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Executive Summary 
When the distribution of electricity was first enabled in the late 19th century, there 
was the so-called “Battle of Currents” between proponents who advocated for 
supplying and distributing electricity with Direct Current (DC) and those who 
advocated for Alternating Current (AC). Thomas Edison envisaged local DC grids 
where the generation was always close to the load. At the same time, George 
Westinghouse and Nikola Tesla saw a future with large centralized power 
generating stations. Both sides tried to exert their influence to convince the public 
and the authorities their system was superior. AC eventually won the battle 
mainly because the invention of the transformer enabled electricity to be 
transported over a long distance at a high voltage. This resulted in making AC 
more economical to transmit compared to DC supply, which was limited to 
distribution within a mile from a power generating station. 

AC power supply and distribution was the right choice for the time. The primary 
bulk loads of the electricity network, which included incandescent lighting and 
motors, used AC as their operating current.  It was not until the late 1940’s that 
DC-native devices such as semi-conductors were invented and many years later 
before DC equipment became commonplace throughout the built environment.  

Within our current AC world, there are several unstoppable trends in the built 
environment that are once again raising the question, ‘Was Thomas Edison right’?  
These trends are demonstrating that the way in which we generate and consume 
energy locally is changing.  Such changes include increasing penetrations of DC-
native generation/supply including renewable energy and energy storage dispatch 
as well as steep growth in DC-native demand including consumer electronics, 
computing, electric vehicle and stationary energy storage charging.  

The purpose of this scoping study report is to inform the U.S. Department of 
Energy (DoE) and other public interest research funding programs on 
opportunities related to DC Power in the built environment in light of these trends, 
and to assist with future planning and policy-making.  Within the context of the 
built environment, residential and commercial buildings are the primary focus of 
this report.  
 
The goals of this scoping study are as follows: 

1. Summarize the research and other work completed to date that evaluates 
and quantifies the value proposition (benefits and costs) of Direct Current 
(DC) vs. Alternating Current (AC) power in buildings. 

2. Calculate, at a high level, the savings potential of implementing new 
priority DC power applications in the U.S. residential and commercial 
built environment.  

3. Summarize the additional non-energy benefits resulting from the use of 
DC Power to determine if more rapid adoption should be encouraged. 

4. Summarize the technical or human barriers to mass adoption of DC 
systems in the United States. 
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5. Identify opportunities for public interest energy research funding in 
helping to achieve the savings. Identify the opportunities for 
demonstration projects, and what specific technical and political 
considerations the DoE should keep in mind. 

 
DC power can contribute towards the DoE’s building energy goals by reducing 
building energy demand. For new build residential and commercial applications, 
transitioning to DC power distribution has been shown to be cost effective in the 
research completed to date. It is recommended that demonstration projects be 
implemented to demonstrate these technologies, prioritizing lighting, electronic, 
communication, and motor loads. Benchmarking best in class DC technology 
against best in class AC devices is needed to better quantify energy performance 
for the various systems.  Further, an accepted methodology for total cost of 
ownership or life cycle cost analysis of the competing technologies would provide 
stakeholders with the tools required to make informed technology decisions for 
various building types and applications.     

The case for DC power in the existing building stock is not as clear. The Study 
Team found no detailed research that has been performed to date that clearly 
demonstrates the cost effectiveness for retrofit applications in order to reduce the 
energy consumption or demand of an existing building. That said, millions of U.S. 
buildings already use standard DC power in the form of USB and Power-over-
Ethernet; these technologies are convenient and also provide high-capacity 
communications on the same cable. The Study Team recommends that further 
research be performed to fill this knowledge gap, in particular, to better 
understand retrofit costs and how DC is already used today in existing buildings. 

Within the existing building stock, the biggest opportunity is likely to come from 
replacing old inefficient end use loads with new DC-internal technologies that can 
operate on the existing AC wiring system. In addition opportunities may exist to 
implement modular DC systems which can operate on the existing AC system. 
Examples of such technologies would include high efficiency DC motors and 
variable frequency drives for air conditioning and refrigeration loads, the use of 
wide band gap semiconductors for equipment power supplies along with native-
DC lighting which is already well underway.  

Research that explores the potential benefits, costs and challenges to deploying 
local DC grids or ‘microgrids’ is also needed.  A local DC grid microgrid would 
go beyond building envelope research to better understand the role of buildings, 
DC power and DC microgrids to support the grid itself: help balance supply and 
demand, and interact with other local microgrids, end-use devices, and local 
generation.  A local DC microgrid can also provide reliable power for buildings 
that lack a large central backup power system. 

While a significant body of research has already been compiled on the benefits 
and opportunities of DC power in data center applications, the Study Team 
recommends that DC data centers be further demonstrated against best in class 
AC systems to determine which technology provides the most benefit. This 



Department of Energy - Building Technologies Office Direct Current Scoping Study 
Opportunities for Direct Current Power in the Built Environment 

 

Prepared for Pacific Gas and Electric, on behalf of the Department of Energy Building Technologies Office | Issue | May 6, 
2014  

Page 4 
 

analysis should consider both the energy saving benefits and also the reliability 
and power quality benefits which are just as important to data center operators.  

Finally, the Study Team recommends that a DC regulatory roadmap be developed 
to identify policy changes that are needed to accelerate the implementation of DC 
infrastructure in buildings where it makes sense. The roadmap should consider: 
hybrid buildings, the role of the utility in DC power provision and storage, a 
standard cost effectiveness tool to aid in policy making, the role of high efficiency 
DC based appliances and of course, prioritization of regulatory roadmap issues 
based on the DC Power applications that are likely to yield the largest efficiency 
benefits across both new and existing buildings.  
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1 Report and Scoping Study Objectives  

1.1 Objectives  
The purpose of this scoping study report is to inform the U.S. Department of 
Energy (DoE) and other public interest research funding programs on 
opportunities related to DC Power in the built environment, and to inform future 
planning and policy-making.  Residential and commercial buildings are the 
primary focus of this report, within the context of the ‘built environment’.      
 
Key questions that this report seeks to address include:  

1. What research and other work have been completed that evaluates and 
quantifies the value proposition (benefits and costs) of Direct Current 
(DC) vs. Alternating Current (AC) power in buildings? 

2. Based on this research to date, what is the savings potential of 
implementing new priority DC power applications in the U.S. residential 
and commercial built environment?  Can DC power contribute 
significantly to existing DoE goals?  

3. Are there additional benefits from the use of DC Power that would suggest 
that a more rapid adoption should be encouraged? 

4. What are the technical or human factor barriers to adoption of DC Power? 
5. What is the role of public interest energy research funding in helping to 

achieve adoption and the savings?  What are the opportunities for 
demonstration projects, and what specific technical and political 
considerations should the DoE keep in mind that commercial research and 
development may not address?  
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1.2 Methodology 
This scoping document employs a three-stage process to provide the results and 
conclusions contained within this report.  

The Bonneville Power Administration sponsored Technology Roadmap, listed in 
Table 1 was used as a starting point to determine a baseline for this scoping study. 
A further literature review was carried out to determine the research that has been 
conducted with regard to DC power in the built environment including supply and 
end uses. This scoping document is intended to leverage and build upon existing 
work on DC power. 

A workshop was held in February, 2014 to bring global stakeholders together. The 
workshop covered two broad themes: (1) identify the best value opportunities for 
DC power in the built environment and (2) define what public interest research is 
required to enable these DC power opportunities.     

Finally, applying the existing research and the results of the workshop, high-level 
estimations for the total energy savings of implementing DC power have been 
calculated and presented. The aim of this estimation is to allow the DoE to 
determine if DC power is a priority application for further investigation.   

The key research that has been carried out to date is summarized below. A full list 
of reference documents is included in the bibliography (Appendix C).   

 

Table 1: Key References Research 
Report: National Energy Efficiency Technology Roadmap, March 2013 – Bonneville Power 
Administration Sponsored 
 
Subject Overview:  Provides technical roadmap that details barriers to reaching higher levels of 
efficiency with building systems.  
 
