems, which are mainly used for 

grid interconnection, cable transmission and 

wind power integration. In the future, flexible 

DC transmission systems will be further applied 

in scenarios such as offshore wind power 

transmission and long-distance high-capacity 

power transmission.

1.3 Hybrid HVDC (LCC-VSC)

The hybrid HVDC transmission system contains 

a line-commutated converter (LCC) and a voltage 

source converter (VSC). In general, the LCC serves 

as a rectifier station to save the capital cost, and the 

VSC acts as an inverter station to strengthen the 

operational flexibility. Due to integrating the merits 

of LCC and VSC, the hybrid HVDC transmission 

system displays many technical characteristics, 

such as the inexistence of commutation failure, 

enhanced competence to support weak/passive 

networks, and flexible control of active and reactive 

power. In a hybrid LCC-VSC two-terminal HVDC 

transmission system, a LCC station commonly 

adopts a constant DC current control to generate 

the firing angle, and a VSC station uses a DC 

voltage control mode. In hybrid LCC-VSC multi-

terminal HVDC transmission systems, a LCC 

and more than two VSCs can be included. The 

point-to-point LCC HVDC link is used to form the 

backbone of the hybrid multi-terminal network, and 

the VSCs can enable working in either DC voltage 

control mode or power control mode.
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The realization of MVDC grids will facilitate the use 

of a lower number of required energy conversion 

stages both on the supply and load sides. Thus, 

distribution of electricity will be performed not only 

at higher efficiencies but also with higher control 

flexibility.

2.1 Background

Decarbonization is expected to progress 

substantially, primarily through the use of 

renewable energy, energy savings achieved 

through gains in greater efficiency, and as a result 

of the transition from fossil fuels. The resilience of 

electrical power systems (grids) is also anticipated 

to strengthen under increasingly effective counter 

measures applied against power outages caused 

by natural disasters and climate change. DC 

power has significant and inherent advantages in 

realizing both decarbonization and resilient grids, 

due to DC’s higher “potential” for electrical power 

diversification, decentralization and naturally 

improved transmission efficiency.

2.2 Current progress and the 
future

MVDC is essential for delivering renewable energy 

to the consumer. However, MVDC still requires 

further technological development to make it 

practical for renewable energy transmission. In 

particular, MVDC circuit breakers that avoid failures 

in the transmission and distribution system, and 

DC/DC converters between different voltages, are 

not yet commercially available and remain in the 

development stage. Furthermore, there is also 

a lack of standards or grid codes governing the 

development of these MVDC-related technologies. 

In addition to delivering power efficiently, the 

MVDC power grid of the future will be responsible 

for managing and controlling the balance between 

supply and demand by connecting the growing 

number of solar and wind-powered distributed 

energy resources (DER), energy storage devices, 

and DC loads such as buildings, electric railways, 

data centres and EVs (see Figure 1). 

HVDC technology is optimal for carrying high 

amounts of power over long distances, connecting 

large remote and offshore renewable installations 

with areas of high load. MVDC networks bring 

many of the same advantages to networks at 

lower voltages with lower loads over shorter 

distances, at lower costs. A rise in renewable 

energy installations and an increasing demand for 

stable, reliable, and interconnected grids drives 

investment in new power system infrastructure 

globally. On the transmission side, this means 

new infrastructure at all voltages – both AC and 

DC – is needed to transmit power from generation 

sites to load centres. MVDC transmission brings 

advantages to applications that cannot be 

matched by AC technologies.
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Figure 1 | Global installed power capacity (in GW) (Source: Bloomberg)
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Impediments to wider deployment of LVDC 

(<1500 V) are not technical, but mainly commercial 

or governmental, involving a preference for 

justifying capital expenditure for AC systems and 

markets already in place. For the sake of efficient 

use of electricity, as well as for benefitting those 

communities functioning without electricity (a 

lack which often translates into no economic 

activity), solutions beyond AC constitute a 

significant focus of attention within the IEC and 

the industries it serves. Therefore, there is a strong 

technical, business, and social case to be made 

that an opportunity exists both for industry and 

government, and for the IEC as well, to be part of 

the transition to sustainable LVDC and hybrid AC/

LVDC networks, with the eventual goal being that 

of DC power alone, where this makes sense.

3.1 Background

LVDC as a viable and low-cost solution for 

accessing electricity is one of the drivers of 

the growing trend and interest in LVDC power. 