Link: http://www.bpa.gov/energy/n/emerging_technology/pdf/EE_Tech_RM_Portfolio.pdf 
 
Article: DC, Come Home, Brian Patterson, IEEE December 2012 
 
Subject Overview:  Describes a DC microgrid, the components and the advantages such a system 
may offer.    
 
Link: http://sites.ieee.org/pes-enews/2012/11/02/dc-come-home/ 
 
Report: Pacific Gas and Electric Company - Zero Net Energy Program 
DC Distribution Market, Benefits, and Opportunities in Residential and 
Commercial Buildings, October 2013 
 
Subject Overview:  Survey report on the state of the DC industry with basic industry statistics. 
Summarizes potential benefits and challenges with DC power systems.  Summarizes pilot projects 

http://www.bpa.gov/energy/n/emerging_technology/pdf/EE_Tech_RM_Portfolio.pdf
http://sites.ieee.org/pes-enews/2012/11/02/dc-come-home/
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done to date and barriers needing to be addressed for further advancement of DC technologies.   
Link:  
http://www.xergyconsulting.com/wp-content/uploads/2013/09/Dc-Distrib_Final-
Report_FINAL_30Oct2012.pdf 
 
Report: Catalog of DC Appliances and Power Systems , Karina Garbesi, Vagelis Vossos, and 
Hongxia Shen Contributions: Jonathon Taylor and Gabriel Burch 
Energy Analysis Department Environmental Energy Technologies Division 
Lawrence Berkeley National Laboratory 
 
Subject Overview:  Summary of end use DC appliances along with overviews of research and 
demonstration projects done with a synopsis of results.  
 
Link: http://eetd.lbl.gov/sites/all/files/catalog_of_dc_appliances_and_power_systems_lbnl-
5364e.pdf 
 
Article: DJ Hammerstrom. 2007. AC Versus DC Distribution Systems—Did We Get it Right? 
Conference paper presented at the  IEEE Power Engineering Society General Meeting, Tampa, 
Florida, June 24, 2007.  
 
Subject Overview:  Addressed the conversion efficiency costs of adopting various premise AC and 
DC distribution system topologies. 
 
Link: http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=4275896. 
 
White Paper – EPRI DC Power Production, Delivery and Utilization 
 
Subject Overview:  Broad survey of potential DC transmission, distribution and end uses.     
 
Link:http://mydocs.epri.com/docs/CorporateDocuments/WhitePapers/EPRI_DCpower_June2
006.pdf 
 
Report: Thomas et al., 2012, “Edison Revisited: Should we use DC circuits for lighting in 
commercial buildings?,” Energy Policy 45, pp. 399-411. 
 
Subject Overview: Examines the economic feasibility of DC circuits for commercial building 
lighting systems that are powered either by central power supplies and traditional AC grid 
electricity or by on-site solar photovoltaic (PV) arrays, with or without battery back-up 
 
Link: http://www.andrew.cmu.edu/user/sgradeck/DOCS/Edison%20rev.pdf 
 
 
 
 
Report: Vossos et al., 2014, “Energy savings from direct-DC in U.S. residential buildings,” Energy 
and Buildings 68, pp. 223-231. 
 

http://www.xergyconsulting.com/wp-content/uploads/2013/09/Dc-Distrib_Final-Report_FINAL_30Oct2012.pdf
http://www.xergyconsulting.com/wp-content/uploads/2013/09/Dc-Distrib_Final-Report_FINAL_30Oct2012.pdf
http://eetd.lbl.gov/sites/all/files/catalog_of_dc_appliances_and_power_systems_lbnl-5364e.pdf
http://eetd.lbl.gov/sites/all/files/catalog_of_dc_appliances_and_power_systems_lbnl-5364e.pdf
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=4275896
http://mydocs.epri.com/docs/CorporateDocuments/WhitePapers/EPRI_DCpower_June2006.pdf
http://mydocs.epri.com/docs/CorporateDocuments/WhitePapers/EPRI_DCpower_June2006.pdf
http://www.andrew.cmu.edu/user/sgradeck/DOCS/Edison%20rev.pdf
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Subject Overview: Analysis of savings from DC power in residential buildings.   
 
Link: http://eetd.lbl.gov/publications/optimizing-energy-savings-direct-dc-us-residential-buildings 
 
Report: Rasmussen & Spitaels, “A Quantitative Comparison of High Efficiency AC vs. DC Power 
Distribution for Data Centers,” White Paper 127, Schneider Electric, available at  
 
Subject Overview: Comparison of AC and DC data center designs and the efficiency differences 
between them.  
 
Link https://www.schneider-electric.com/tools/registration/promo/bw/en/getpromo/38859P 
 

 

1.3 Workshop 
International stakeholder input was gathered at a workshop focused on the DC 
Power Opportunities in Buildings that was held at the Sacramento Municipal 
Utility District’s (SMUD) headquarters, 6301 S Street, Sacramento, CA 95817 on 
February 25-26, 2014.  
 
The objectives for the workshop are listed below: 
 

• Identify the advantages and disadvantages of DC powered systems 
compared to traditional AC powered systems. 
 

• Identify the highest priority opportunities related to DC power focusing 
primarily on the built environment.  

 
• Conceptually identify the value proposition (benefits and costs) of these 

applications, including the impact of wide band gap-based devices, such as 
AC/DC power converters.  

 
• Perform high level scoping of advantages and disadvantages including the 

primary energy savings potential of moving to DC power in residential 
and commercial buildings. 

 
• Identify the cost implications of switching to DC power in existing or new 

buildings. 
 

• Identify and prioritize the pathway forward for DC power research and 
deployment and in particular, the role of public interest programs to 

http://eetd.lbl.gov/publications/optimizing-energy-savings-direct-dc-us-residential-buildings
https://www.schneider-electric.com/tools/registration/promo/bw/en/getpromo/38859P
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evaluate the alternatives, investigate standards, and if judged to be 
beneficial, develop strategies to overcome key barriers. 

1.3.1 Attendees 
The workshop was attended by 50 people from a diverse cross section of 
interested global stakeholders, including 
 

• Department of Energy:  Building Technologies Office, Smart Grids 
• Building owners 
• Construction companies 
• Consultants 
• Energy companies 
• Engineers 
• Government agencies 
• Manufacturers 
• Regulators 
• National Laboratories 
• State agencies 
• Technology providers 
• Universities  
• Electric Utilities (investor owned and municipal) 
• Japanese communications company 

 
For a complete list of workshop attendees, please refer to Appendix A.  
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2 Building Energy Use 

2.1 Introduction 
The purpose of this section is to quantify the base line energy use in the U.S. 
(2010 values) and also define where the power is used in the built environment. 
The aim is to identify where energy is being expended in buildings in order to 
target and quantify the high value opportunities where applications of DC power 
efficiency savings can deliver the most benefits.  

A goal of the Department of Energy (DoE) Building Technologies Office (BTO) 
is to reduce primary building energy use by 50% by 2030, compared to the 
business-as-usual (BAU) energy consumption projected by the 2010 Annual 
Energy Outlook (U.S. EIA, 2011)  

According to the Annual Energy Review (U.S. EIA, 2011), in 2010 the U.S. 
consumed approximately 98 quadrillion BTU (quads of primary energy). Building 
end uses represent 42% of the total energy consumed, or 41 quads, of which 29 
quads are building electricity consumption. The BTO’s target is to reduce overall 
building energy consumption to 20.5 quads by 2030.  

Figure 1: DoE Energy Reduction Goals 

                             Source: DoE 
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The BTO has identified key technologies, termed Emerging Technologies, which 
are expected to deliver significant building energy use reductions over the period 
2010 – 2030. These technologies are working on improvements to the following: 

• Building envelope, e.g. windows and facades 

• Appliances, e.g. advanced refrigeration 

• Heating, ventilation and air conditioning improvements 

• Water heating e.g. air source heat pumping 

• Lighting, e.g. solid state lighting 

• Sensors and controls 

Figure 2 shows the contribution that each technology improvement is expected to 
make. The top solid black line is the baseline primary energy use data. The 
expected energy savings over time from each technology segment is then shown 
in order to arrive at the total energy savings over time, which is shown in the 
black dotted line. Summing all of these technology savings up results in a primary 
energy use saving of approximately 50%.  