Globally, 1,5 billion people have no access to 

electricity. What is the solution? Resistance to 

DC, in particular LVDC, essentially stems from 

commercial concerns, i.e. established AC systems 

and grid providers, rather than as the result of any 

bona fide technical aspects that would otherwise 

prevent DC/LVDC from being deployed across 

a greater range of uses. In consumer products 

or public infrastructure where LVDC power is the 

final form of energy consumed, substantial cost 

savings can be realized, and systems can be 

simplified, by eliminating the energy loss of 5-20% 

created by the “middle man” of power conversion. 

When data centres – as well as the inescapable 

need for high voltage alternating current (HVAC) 

in such centres – and computers are the ultimate 

consumers of LVDC power, why supply them with 

AC power in the first place?

3.2 History

The standardization evaluation group IEC SEG 4: 

Low voltage direct current applications, distribution 

and safety for use in developed and developing 

economies, was established at the 2014 IEC 

General Meeting in Tokyo, with IEC work 

continuing through a focus on solar photovoltaic 

(SPV) starting in 2017. LVDC microgrids, such as 

those for small communities, clusters of homes or 

standalone houses, can traditionally work on 48 V, 

substantially below the threshold of 60 V defined 

as “safe voltage DC” (SVDC) or “safety extra low 

voltage” (SELV).

3.3 Current state of the industry 
and some questions to ponder

Standards are on the verge of being released for 

DC microgrids. Along with these standards, DC 

protection is becoming increasingly commonplace 

as well. In the market, EV charging infrastructure 

is no longer a rarity, with outdoor EV charging 

stations supplied by SPV charging, or “re-

energizing” a bank of batteries.

The main challenge – or the main lesson 

learned – is that far from being a technical issue, DC 

is recognized as the solution both now and in the 

future simply due to the inescapable fact that LVDC 

is where most of the consumption is taking place.
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Figure 2 | Electric car sales share in the Net Zero Scenario, 2000-2030 (IEA, Paris [3])

This begs the question: will the same AC power 

grids and networks of today be needed in 2050?

3.4 The future 

The reader is directed to the use cases presented 

in Section 4, which are considered to reflect the 

trend in the coming 10 plus years. As a general 

reference on trends, in this case electric, hybrid and 

gasoline engine vehicles in the approximate time 

frame, please refer to the graph in Figure 2 below, 

which illustrates the steady changes awaiting the 

industry. Within this trend there is clearly a role for 

LVDC. We therefore suggest that these trends be 

kept in mind to emphasize the larger role of LVDC 

in the future.



Section 4
Use cases

The 10 use cases listed in this section identify key 

technologies and possible markets for the three 

DC voltage levels.

4.1 Use case: Effective use of 
renewable energy

Background

 § Renewal energy is foreseen to become the 

leading source of energy due to its lower 

demands on the environment and a rich array 

of resources.

 § In order to reduce greenhouse gas emissions, 

investment in renewable energy is on the rise.

 § Viewed from the perspective of conversion, this 

means that MVDC suffers less transmission 

loss.

Possible scenarios

 § One of the key enablers of renewable energy 

are MVDC networks (see Figure 3), which in the 

case of connection to PV panels and batteries, 

require less DC/AC conversion compared to 

current AC networks.

 § MVDC combined with energy storage can 

adjust for fluctuations in renewable energy 

generation, and create a stable system that 

balances “the flow of electricity”.

 § This advantage will enable higher efficiency 

when using renewable energy.
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Figure 3 | Typical MVDC system configuration (Source: CIGRE [4])



4.2 Use case: Strengthening 
distribution networks with 
existing facilities

Background

 § Renewable energy generation is increasing, but 

existing AC transmission lines are becoming 

overloaded and unable to transmit greater 

amounts of power.

 § If the maximum voltage is identical, the effective 

value of DC is greater than that of AC.

 § When using the same transmission facilities, 

DC is able to transmit more energy.

Possible scenarios

 § Converting existing AC distribution towers and 

cables to DC networks to offer greater power 

transmission can be realized with less cost and 

time compared to building a DC infrastructure 

from scratch (see Figure 4).

4.3 Use case: MVDC railway 
electrification system

Background

 § The challenge for the railway sector is to 

increase the volume of traffic, while increasing 

energy efficiency and reducing environmental 

impact.

 § Railway electrification systems are an 

enormous, electricity-consuming power grid. 