 

Figure 2: DoE Emerging Technology Energy Reduction 

 

Source: DoE 
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2.2 Why Consider DC Power? 

2.2.1 Context 
Was Thomas Edison right?  

When the distribution of electricity was first enabled in the 19th century, there 
was the so-called “Battle of Currents” between the proponents of supplying and 
distributing electricity with Direct Current (DC) or Alternating Current (AC). 
Thomas Edison envisaged local DC grids where the generation was always close 
to the load. Meanwhile, George Westinghouse and Nikola Tesla saw a future with 
large centralized power generating stations..  The dispute was actually a “Battle of 
the Systems” as AC and DC were embodied in constellations of technologies for 
producing, distributing, and consuming power.  Both sides tried to exert their 
influence to convince the public and the authorities that their system was superior. 
AC eventually won the battle mainly because the invention of the transformer 
enabled electricity to be transported over a long distance at a high voltage. This 
resulted in making AC more economical to transmit compared to DC supply, 
which was limited to distribution within a mile from a power station. 

AC power supply and distribution was the right choice in the 19th century. Motors, 
one of the primary bulk loads of an electricity network, used AC as their operating 
current. At the time it was also very inefficient to change the voltage of DC.  
Thus, if there were differing voltage requirements for appliances, conversion to 
different DC voltages was performed very inefficiently. Also, prominent uses of 
DC such as powering electric streetcars represented a small portion of overall 
consumption. It was not until the late 1940’s that native-DC devices, such as 
semi-conductors, were invented and many years later before DC equipment 
became commonplace throughout the built environment.  

It is important to note that since the 1970’s, High Voltage DC (HVDC) (100 kV – 
60 0kV) power transmission lines have started to be deployed. Traditionally, 
HVDC was only economical in specialized applications such as submarine cables 
and at distances of over 400 miles (PG&E, 2012) but falling capital costs are 
making HVDC an attractive choice over shorter distances also. HVDC 
transmission provides a means for bulk transmission between two distant or 
submarine points, but the HVDC transmission lines do not yet have the ability to 
supply many intermediate locations, as is readily achieved by transformers in an 
AC transmission line system and therefore AC transmission is still the 
transmission medium of choice for the majority of applications.  

Within our current AC world, there are several unstoppable trends in the built 
environment that are once again raising the question, ‘Was Thomas Edison right’?  
These trends represent fundamental changes in the way energy is generated and 
consumed. Unlike the past, distributing DC power within buildings does not 
require that the grid itself switch from distributing AC, so a hybrid model that 
utilizes AC transmission and distribution is possible along with DC power in 



Department of Energy - Building Technologies Office Direct Current Scoping Study 
Opportunities for Direct Current Power in the Built Environment 

 

Prepared for Pacific Gas and Electric, on behalf of the Department of Energy Building Technologies Office | Issue | May 6, 
2014  

Page 13 
 

buildings.  Indeed, some distribution of standard DC occurs today; the question is 
whether it can and should be dramatically scaled up. 

This scoping document examines whether or not the energy issues listed below 
make DC power an attractive alternative to AC in the built environment, defines 
situations where DC power may be the optimum current choice, and discusses 
how public interest research funding can accelerate these efficiency gains.  

• Growing adoption of renewable and other sources generating or 
dispatching DC power 

• Most end uses are DC or could easily be designed for DC 
• Wasteful conversion processes 
• Power quality improvement 
• Standardization 
• Digitally managing power distribution 
• Integrating energy storage 
• Goal of Net-Zero and Net-Zero-Ready Buildings 

2.2.2 Changing Nature of Supply 
A large portion of new generation is transitioning from large centralized AC 
generating stations to distributed renewable DC generation sources, such as solar, 
wind1 and fuel cells. Distributed generation is often installed at the building level, 
using roof space or plant space to house the generating station. These generation 
sources generate DC electricity and today’s generation sources use conversion 
processes, such as inverters, to change this electricity from DC to AC for 
interconnection to loads, reducing the efficiency of these systems by 4.5%2 
(California Energy Commission, 2014).  
 
Already the percentage of U.S. load being served by distributed generation has 
climbed from 9% to 13% between 2000 and 2013 and this percentage is 
forecasted to further increase annually (Figure 4). (U.S. EIA, 2014) 
 

                                                 
1 Not all wind turbines are native DC. They often produce variable AC power, which is rectified to 
DC before converting back to AC. Therefore for DC integration these devices omit a conversion 
stage.   
2 The average weighted efficiency of the 1,820 inverters on the California Energy Commission’s 
Eligible Inverter list as of March 5, 2014 is 95.5% 
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Figure 3: U.S. Renewable Generation Output 

Source:  (U.S. EIA, 2014) 

 

Additionally, customer-sited, or microgrid-sited grid connected stationary energy 
storage has the potential to provide DC-supply to buildings. The source of this 
electricity can either come from the grid itself or onsite distributed generation 
from renewables.   The benefit of the onsite energy storage would be to shift 
energy and capacity from one time period to another time period of higher value, 
and this benefit would be amplified if the source of the energy were natively DC 
(e.g. distributed solar) and stored into the onsite energy storage without 
conversion to AC and back to DC again. Estimates for this efficiency benefit can 
be found in Sections 4.1 and 5.1, below.   

2.3 Changing Nature of Demand 
Electronic devices in homes and offices operate on DC power internally. Each of 
these devices, such as computers, games consoles, cell phone chargers, televisions 
and routers all convert AC energy supplied from the grid or renewable generation 
to DC within the device. Within a typical building, there are multiple conversions 
of AC-DC at various voltages. Linear and Switched Mode Power Supplies 
(SMPS) are used at the individual device level. A linear power supply may have 
an efficiency ranging between 30-40%, while a SMPS has a typical efficiency 
range of 50 – 85%. Eliminating these devices by supplying end loads with DC 
power will reduce these conversion losses. However it should be noted that new 
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design power supplies are much more efficient and examples of this improvement 
are provided later in this report.  

There are hundreds of millions of devices in the U.S. today that use standard DC 
with communications in the form of USB, Power-over-Ethernet, HDBase-T, and 
other standards that include both data and DC power on the same cable. However, 
these all use power that is AC upstream of the DC device. 

Lighting is transitioning from inefficient AC native lighting such as magnetic 
ballast T12 lighting to advanced fluorescent and LED lighting, both DC-native 
forms of lighting. Navigant Consulting, Inc. (Ashe; Chwastyk; de Monasterio; 
Gupta; Pegors, 2012) state:  

“In the residential sector, the most obvious trend is seen in the transition 
from general service incandescent lamps (decreasing from 79 percent in 
2001 to 52 percent in 2010) to screw-base general service CFLs 
(increasing from 2 percent in 2001 to 19 percent in 2010).  

“In the commercial sector, the most evident trend is seen in the migration 
from T12 linear fluorescent lamps to T8 and T5 linear fluorescent lamps. 
In 2001, T8 lamps comprised less than 34 percent of the commercial 
installed base of linear fluorescent lamps, with the remaining base being 
overwhelmingly T12 lamps. In contrast, in 2010, T5s, T8s, and T12s 
constituted 7 percent, 61 percent, and 33 percent of the installed base of 
linear fluorescent lamps, respectively.” 

Data Centers have emerged as a significant source of new load over the last 
decade.  Nippon Telegraph and Telephone (NTT) cites large anticipated new load 
from cloud computing as a key driver of their investment in DC power systems.  

As shown in Figure 5, cloud computing is a significant global load, and in 2007 
cloud computing consumed more electricity than the entire electricity 
consumption of India. NTT estimates that cloud computing load will increase to 
1,963 TWh in the year 2020.  
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Figure 4: 2007 Annual Electricity Consumption  

Source: Greenpeace 

 

Finally, another key source of DC load for buildings is stationary, grid connected, 
behind the meter energy storage, as well as electric and hybrid vehicle charging.  

In October 2013 the California Public Utilities Commission unanimously 
approved a final decision requiring 200 MW of customer sited energy storage to 
be procured by the state’s three investor owned utilities and installed by 2024.3  
The  state’s existing behind-the-meter incentive program, the Self Generation 
Incentive Program, provides buy down rebates for customer and third party owned 
distributed generation and storage systems.  As of January 2014, there were nearly 
800 applications for behind-the-meter energy storage under this program, 
representing approximately 35 MW of dispatchable building load, and 
approximately 3 MW already installed and operating.   In the north east, behind-
the-meter energy storage systems are being deployed to provide peak load 
reduction services and to generate revenue in the ancillary services markets. In 
Germany, there have been approximately 6,000 behind-the-meter energy storage 
systems installed with rooftop PV, only half of which are supported by 
government incentives.  Similar programs in Japan for behind-the-meter lithium 
ion batteries are driving customer adoption. While early, and largely regulatory 
driven, behind-the-meter energy storage (another native DC device) is a clear and 
growing trend for the future, capable of providing both native-DC load as well as 
native-DC supply.  

Behind-the-meter energy storage can provide multiple services, including peak 
load reduction, energy shifting (arbitrage), emergency backup, and when not 
performing those functions, behind-the-meter energy storage can also be 
aggregated and provide valuable ancillary services to the wholesale market such 
as frequency regulation and spinning reserve.  

                                                 
3 Decision Adopting Energy Storage Procurement Framework and Design Program D.13-10-040 
October 17, 2013 from Rulemaking 10-12-007 
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Many systems are being installed today to mitigate demand charges from onsite 
high voltage ‘quick’ electric vehicle (EV) charging stations. In this use case, 
stationary energy storage can ‘trickle charge’ overnight and dispatches coincident 
with the high power EV charging demand, minimizing the instantaneous power 
demand to the utility and the end users electric bill.  The batteries on board the EV 
itself represent both a new DC-native load and source. While use cases and 
ownership models are still being finalized for behind-the-meter energy storage 
and EV charging, it is clear that this trend will only accelerate. As it does, this 
provides a key opportunity for DC power, both as a DC-native power generation 
(dispatch) resource and as a DC-native load.  Energy storage’s uniquely flexible 
response time and duration make it well suited to help integrate other onsite 
generation and loads for local microgrid balancing and optimization.  

The transformation of the transportation sector will have a profound impact on 
building and overall grid loads going forward.  While this load may be accounted 
for within the transportation sector of DoE’s planning, these loads will represent 
new DC-native load growth in the system overall, much of which is likely to be 
realized behind the meter, as a new building load. According to the U.S. Energy 
Information Administration, in 2011 there were nearly 11 million alternative fuel 
vehicles in the U.S.4  As reported in their 2013 Annual Energy Outlook, the 2011 
electricity consumption of light duty pure-electric and hybrid-electric vehicles 
totaled approximately 0.39 trillion BTU (114.3 GWh).5  The report projects that 
by 2040 this number will have reached 37.17 trillion BTU (10.9 TWh), 
representing an annual growth rate of 17%.    

  

                                                 
4 http://www.eia.gov/tools/faqs/faq.cfm?id=93&t=4  
5 http://www.eia.gov/forecasts/aeo/pdf/0383(2013).pdf, see Reference Case Tables “Table 38. 
Light-Duty Vehicle Energy Consumption by Technology Type and Fuel Type” 
http://www.eia.gov/oiaf/aeo/tablebrowser/#release=AEO2013&subject=0-AEO2013&table=47-
AEO2013&region=0-0&cases=ref2013-d102312a  

http://www.eia.gov/tools/faqs/faq.cfm?id=93&t=4
http://www.eia.gov/forecasts/aeo/pdf/0383(2013).pdf
http://www.eia.gov/oiaf/aeo/tablebrowser/#release=AEO2013&subject=0-AEO2013&table=47-AEO2013&region=0-0&cases=ref2013-d102312a
http://www.eia.gov/oiaf/aeo/tablebrowser/#release=AEO2013&subject=0-AEO2013&table=47-AEO2013&region=0-0&cases=ref2013-d102312a
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2.5 Site Energy Use Summary 
To begin prioritizing the largest DC power opportunities in residential and 
commercial buildings the Study Team first looked at the largest end use loads for 
these building types, the top three load types are summarized in Table 2. 

 

Table 2: End-use Loads 

Sector Largest Load Second Largest 
Load 

Third Largest 
Load 

Residential HVAC (33%) Plug loads 
(electronics & 
computers) (16%) 

Lighting (15%) 

Commercial HVAC (37%) Lighting (26%) Plug loads 
(electronics and 
computers) (10%) 

 

Data for the end-use load projections was taken from the Buildings Energy Data 
Book (Department of Energy, 2012). For a detailed breakdown of end use loads, 
please see Appendix B.  

In both residential sector and commercial sectors, HVAC, lighting and plug loads 
accounted for 64% and 73%, respectively, of the total energy consumption in 
these sectors.  

It is important to note that these loads are 2010 loads and EV loads are projected 
to increase significantly. If an EV charger was installed at a residential property, 
the addition of the EV charger could result in the load of the residence increasing 
by as much as 150%6 of the original load. This increase represents a profound 
impact on the amount of new native-DC load as a percentage of total load.  EV 
chargers are likely to be dispersed across all building sectors and quantification is 
outside the scope of this document. However, this DC load increase highlights an 
emerging and growing DC load trend.  It is important to note that the larger the 
percentage of new native DC loads, the greater the opportunity for DC power 
savings in the building.  

Heating, Ventilation, and Air Conditioning (HVAC) in commercial and 
residential applications has historically been provided by AC motors. Residential 

                                                 
6 Assumptions. Level 2, 6.6 kW, 5hr/charge. 75% nightly battery drain and 5 nights a week 
charging. This results in an annual EV charging load of 6,435 kWhrs. In 2012, the EIA avg. 
residential electricity consumption was 10,837 kWhrs, source 
http://www.eia.gov/tools/faqs/faq.cfm?id=97&t=3 
 

http://www.eia.gov/tools/faqs/faq.cfm?id=97&t=3
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HVAC is still typically provided by small scale HVAC units that are 
predominantly AC devices. In the commercial built environment, HVAC and 
other large motor driven loads have often transitioned to Variable Frequency 
Drives (VFD) over the last decade to provide energy efficiency savings. A VFD is 
used to control the speed of a motor by adjusting the voltage and frequency 
delivered to the load. Therefore the motor only does the work that is needed and is 
not driven at a constant speed, regardless of the need. A VFD is an AC-AC7 
device. AC is supplied to the device; this is converted to DC for speed control and 
finally converted back to AC for delivery to the motor.  Directly supplying a VFD 
with DC power could remove a conversion stage for existing equipment and in the 
future, DC motors could be used in place of AC motors to further improve the 
efficiency for new systems.  

Approximately 10% (William, Timothy, & Callie, 2013) of total energy 
consumed in the residential and commercial sectors can be attributed to electric 
motor-driven systems. This therefore would point to an opportunity to investigate 
if DC motors and variable speed motor control could provide significant energy 
savings to this end use load. The referenced document has been used to estimate 
the energy savings of switching to DC based motors and controls in later sections 
of this report. 

Governments around the world have passed measures to phase out general 
incandescent light bulbs for in favor of more energy-efficient lighting alternatives 
such as compact fluorescent lighting (CFL) and light emitting diode (LED) 
lighting which natively operate on DC power. These new lighting technologies, 
using electronic ballasts, are native DC technologies. In the U.S. recent law8 
requires that new light bulbs be roughly 25 percent more efficient than old 
technologies.  For example, only 43 watts is required to generate the same amount 
of light as an old 60 watt incandescent. Table 3 compares the new DC native 
lamps that are compliant with the new standards based on a single manufacturer’s 
product line.  

 

Table 3: Lighting Efficiency Improvements 
Technology Typical Energy Saving over 

standard Incandescent (%) 
Lamp Lifespan (years) 

CFL 75 7 

LED 75 22 

Source Data: General Electric 

 

                                                 
7 The majority of VFD’s are AC-AC devices. However other configurations such as DC-AC and 
AC-DC are available.  
8 The Energy Independence and Security Act of 2007 

http://en.wikipedia.org/wiki/Incandescent_light_bulb
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Most plug loads such as electronic devices and computers are all native DC 
devices. These loads include front end wasteful AC – DC conversion processes as 
part of the device and when these devices run at lower than design loadings, the 
losses are increased.  