This is the reason why the introduction of 

innovative smart grid technology is so effective.

 § A railway electrification system takes advantage 

of existing power transmission and distribution 

equipment and lines. Rather than replacing 

these, it is necessary to consider their use.

Possible scenarios

 § Railway electrification systems integrate 

renewable energies, energy storage devices 

and EV charging stations into the power grid 

(see Figure 5).

 § By using MVDC, renewable energies such as 

solar and wind power are connected directly 

to the DC grid, without the need for conversion 

to AC. Regenerative energy from trains is also 

a realistic option.

 § By utilizing existing railway electrification 

system power grids, the investment and 

development costs of deploying a DC grid can 

be reduced.

17
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Figure 4 | Existing AC transmission 
infrastructure used with an MVDC power grid 
(Source: SP Energy Networks [5])



4.4 Use case: MVDC power 
distribution to buildings

Background

 § Application of MVDC to the local distribution 

grid eliminates the need for an AC distribution 

network to buildings.

Possible scenarios

Homes

 § Homes connect directly to the MVDC: a DC/

DC converter matches the voltage of the 

MVDC outside the house to the LVDC inside 

the house (see Figure 6).

 § DC/DC converters allow the voltage of the 

MVDC outside the house to be matched to 

the LVDC inside the house, and the power is 

transferred to the DC appliances (induction 

cooker, heat pump, air conditioning), and 

photovoltaics, batteries and EVs of the 

household.

 § Use of MVDC instead of LVDC in the local 

distribution grid of the house facilitates voltage 

management and bi-directional power flow, 

thus reducing power loss.

Commercial buildings

 § Power received from the MVDC distribution 

network is converted to LVDC by converters in 

the building (see Figure 7).

 § Building systems (heating, ventilating, air 

conditioning, lighting, ICT, lifts) operate on DC 

voltage.

 § LVAC can be used in addition to LVDC if a 

backup system of AC power is installed.

 § LVDC can be provided to neighbouring 

buildings and homes.

18

Use cases

Figure 5 | MVDC railway electrification system (Source: FUNDRES [6])
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Use cases

Figure 6 | Residential area with MVDC grid (source: CIGRE [4])

Figure 7 | Commercial building connected to an MVDC grid infrastructure (Source: CIGRE [4])



4.5 Use case: Voltage source 
converters (VSC) for 
power transmission and 
interconnection

Background

 § Renewable energy will constitute a main 

source in the future power system. The VSC 

is an important method for off-shore wind 

integration.

 § With the development of LCC-HVDC, the 

multi-infeed HVDC system has been applied 

in many countries, such as China, India and 

Brazil. The VSC-HVDC provides a new solution 

for multi-infeed HVDC systems, since it has no 

commutation failure.

Possible scenarios

 § The use of VSC in multi-infeed HVDC to 

reduce the AC fault area that induces multi-

commutation failure.

 § The use of VSC to deliver bulk power through 

long distance overhead lines (see Figure 8).

 § The use of VSC to fulfil off-shore wind 

integration.

 § The use of VSC to connect two power systems.

4.6 Use cases: Micro DC grid for 
homes

Background

 § Electrical equipment used in daily life can 

roughly be divided into household electrical 

equipment, and portable terminal equipment. 

Nowadays, an increasing amount of such 

equipment uses AC to DC conversion.

 § Household electrical equipment: light-emitting 

diode (LED) and other lighting, televisions, air 

conditioning systems, electric heaters, vacuum 

cleaners, EVs, plug-in hybrid electric vehicles 

(PHEVs), etc.

 § Mobile devices: smartphones, personal 

computers (PCs), etc.

Possible scenarios

 § Self-production (and self-consumption) of 

electricity will be carried out, and a zero-

energy house will be realized, by adjusting 

supply and demand within the house through 

the recharging and discharging of storage 

batteries, and by transferring electricity through 

the power grid (see Figure 9).

 § The introduction of DC outlets will eliminate the 

need for AC adapters and AC/DC converters. 

As a result, DC outlets are expected to improve 

power efficiency, save resources during 

production, reduce costs, and reduce waste.

 § In the nursing care sector, power-assisted 

products for assistance are becoming smaller, 

lighter, and more sophisticated, while power-

assisted products that can be worn by both 

caretakers and assistants are also being 

introduced.
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Figure 8 | VSC for long distance bulk power 
transmission (WDD UHVDC in China)

Data: State Grid, China Southern Power Grid



4.7 Use case: Mobility by DC 
network (see Figure 10)

Background

 § Storage batteries for regulating household 

electricity supply and demand are used in 

combination with photovoltaics (PV). EVs and 

fuel cell vehicles (FCVs) are equipped with 

large capacity storage batteries.

 § Railway overhead lines supply DC power to 

trains.

 § Electric propulsion and hybrid ships are 

becoming more common, driving “the greening 

of shipping networks”.

 § As aircraft become more electrically powered, 

airport facilities and associated ground 

support vehicles and infrastructure, such 

as communication and navigation aids, are 

integrated into the DC network.

 § Electrical vehicles in general – an important 

example of where things are headed.

“The new sweet spot: 48V is the new 12V”

Carl R. Smith, Commercial Manager, 

Engineering and Customer Support, for 

Eaton eMobility believes, “48V will begin an 

initial adoption in the commercial truck and 

agriculture equipment markets within less than 

five years [8].” 
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Figure 9 | Zero-energy household (Source: buildingdoctors.com [7])



Possible scenarios

 § EVs and FCVs will not only function as 

vehicles, but also as the main energy storage 

points for consumers, as EV chargers will be 

able to support bi-directional power flows. 

This will enable them to respond to power 

convergence, infrastructure resilience, and 

disaster prevention or mitigation.

 § Effective use of regenerative energy by using 

regenerative power generated by railways to 

charge trolleybuses and electric buses that 

use DC.

 § Increasing the use of DC at ports and harbours, 

for example, by installing high-capacity 

charging facilities.

 § The use of electric power in aircraft will start 

with small, short-range, low-powered aircraft 

(i.e. low passenger count aircraft such as 

light sport aircraft, general aviation aircraft, 

helicopters, other vertical take-off and landing 

vehicles, and regional/commuter aircraft) and 

gradually move to large passenger aircraft.

 § The use of electric motorbikes and electric 

light vehicles on city streets will increase.

4.8 Use case: Data centres

Background

 § Power consumption in data centres has 

increased, and this trend is set to continue. 

Energy conservation and the use of renewable 

energy sources are required to reduce CO2 

emissions worldwide.

 § In data centres, servers, information and 

communication technology (ICT) equipment, 

lighting, HVAC, and batteries with built-in 

uninterrupted power supply (UPS), etc. are 

DC-driven.

 § In addition to preventing energy loss through 

AC/DC conversion, converting related power 

systems to DC will strengthen the resilience 

of the region by forming a DC grid that allows 

power to be shared with adjacent facilities and 

communities.

Possible scenarios

 § The assumption is made that data centres with 

a large number of DC-using equipment will be 

the first to convert to DC.

 § Starting from the DC data centre, the entire 

city block, including surrounding facilities and 

buildings, will be converted to DC, thereby 

reducing energy loss throughout the region 

(see Figure 11).
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Figure 10 | DC-power-enabled mobility

Figure 11 | DC-powered data centre



4.9 Use case: Aviation

Background

 § Everyone is familiar with EVs, but how about 

the second most common mode of long-

distance transportation: aviation? Where does 

the industry stand now, and how far has it 

come?

 § As an illustration of where things stand, or 

how new developments in aviation have 

been initiated, the following presents a brief 

example of a product that has been certified, 

commercialized, made available for sale, and 

is about to be put into everyday use at aviation 

schools and flying clubs.

 § In the summer of 2020, the 2-seat, battery-

powered Pipistrel Velis Electro (see Figure 12), 

designed and built in Slovenia, became the 

world’s first fully electric aircraft to receive type 

certification. In addition to this aircraft type 

certification, the Velis Electro’s 345DC electric 

powerplant was individually certified as well, 

meaning that the powerplant is now certified 

for use by other aircraft manufacturers.

Possible scenarios

 § In the meantime, a myriad of programmes 

are developing products that take a “middle 

of the road” approach, or hybrid systems 

that combine typical fuel-based engines and 

turbines with batteries, electric motors, fuel 

cells, hydrogen-based systems, and even solar 

photovoltaics (SPV for high altitude aircraft).

 § Aircraft DC electrical systems are typically DC 

14 V or 28 V, as well as 12 V and 24 V, standards 

based on the classical, legacy electrical power 

systems developed three quarters of a century 

ago. Note that large aircraft also utilize AC and 

higher power DC.