It is important to note that DoE has been actively creating standards for the 
improvement of device level power supplies. DoE’s latest effort in this a revised 
version of the EISA 2007 external power supply (EPS) efficiency requirements. 
This mandates that by 2016, power supplies have to meet new standards of 
efficiency, an example of which is shown in Figure 5 for a small >1W fixed 
voltage system. 

 

Figure 5: Comparison of latest DoE Power supply standards (DOE 2016) 
with other standards 

     Source: DoE and  (EDN Network, 2014) 

 

As can be seen, the DoE 2016 standards (light blue) are amongst the most 
aggressive global standards. The European Code of Conduct (CoC) standards 
(purple and dark blue) are slightly more aggressive at higher wattages. It can 
clearly be seen that the new standards are significantly more efficient than the 
existing standards (red) that will be replaced. As power supplies become more 
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efficient, this reduces the lost energy that occurs when AC is converted to DC for 
use in consumer devices.  

This section summarized the largest end use loads and related trends in the U.S. 
residential and commercial sectors. Section 4 of this scoping document analyzes 
these loads for DC power savings opportunities to determine if the DoE should 
prioritize the development of these opportunities within buildings as a means to 
significantly reduce buildings’ primary energy consumption.  
  



Department of Energy - Building Technologies Office Direct Current Scoping Study 
Opportunities for Direct Current Power in the Built Environment 

 

Prepared for Pacific Gas and Electric, on behalf of the Department of Energy Building Technologies Office | Issue | May 6, 
2014  

Page 22 
 

 

3 Key Stakeholders and Industry 
Developments 

3.1 Key Stakeholders 
This section provides insights into the stakeholders, and their related work to date, 
who have been pioneering the development of DC solutions in the U.S. and 
globally.  Included in the discussion is a summary of selected key developments 
and demonstrations that have been implemented to date.  

Figure 6: Examples of Key DC Power Pioneers9 
 
 
 
 
 
 
 
 
 
 
 
 

                                                 
9 For more information on :  
EMerge, please visit http://www.emergealliance.org/ 
For more information on the Ethernet Alliance , please visit https://www.ntt-f.co.jp/profile-e/ 
For more information on NTT, please visit www.ethernetalliance.org 
For more information on NTT, https://www.ntt-f.co.jp/profile-e/  
Sacramento Municipal Utility District, please visit https://www.smud.org  
For more information on Pacific Gas and Electric, please visit www.pge.com  
For more information on the Bonneville Power Administration, please visit https://www.bpa.gov  
For more information on Southern California Edison, please visit www.sce.com  
For more information on the Department of Energy, please visit www.energy.gov  
For more information on the Electric Power Research Institute, please visit www.epri.com  
For more information on the California Energy Commission, please visit www.energy.ca.gov  
For more information on the New York State Energy Research and Development Authority please visit 
http://www.nyserda.ny.gov/  
For more information on National Electrical Code please visit www.nfpa.org  
For more information on Institute of Electrical and Electronics Engineers please visit www.ieee.org 
For more information on Lawrence Berkeley National Laboratory, please visit www.lbl.gov  
For more information on Pacific Northwest National Laboratory, please visit https://www.pnl.gov 
For more information on the University of Pittsburgh, please visit www.pitt.edu 
For more information on Syracuse University, please visit https://www.syr.edu 
For more information on Carnegie Mellon University, please visit https://www.cmu.edu 
For more information on the University of Texas, please visit https://www.utexas.edu 
For more information on the Aichi Institute of Technology, please visit  www.ait.ac.jp/e 
For more information on Xiamen University, please visit  www.xmu.edu.cn 
For more information on Hokkaido University, please visit  www.oia.hokudai.ac.jp 
 

Industry

• EMerge Alliance
• NTT Facilities
• Ethernet Alliance

Utilities

• SMUD
• SDG&E
• PG&E
• BPA
• SCE

Public Interest 
Research

• DOE
• EPRI
• CEC
• NYSERDA

Code and 
Standards

• NEC
• IEEE

National Labs and 
other Academics

• LBNL
• PNNL
• U. of Pittsburgh
• Syracuse U
• Carnegie Mellon 

U
• U. of Texas
• Aichi Institute of 

Technology, 
Japan

• Xiamen.U, China
• Hokkaido. U, 

Japan

https://www.ntt-f.co.jp/profile-e/
https://www.ntt-f.co.jp/profile-e/
http://www.lbl.gov/
https://www.pnl.gov/
https://www.syr.edu/
https://www.cmu.edu/
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3.2 Existing Research Summary 
This Scoping Study undertook a review of the most relevant published research to 
help identify the savings potential of DC power in buildings and to characterize 
the baseline of public interest research performed to date.   

Lawrence Berkeley National Laboratory (LBNL) maintains an on-line (access by 
permission only) database of public interest research carried out by various bodies 
in the U.S. and internationally. Within the database there are over 40 documents 
related to DC power public interest research, including research on: 

• Data centers 

• DC microgrids and nanogrids 

• Electronics 

• End-use applications 

• General DC report and presentations 

• Products 

• Energy storage 

• USB / PoE Power 

This Scoping Study leveraged key documents from this database and which are 
identified in Chapter 1. A complete bibliography for this Scoping Study is 
contained in Appendix C.  

3.3 Existing DC Standards 
DC has been used in vehicles in the form of 12V and 24V for many decades. 
However, it has not seen much uptake in buildings.  In contrast, the Power-over-
Ethernet (PoE) and Universal Serial Bus (USB) standards have provided standard 
DC power accompanied by high-speed data communications for the last decade or 
so.  Both standards have had ongoing processes to increase the power that can be 
provided over a link.  PoE started at 13 W and is expected to reach 50 W over a 
Cat-5 cable that can be up to 100 m in length.  USB began at 2.5 W but in 2012 
extended it to 100 W with the USB-PD standard.  HDBase-T, which is a variant 
of Ethernet designed for tunneling HDMI video signals over Cat-5 cable can 
provide up to 100 W.  Notably, both can move power in either direction.  PoE and 
USB are used at scales of many tens of millions to billions of units around the 
globe.  They provide convenient and reliable standard DC power on a link basis.  
IEEE has a current standards project to double the amount of power that can be 
carried on a standard Ethernet cable, as well as one to provide Ethernet and power 
on a single pair cable (this intended for the automotive market but could be used 
anywhere).  This trend which is creating standards for higher power over Ethernet 
and USB is clearly an opportunity for expanding DC power in buildings and 
making DC power available to an increasingly wider array of DC power consumer 
appliances.  
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3.4 Emerging DC Standards 
A number of successful international DC power standard setting efforts are 
already underway.   The Emerge Alliance, which is “An open industry association 
leading the rapid adoption of safe DC power distribution in commercial buildings 
through the development of EMerge Alliance standards” is a leading industry 
force in this regard.  The alliance represents more than 100 international 
organizations whose members manufacture both AC and DC products.  

A key accomplishment of the EMerge Alliance has been their leadership in 
championing written DC standards for use in the built environment, and 
implementing key demonstrations leveraging commercially available products 
produced by EMerge’s members to comply with these standards.  

The Emerge Alliance has developed two key standards to date: 

1. Emerge Alliance Occupied Space Standard which is a standard defining 24 
VDC low voltage DC power distribution system requirements for use in 
commercial building interiors 

2. DC Power Distribution in Data and Telecom Centers, which is an EMerge 
standard based on 380 VDC power 

As a testament to the benefits of industry and international collaboration, 
members of the alliance have already developed and brought to market products 
and equipment that utilize the defined standards.  More detail regarding all of 
these products can be found on the EMerge website. 

The occupied space standard has been demonstrated in 13 buildings (2009 – 2013) 
to date and there are commercially available products for all aspects of this 
standard. There are over 25 product categories that have been developed to the 
standards covering power, infrastructure, peripherals and controls. These products 
include power servers and converters, cabling and powered ceilings, light fixtures 
and actuators, and motion sensors and dimmers.  