 § When electrical power sources on aircraft 

such as batteries, fuel cells, and other systems 

reach reasonable “energy densities”, that is, 

the amount of power (W/kW) supplied per 

weigh unit (lb or kg), the automotive trend to 

48 V will also be deployed in most, if not all, 

aircraft, depending on aircraft type.

 § Beyond the issue of voltages (whether LVDC 

or MVDC), technologies, and standards that 

will arise from the growing deployment of 
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Figure 12 | Velis Electro: world’s first certified fully electric aircraft and powerplant  
       (Source: Pipistrel [9]) 



electrical propulsion systems in aviation, a key 

aspect that electrical standardization bodies 

will need to address is the standardization and 

conformity assessment of technologies and 

systems that border the purely electrical side 

of aviation propulsion systems with the side of 

the energy source – the fuel cells – whether 

these energy sources are hydrogen, ammonia, 

and other “clean”’ sources of energy in systems 

that primarily do not rely on batteries.

4.10 DC in public infrastructure

Background

 § With the increase of the distributed energy 

resources (DER), presence of EVs in the 

cities requires reconsideration of the actual 

city infrastructure. At the same time, the 

demands to increase sustainability of the city’s 

infrastructure are increasing rapidly.

 § New concepts of the charging car/bus station 

are disrupting the classical understanding 

concerning the presence of vehicles. Vehicle-

to-grid (V2G), whereby the car can be 

considered as a form of dispatchable energy 

storage is already a reality these days. Public 

lighting, which currently is mainly served 

via LED lamps, can be fully and, moreover, 

naturally powered with DC. DC will dramatically 

reduce the costs of installation complexity: 

smaller cable diameters (in comparison to 

the conventional AC) transported on longer 

distance with less losses.

 § The example of sustainable public lighting 

is already a reality in The Netherlands. The 

provincial road N470 (see Figure 13) is a project 

which involves multiple partners. The electrical 

LVDC distribution has been designed with DC 

Systems BV products [10]. It is the first road 

which has been renovated entirely in a CO2-

negative manner and which generates its own 

energy for lighting and traffic signals. 

 § The N470 is the first to be equipped with a 

self-sufficient energy system. The energy 

wall is a noise barrier that also produces 

100 kW energy via solar panels embedded 

in the screen's glass plates. The generated 

energy can be used directly to power 332 

lights and 225 traffic lights further down the 

road. The LiFePo4 battery energy storage 

has a 1 MWh capacity with which to store the 

energy collected from solar panels during the 

day and deliver the energy at night-time. The 

system is powered by a single LVDC cable 

that runs for 4,7 kilometres with a voltage of 

700 VDC. On one side it is connected to the 

AC side, however the system is capable of 

operating in “islanded mode” if the AC grid 

is not available. The power management and 

operation of this LVDC system is realized with 

Current/OS protocols. 

The above system represents one of the most 

important examples of a commercial project that 

involves public infrastructure, while concurrently 

decreasing CO2 footprints.
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Figure 13 | Sustainable public lighting in The Netherlands: road N470 (Source: DC Systems [10]) 
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5.1 Analysis – Current vs future

Table 1 provides an overall perspective of what industry is capable of providing today compared to what 

industry, and society, seek to accomplish in 2030.

Table 1 | Overall perspectives: current vs future

Category Current situation Expectation in 2030 

“What do we want to be able to do?” 

~ 2035 baseline ~

Low voltage DC Homes

 § AC powered, with limited EV 
and PV

 § Electricity generated by 

individuals is consumed by 

themselves

 § AC outlets are the 

mainstream

Homes

 § Autonomous homes, net-zero emissions, 

energy communities, ancillary services

 § Individuals can freely buy and sell the 

electricity they generate 

 § The introduction of DC outlets will 

eliminate the need for AC adapters and 

AC/DC converters 

Commercial and industrial 

buildings

 § Are turning into microgrids 

that enable optimized 

integration of renewables, 

tariff management and 

increased resiliency

Commercial and industrial buildings

 § Net-zero energy prosumers with limited 

impact on the grid, ancillary services

 § Smart campus and districts

Date centres

 § Electro intensive market very 

sensitive to energy efficiency 

and energy availability

Data centres

 § Efficient and green data centres 

combining renewables, smart energy 

sourcing and zero emissions backup 

power.
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Mobility

 § Gas engine mobility 

predominates with growing 

market on EVs

 § Marine and aircraft rely on 

fossil energies

 § Regenerative power 

generated by the railroad is 

used by the railroad

Mobility

 § All new cars are electric. Fast charge 

on transit. Smart bidirectional charge at 

destination

 § EVs and FCVs will not only function as 

vehicles, but also as the main energy 

storage points for consumers, as EV 

chargers will be able to support bi-

directional power flows

 § Zero carbon power at port 

 § Effective use of regenerative energy by 

using regenerative power generated 

by railways to charge trolleybuses and 

electric buses that use DC

 § Electric aircraft for personal usage and 

domestic flights.

 § All-electric general aviation, regional/

commuter, commercial narrowbody 

("single aisle") and widebody ("twin 

aisle") aircraft based on LVDC systems 

(MVDC, where applicable) that not only 

achieve "zero emissions" and do not 

pollute, but are inherently safer in the 

case of accidents or crashes, having no 

flammable fuel on board

Industry

 § Capacity sized to maximum 

power. Limited energy 

harvesting coming from 

robots

Industry

 § Energy harvesting from robots, enabling 

facility power capacity optimization

Infrastructure

 § Traffic lights and street lights 

are powered by an external 

source

Infrastructure

 § Traffic lights and street lamps are self-

sufficient power sources
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Medium voltage DC Grid management

 § In a meshed AC MV 

network, it is not possible to 

control power flows

Grid management

 § With DC links, it will be possible to 

reinforce existing networks and control 

power flows

DER integration/flexibility

 § Renewable energy is 

becoming more and more 

popular

 § Distant renewables 

integration at grid scale

 § The consumer cannot 

choose the power source for 

the electricity used

 § EV integration

 § Grid expansion

DER integration/flexibility

 § Many renewable energies are connected 

to the grid

 § Facilitate distant DER connection to the 

grid with DC line

 § Consider flexibility exposed by prosumers

 § The consumer can choose the power 

source of the electricity used. For 

example, renewable energy or not

 § Combine distribution management 

system (DMS) and prosumers/V2G/DER 

flexibility

 § Support grid expansion with power 

management strategies

Mobility

 § Airplanes are engine driven

Mobility

 § Electric aircraft 

 § All-electric commercial narrowbody 

("single aisle") and widebody ("twin 

aisle") aircraft that not only achieve "zero 

emissions" and do not pollute, but are 

inherently safer in the case of accidents 

or crashes, having no flammable fuel on 

board

High voltage DC  § AC power transmission is 

the mainstream

 § DC power transmission is the mainstream
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5.2 Analysis – Current tools and standardization/conformity assessment 
activities

Table 2 outlines the current set of enabling technologies and the related standardization and conformity 

assessment (CA) work within the IEC. 

Table 2 | Current tools and standardization/conformity assessment activities in IEC

Category Enabling technologies, etc. Related and existing 

standardization/CA activities

Low voltage DC Political & environmental side

 § Decarbonization, zero carbon 
emission regulation in some 

countries which are supported 

with governmental subsidies

Electrical installations and 

protection – TC 64

LVDC – SyC LVDC

Power distribution – ACTAD

Lighting – TC 34, TC 97

Solar photovoltaic – TC 82

G2V and V2G – TC 69

Outlet – TC 23/SC 23H

Circuit breaker – TC 23/SC 23E

Grid integration of renewable energy – 

TC 8/SC 8A

Distributed energy resources – 

TC 8/SC 8B, TC 57

Smart meter – TC 13

Wind energy – TC 88

Network management – TC 8/SC 8C

Ships – TC 18

Standardize voltage levels

Standardize converters behaviour

Prosumer standard

Standards for protection

 § Overcurrent

 § Electric shock

 § Overvoltage 

 § Thermal effect and arcs

Tech side

 § Energy management system

 § DC power distribution system 

 § DC circuit breaker

 § Electrical power/energy transfer 

between EV and supply network 

(G2V and V2G)

 § Power generation device 

 § Energy storage device

 § DC home appliances 

 § Power conversion, static/hybrid 

breaking, batteries, residual 

current devices (RCD), DC, DC 

metering 

Applications/use cases

 § Homes, commercial and 

industrial buildings, data 

centres, mobility, industry, 

infrastructure

Challenges

 § Cost, profitable use cases, 

people and infrastructure 

protection, interoperability
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Opportunities