The data center standard is a new standard and has been demonstrated on a 1 MW 
data center in Zurich, Europe. There are registered products available for the 
standard including DC power connectors, DC power systems, LED lighting 
systems, fluorescent lighting and bus way systems. Products from the new 
EMerge standards have been used in other DC data centers such as Duke’s DC 
Data Center trial. EMerge members are now working to expand new DC power 
standards in the following key areas: 

• Task Level (desktop & plug loads)  

• Whole Building Microgrids  

• Outdoor DC / Electric Vehicle Charging  

• Building Services (HVAC) Residential & Light Commercial 

Finally, the National Electrical Code (NEC) has addressed DC power in the 
recently published 2014 code edition. The 2014 code edition covers the 
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installation of low-voltage suspended ceiling power distribution systems and 
associated equipment which is consistent with the EMerge standards. UL 
Approved DC equipment already exists in the market place and electrical 
distribution equipment is often rated for AC or DC. 

3.5 Overview of Specific DC Power Case Studies 
Over the last several years, a number of new DC power demonstration projects 
have been completed globally, primarily in the commercial sector.  The Study 
Team reviewed publicly available information about these case studies, including 
presentations during the February 25-26, 2014 workshop, to better understand the 
lessons learned and more importantly, to better understand the demonstrated 
savings potential of DC power in buildings.  

3.5.1 DC Power Case Studies in the United States 
A selection of the demonstration projects that use EMerge products are shown 
below. To date, the application focus of these demonstrations has been on the 
commercial sector.   

 

Figure 7: DC Power Commercial Case Studies 

Source: EMerge Alliance 
 
In their 2012 report for PG&E, Ecova Consulting provided further details of the 
EMerge case studies and these are referenced below: 
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Table 4: EMerge Case Studies 
 
Organization and Building Project Details 

Southern California Edison 
Utility Services Office Irwindale, 
CA 

Fluorescent lighting fixtures with DC ballasts. 
SCE plans to connect solar to the DC system in 
the next phase. 

Pittsburgh National 
Corporation (PNC) Financial 
Headquarters Pittsburg, PA 

DC lighting and “smart ceiling”. Space 
repurposed twice since installation. 
PNC plans on using this system in other branch 
banks, and is considering solar for banks in 
southern regions. 

University of California Davis 
California Lighting Technology 
Center Davis, CA   

PV-powered DC LED lighting system 

UC San Diego Sustainability 
Center San Diego, CA 

DC fluorescent lighting system with integrated 
solar panels. LEED Gold certified. 

US Green Building Council. 
Headquarters Washington D.C. 

DC lighting. LEED Platinum with 
infrastructure in place to add solar panels. 

L.A. Community College District 
Los Angeles, CA 

Trade and Technology College with DC 
lighting system. The building is a repurposed 
single story high-bay multiuse building part of a 
large, publicly funded sustainable building 
program. Solar power will be connected to the 
DC lighting system in future phases. 

Nextek Power Systems Detroit, MI DC lighting in a one-story mixed-use 
commercial office/lab/factory building. Solar 
planned for future phases. 

Armstrong World Industries 
Lancaster, PA 

DC lighting in two-story mixed use commercial 
office/factory building. This system is 
connected to PV as the primary power source, 
and uses AC as a back-up. 

Frito-Lay Distribution Warehouse 
Rochester, NY 

This LEED Gold-rated facility is equipped with 
a lighting system that uses DC fluorescent 
ballasts and roof-integrated solar panels. 
Nextek power routers allow the DC to be used 
by lighting systems directly. 

Optima Engineering Charlotte, NC Nation’s first use of DC-based solar energy to 
drive LED lighting and controls based on the 
EMerge standards. LEED Platinum. 

Integral Group Oakland, CA DC lighting LEED Platinum office building 

Pacific Gas and Electric, Pacific 
Energy Center San Francisco, CA 

A DC ceiling is in place, but currently there are 
not any lights connected to it. 
When funding becomes available, the PEC 
plans to install a DC lighting system connected 
to onsite solar panels. 

Virginia Tech Center for Power Developed a power supply that interfaces 
directly with a residential PV system and 
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Electronic Systems Blacksburg, 
VA 

provides 380 VDC to building loads. 

Source: (Denkenberger et al, Pacific Gas and Electric Company, 2012) 
 
The commercial trials have demonstrated the successful implementation of DC 
power alongside AC to form hybrid buildings. The trials have successfully 
demonstrated the modularity benefits of DC power and the ease at which systems 
such as lighting can be modified without the need for electrical modifications. The  
trials have also demonstrated that DC lighting systems can be installed faster than 
their AC counterparts. The trials to date have not quantified the explicit energy 
savings from the DC install as metering was not installed as part of the projects 
and no cost comparisons are available in the public domain.  

3.5.2 Future Planned Pilots 
Bosch North America is currently installing a pilot DC-microgrid project at Fort 
Bragg, NC as part of the Department of Defense 2012 ESTCP funding 
solicitation. The DC Microgrid Building Energy Management Platform for 
Improved Energy Efficiency, Energy Security, and Operating Costs (EW-201352) 
project will demonstrate the performance and value of a commercial scale DC 
Microgrid by applying a novel approach that utilizes mature and reliable DC 
technology to dynamically manage power sources, loads, and energy storage 
system interaction to minimize total cost-of-ownership and grid reliance. 
 
Two DC Microgrid architectures will be demonstrated: (1) a core system that 
most effectively uses solar PV energy for common high energy use building 
loads, and (2) an enhanced system that integrates energy storage to dramatically 
increase the facility’s energy security and load-leveling capabilities. 
 
The core system includes a solar PV array, DC power supply, DC high-bay 
induction lighting system, and large-diameter DC ceiling fans (to reduce heating 
and cooling system use). This core system is relatively small (30 KW) and is sized 
to match the DC loads, such that all solar PV power production is immediately 
used, eliminating the need for a grid-tie inverter and utility interconnection study.  
 
A Bosch Energy Management Gateway remotely manages each component to 
minimize utility grid energy usage. Historical energy usage data and lighting 
output measurements will be collected to quantify the DC microgrid’s advantages 
relative to the base case and a small reference AC lighting system representing 
current state-of-the-art AC lighting. 
 
The enhanced system includes a battery energy storage system and additional 
solar PV elements (100 KW) to improve the facility’s energy security and mission 
assurance capabilities during power outages. The energy storage system also 
performs building electrical load leveling/peak load reduction under normal 
operation to reduce utility usage demand and associated charges.  
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The testing will also assess the DC-microgrid’s load-leveling, islanding abilities 
(by simulating blackout situations), and energy-security benefits resulting from 
the energy storage system and additional solar PV capacity. 
 
The project aims to demonstrate the following benefits: 
 

• This flexible, DC-based building-level energy management tool enables 
direct, on-site usage of DC-based renewable energy sources without the 
efficiency losses inherent to AC systems. Load-leveling and islanding 
functionality are also integrated.  

 
• The DC Microgrid system offers significantly enhanced energy security, 

greater renewable energy utilization, and improved economic benefits over 
conventional systems.  

 
The anticipated Project installation is due in 2015.  
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3.5.3 DC Power Case Studies – Global  
Internationally, DC case studies focus on both residential and commercial 
applications. NTT Facilities (Japan) participated in the February 2014 DC Power 
workshop and presented a summary of extensive DC power activity in Japan.  
NTT is a global leader in the installation of residential, community-scale DC 
projects, and DC-powered data centers.  They have produced many case studies as 
shown in Figure 8.  

 

Figure 8: Japan Residential Case Studies 

Source: NTT Facilities, Inc. 

 

These case studies have demonstrated custom DC end-use products such as DC 
refrigeration and air conditioning, which were manufactured specifically for the 
DC power demonstrations.  

With the exception of the Sendai Microgrid which has been operational since 
2005, there is no published data on the performance of the systems to date as they 
are all new installations.  

The Sendai Microgrid has successfully demonstrated the integration of DC 
generation and load. The microgrid has DC loads connected to the DC generation. 
Within the microgrid there are 220 kW of DC loads that are supplied with DC 
generation from batteries and solar power.  
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While the residential trials are only just beginning, the aim of the trials is to 
quantity items such as: 

• DC community electrical distribution topologies 

• Renewable energy integration 

• Energy storage integration 

• Test bed for DC Appliances such as refrigeration and air conditioning 

• Direct DC supply of native DC loads such as lighting and electronic 

3.5.4 Data Centers 
Although not the focus of this report, it is important to provide a recap of the 
extensive, ongoing work in the data center sector.  