 § Prosumer with decarbonized 
onsite generation, resiliency 

capabilities, and smart energy 

management enabling net zero 

energy and ancillary services

 § EV will contribute to 

decarbonize, vehicle-to-

everything (V2X) will bring 

additional flexibility to manage 

grid congestion

Medium voltage DC Applications/use cases

 § MVDC campus/districts, long 

distance DER connection, DC 

link in distribution networks, AC 

cables retrofit into DC cables

Power distribution – ACTAD

Circuit breaker – TC 17

Grid integration of renewable energy – 

TC 8/SC 8A

Distributed energy resources – 

TC 8/SC 8B, TC 57

Wind energy – TC 88

Network management – TC 8/SC 8C

High voltage electrical power 

installations – TC 99

Standardize voltage levels

Standardize converters behaviour

Prosumer standard

Standards for protection

 § Overcurrent 

 § Electric shock

 § Overvoltage 

 § Thermal effect and arcs

Challenges

 § Renewables integration, 
bidirectional flows, grid 

expansion, cost, reliability

Opportunities

 § Prosumer flexibility to support 
system

 § Active/reactive power 

management

 § Controllability of power flows/

grid congestion

Technologies

 § Same as LVDC + interlink 

converter (bidirectional AC/DC)

 § Solid state transformer

High voltage DC Applications/use cases

 § Design aspects, technical 

requirements, construction and 

commissioning, reliability and 

availability, and operation and 

maintenance
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Challenges

 § The design and manufacturing 

of ±800 kV and above HVDC 

transmission equipment

 § Higher requirement for 

environment-friendliness

HVDC systems – TC 115

Environmental – TC 111

Opportunities

 § DC technical advantages 

improve the extension of the 

existing AC power systems

HVDC systems – TC 115

Technologies

 § New cable technology. High 
power transfer capacity 

requirement coupled with long 

distance HVDC submarine cable 

necessitates the use of new 

cable technology

 § HVDC transmission has 

imposed more stringent 

requirements on insulation of 

the line insulator

Cables – TC 20

Insulators – TC 36
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5.3 Analysis – Discovering the gaps

Table 3 is dedicated to identifying the gaps between the capabilities, technologies, and applications that 

industry and society seek to acquire in 2030, and the limits in capabilities to which these same industries are 

currently subject.

Table 3 | Discovering the gaps

Category Perceived gap = Expectation in 2035 – Current situation

Low voltage DC  § Currently, a showstopper for the further development 

and establishment of MVDC grids is the lack of specific 

standardization related to their operation, performance and 

safety

Medium voltage DC  § Technology is needed to connect renewable energy generation 

with energy storage devices and DC loads to adjust for 

fluctuations in generation, and to manage and control the 

balance between electricity supply and demand

 § MVDC circuit breakers, DC/DC converters

 § DC home appliances, DC building systems

 § Standards and MVDC grid code

 § Change of mindset to one in which DC is seen as a power 

source that contains inherent solutions
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This trend report has focused on the potential 

evolution of power distribution with the clear 

growth of loads and sources that are functioning 

in DC. The analysis has intentionally been kept at a 

very holistic level touching HV, MV and LV.

For each level, the current situation, technological 

readiness and standardization status have been 

identified. The report then focussed on existing use 

cases for each level, with the aim of demonstrating 

that DC applications are already adopted and safe.

The trends and the factual data covered in this 

report show different situations for the three levels:

 § HVDC is technologically mature and historically 

already adopted. Indeed the main conclusion 

that can be assumed is an acceleration of 

HVDC adoption globally.

 § MVDC is not fully technologically mature and 

questions still exist concerning its adoption. 

Future architectures that move the protection 

functions in different current device solutions 

could be an enabler for this transformation. 

Standardization related to performance and 

safety will be key.

 § LVDC is technologically ready, a quick evolution 

in the standards is already in place and, clearly, 

the fast growth of EV, PV and battery storage 

solutions is pushing for a quick adoption of the 

hybrid AC/DC power distribution systems. 

As an overall conclusion, we recommend an even 

stronger acceleration of the evolution of LVDC 

standards to keep up with market demand, and a 

deeper investigation of MVDC architectures. Not 

included in this report is an analysis also covering 

dependency on the availability of electronics 

components and potential social and geo-political 

evolutions.

NOTE This report recognizes that there is work 

taking place in SyC LVDC, and any future 

acceleration of LVDC standards should be 

coordinated.
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