Applications of DC power in data centers is perhaps the most mature of the DC 
analysis and demonstration work that has been completed to date, with actual 
measured results available.  

As stated earlier, thanks to the efforts of the EMerge Alliance, a global voltage 
standard has been established at 380VDC. There are now many datacenters 
around the world that have been built using this reference standard (Figure 10).  

 

Figure 9: International Data Center Case Studies 

 

 
Source: NTT Facilities, Inc. 

The reason for such extensive progress in data centers globally is that data centers 
are predominately DC loads and ideally suited to DC power supply applications. 
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The higher the percentage of DC-native load, the greater the opportunity for 
savings. Within a data center there are many conversions steps when AC power is 
brought into the building. Eliminating the conversion inside the data center lowers 
the heat production and therefore the cooling requirements. 

 Figure 11 and Figure 12 below detail the AC and DC topologies respectively.  

 
Figure 10: Schematic of a Typical AC Data Center 

 
 

Figure 11: Schematic of a DC Data Center 
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In a 2008 demonstration led by LBNL, EPRI and Ecos Consulting, researchers 
compared two DC delivery systems with two AC delivery systems (Tschudi, 
Fortenbery, & Ton, 2008) in order to quantify if converting AC power to DC 
power, upon entering the building, can provide meaningful energy savings.  

In both cases, the DC delivery system showed a minimum of 5% to 7% efficiency 
gains over best in class, efficient AC systems. Compared to standard, less efficient 
AC equipment, savings can be as high as 28%.  

Similar results, yielding savings estimates of 7% to 20%, were obtained in a more 
recent demonstration at a Duke Energy data center (EPRI, 2011). It is not just the 
computing loads that can operate on DC, but also other loads such as lighting and 
motors. The EMerge demonstration data center in Zurich demonstrated energy 
savings of 10%, a 15% lower capital cost for the electrical systems and a 25% 
space saving for the electrical systems. There is no cost comparison between AC 
and DC systems that is available in the public domain.  

Recent work by Schneider Electric (Rasmussen & Spitaels, 2013) has provided 
further work comparing 2013 standard best in class AC systems against their DC 
counterparts. Schneider Electric concluded that DC systems are 1% more efficient 
than their AC counterparts, increasing to 2% if an autotransformer is required for 
installation on North American voltages (277V).  Schneider Electric also 
demonstrated a case study using an eco-mode where the AC system can be made 
as efficient as the DC distribution system.   

The conclusion from the more recent data center work is that the benefits of 
moving to DC power may be further understood by additional quantification and 
comparison relative to the latest generation AC technologies. There is no clear 
consensus on the optimum power delivery system for a data center and a holistic 
study is required to quantify the energy and non-energy variables. Within a data 
center DC power not only provides energy reduction benefits but also reliability 
benefits, power quality improvement, space savings and lower up front capital 
costs. Updated assessments are required to confirm the value proposition of DC 
power in data center applications. The world of data centers is also moving toward 
using greener generation sources.  Native-DC fuel cells, as well as onsite 
photovoltaic, are often installed on new construction data centers such as EBay’s 
and Apple’s latest datacenters in the U.S. and this may provide further DC 
integration benefits that are yet to be quantified.  
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4 Energy Benefits of Converting to DC Power 
There are case studies available for DC power implementation (in the commercial 
sector only), where DC systems have been installed in buildings. However, there 
are no definitive measurements of the energy savings that result from switching to 
DC power other than in data center applications.  

In this section the Study Team analyzed the potential of DC power to provide a 
meaningful contribution to the DoE’s goals of a 50% reduction in building energy 
consumption by 2030, leveraging existing DC power research quantifying the 
savings potential of DC power that has been completed to date as a proxy for the 
savings potential to commercial and residential loads.  

This section analyses the following use-cases for commercial and residential 
buildings 

1. New Construction  

Estimate energy savings and costs for replacing AC 
distribution systems with DC 

2. Existing Buildings 

Estimate Savings from DC Native appliances that continue 
to operate on existing AC wiring 

3. Electric Vehicles 

DC charging  
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4.1 New Commercial and Residential  
In the commercial and residential space there is little documented, measured 
results for DC power efficiency savings to date.   

A literature review of published documents was conducted to investigate the 
potential energy savings from transitioning to DC power. From our literature 
search, none of the case studies carried out in the U.S. have measured data 
detailing the savings potential of moving to DC power.  Based on this review, the 
Study Team found that the December 2012 Ecova Consulting report completed 
for PG&E (Denkenberger et al, Pacific Gas and Electric Company, 2012) 
represented the best savings benchmarks to use for estimating DC power savings 
opportunities in residential and commercial buildings.   

In this report, Ecova modeled both a typical U.S. building designed to meet 
current building codes such as California Title 24 and a best practice Zero Net 
Energy (ZNE) commercial and residential building to determine energy savings. It 
was assumed in the modeling that the entire building was converted to DC power 
and operated on two voltages, 380VDC and 24VDC.  The Ecova model included 
the following items: 

• Losses 

o Included wire losses and conversion losses (AC-DC and DC-DC) 

• Lighting 

o DC native technologies such as LED with direct DC input 

• Electronics 

o DC Native technologies such as televisions with direct DC input 

• Motors 

o Adding variable speed functionality  

o Direct DC VFD’s  

o Replacing AC motors with brushless DC motors to improve motor 
efficiency 

As shown in Figure 13, the modeling makes a fair comparison between AC and 
DC distribution as it takes into account comparable conversion losses.  
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Figure 12: Energy Flow Diagram for Ecova Work  

 

Source: (Denkenberger et al, Pacific Gas and Electric Company, 2012).   

 

The energy modeling results from the PG&E/Ecova report highlighted that the 
biggest opportunities for DC power energy savings in the built environment lie in 
the commercial sector.  

By eliminating wasteful conversions, commercial buildings with DC electrical 
distribution are predicted to save between 2 and 8% of the total energy use, 
including the losses incurred converting to a DC building and the DC-DC 
conversion losses for voltage conversion. Moving motor loads to DC technologies 
provide much more compelling savings, ranging from 9 - 15% energy savings.  

Figure 13 provides the energy savings results from Ecova’s modeling.  
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Figure 13: DC Energy Saving Potential  

Source: (Denkenberger et al, Pacific Gas and Electric Company, 2012) 

 

Other research (Vagelis, Karina, & Hongxia, 2013) has shown that converting an 
all AC residence to an all DC residence has an energy saving potential of 5%, 
increasing to 14% when energy storage is added. The increase from storage is due 
to the fact that the residence contains PV and storage increases the use of PV 
generation in the building. In order to generate the large energy saving with 
storage, the work assumed that a large energy storage device was installed, that 
was typically only utilized at 10% of its capacity. The large storage device was 
required to ensure that all of the PV energy was captured and utilized. A round 
trip storage efficiency of 81% was used in the modeling. In reality, it may not be 
cost effective to install such a large storage device to generate these savings and 
economics calculations would be required to demonstrate the optimum storage 
size.  

Work from PNNL (Hammerstrom, 2007) also conferred that DC efficiency is 
maximized when distributed generation and storage is included within a building. 
The work concluded that a conventional AC home has a distribution efficiency of 
97% compared to 95% for a DC home. Including onsite DC native generation 
resulted in the AC home distribution efficiency reducing to 94.5%, compared with 
97.3% for a DC home. 

The end-uses with the largest electrical loads and therefore the biggest opportunity 
for implementing DC are: 

• Lighting 
• HVAC & refrigeration (motor loads) 
• Mixed loads such as electronics, plug loads, small motors, appliances 



Department of Energy - Building Technologies Office Direct Current Scoping Study 
Opportunities for Direct Current Power in the Built Environment 

 

Prepared for Pacific Gas and Electric, on behalf of the Department of Energy Building Technologies Office | Issue | May 6, 
2014  

Page 37 
 

• EV charging and onsite energy storage  (growth area for DC loads)  
 

The opportunity will be even more significant if onsite native DC supply is 
present, such as customer-sited photovoltaics or fuel cells.  

As stated earlier, the Study Team found no fully documented case studies or 
detailed information available from suppliers that fully quantify the costs and 
savings of moving new building wiring from AC to DC. 

There are examples for data center applications, but these examples are not the 
focus of this report, rather, this report draws on the data center experience as a 
proxy for what might be possible for DC power in other building types.   Further 
work on quantifying the costs and savings of moving new building wiring from 
AC to DC is clearly needed, but outside of the immediate scope of this study.  To 
establish a quick ‘proxy’ for potential benefits and costs to determine if further 
research is warranted, the Study team elected to leverage existing work to date, 
which is limited.   

The most comprehensive and recent work quantifying DC power costs and 
savings was conducted for PG&E (Denkenberger et al, Pacific Gas and Electric 
Company, 2012).  The Study team used cost and savings data developed for the 
PG&E report to calculate the estimated opportunity in new construction for DC 
systems. This cost data applies to new buildings only and assumes DC native 
technologies as identified by Ecova are installed and are supplied with DC power 
only. The lifecycle costs ($/sq.ft) and lifecycle savings (kWh/sq.ft) calculated by 
Ecova for both commercial and residential applications have been multiplied with 
the new building stock in the U.S. to calculate the U.S. energy saving opportunity.  

The calculated energy savings based on available prior research were then 
compared to the DoE 2030 target of 20.5 Quads primary energy reduction to 
conclude if the implementation of a particular technology makes a meaningful 
contribution to the DoE’s 2030 building energy goals. The results of which can be 
found in the following sections for each of the use cases explored.  

4.1.1 New Commercial Calculation 
In Sections 4.1.1 and 4.1.2 we have taken the results from the PG&E/Ecova work 
and extrapolated this value across the U.S. new building stock. We have 
undertaken the following steps to utilize the existing data: 

1. Used the following data from the PG&E/Ecova study 
a. Lifecycle Incremental Cost 

i. Multiplied this number by the number of annual new 
buildings (square feet) in the U.S. as defined in the U.S. 
EIA, 2013 

b. Lifecycle Savings 
i. Multiplied this number by the number of annual new 

buildings (square feet) in the U.S. as defined in the U.S. 
EIA, 2013, a primary energy conversion factor of 3.1 and 
then converted this kWh number into quads. This result was 



Department of Energy - Building Technologies Office Direct Current Scoping Study 
Opportunities for Direct Current Power in the Built Environment 

 

Prepared for Pacific Gas and Electric, on behalf of the Department of Energy Building Technologies Office | Issue | May 6, 
2014  

Page 38 
 

then compared to the DoE building energy use reduction 
targets to determine the impact that the particular DC 
technology may have on the DoE targets.   

c. Assessment 
i. Utilized the assessment criteria developed by PG&E/Ecova 

1. Highly cost-effective – Reduces capital costs and 
saves energy 

2. Cost-effective –Provides energy savings at costs 
below retail electric rates 

3. Not cost-effective – Increases cost, energy use or 
both 

According to the US Energy Information Agency, (U.S. EIA, 2013) in 2011 there 
were 80.2 billion square feet of commercial building space in the U.S. with the 
addition of 1.5 billion square feet of new construction. The annual growth rate of 
new building stock over the period 2011 – 2040 is expected to be 1.6%. The DC 
power savings opportunities of only new commercial buildings are summarized in 
the tables below: 

 
Table 5: Commercial DC Lifecycle Costs and Electricity Savings (typical building 

existing codes) 
End-use lifecycle 

incremental 
cost ($/sq.ft) 

lifecycle 
incremental 
cost 
($m/new 
commercial 
building 
stock) 

Lifecycle 
savings 
(kWh/sq.ft) 

Lifecycle 
savings 
(Quads/new 
commercial 
building 
stock) 

Percentage 
Gain to 
DoE Target 
(%) 

Assessment 

Electronics -1.0 -1.5 2.4 0.04 0.2 Highly cost-
effective. Capital 
cost 
decrease and 
significant energy 
savings 

Lighting 1.2 1.9 -0.7 -0.01 -0.1 Not cost-effective. 
Capital cost and 
energy use 
increase 

Motors 2.0 3.0 39.5 0.63 3.1 Cost-effective 
Totals 2.3 3.4 41.3 0.65 3.2 Cost-effective 
Data Source: (Denkenberger et al, Pacific Gas and Electric Company, 2012) & 
(U.S. EIA, 2013) 
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Table 6: Commercial DC Lifecycle Costs and Electricity Savings (ZNE) 
 
End-use lifecycle 

incremental 
cost ($/sq.ft) 

lifecycle 
incremental 
cost 
($m/new 
commercial 
building 
stock) 

Lifecycle 
savings 
(kWh/sq.ft) 

Lifecycle 
savings 
(Quads/new 
commercial 
building 
stock) 

Percentage 
Gain to 
DoE Target 
(%) 

Assessment 

Electronics -0.73 -1.1 2.45 0.04 0.2 Highly cost-
effective. Capital 
cost decrease and 
significant energy 
savings. 

Lighting -0.05 -0.1 0.64 0.01 0.0 Highly cost-
effective because 
capital cost 
decrease and 
significant energy 
savings 

Motors -0.4 -0.6 33.55 0.53 2.6 Highly cost-
effective because 
capital cost 
decrease and 
significant energy 
savings 

Totals -1.18 -1.8 36.37 0.58 2.8 Highly cost-
effective because 
capital cost 
decrease and 
significant energy 
savings 

Data Source: (Denkenberger et al, Pacific Gas and Electric Company, 2012) & 
(U.S. EIA, 2013) 
 
In the standard code building, with the exception of DC lighting, all DC 
technologies are cost effective to implement and can provide energy savings in 
buildings. Motors are the clear load that should be targeted and these devices 
appear to provide a meaningful contribution to the DoE’s target (3.1% in the new 
commercial building case) 
 
In the ZNE example all technologies are cost effective. This is because in the ZNE 
example, there is DC generation within the building. This generation is most 
productively harnessed in a DC building and the resulting DC generation is more 
fully utilized. Costs are reduced due to the simpler integration of all of the 
systems. Again motors are the clear load that provides a meaningful contribution 
to the DoE goals (2.6% in the new commercial ZNE case). 
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This analysis is consistent with other research (Vagelis, Karina, & Hongxia, 2013) 
which found an improved energy savings potential when DC-generated electricity 
can be utilized within the building.  

4.1.2 New Residential Calculation 
The Annual Energy Outlook  (U.S. EIA, 2013) stated that in 2011 there were 116 
million households in the U.S. with an average of 1,659 square feet. Of the 116 
million homes, 0.94 million were newly constructed homes, and the annual 
growth rate of new households between 2011 and 2040 is expected to be 1% per 
year. Only new buildings have been assessed in the tables below: 
 

Table 7: Residential DC Lifecycle Costs and Electricity Savings (existing codes) 
 

End-use lifecycle 
incremental 
cost ($/sq.ft) 

lifecycle 
incremental 
cost 
($m/new 
residential 
building 
stock) 

Lifecycle 
savings 
(kWh/sq.ft) 

Lifecycle 
savings 
(Quads/new 
residential 
building 
stock) 

Percentage 
Gain to 
DoE Target 
(%) 

Assessment 

Electronics -0.39 -0.6 0.4 0.01 0.0 Highly cost-
effective. Capital 
cost decrease and 
significant energy 
savings. 

Lighting 0.4 0.6 -1.2 -0.02 -0.1 Not cost-effective. 
Capital cost and 
energy use 
increase. 

Motors 0.43 0.7 5.9 0.10 0.5 Cost-effective. 

Totals 0.4 0.7 5.1 0.08 0.4 Cost-effective. 

Data Source: (Denkenberger et al, Pacific Gas and Electric Company, 2012) & 
(U.S. EIA, 2013) 
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Table 8: Residential DC Lifecycle Costs and Electricity Savings (ZNE) 
 
End-use lifecycle 

incremental 
cost ($/sq.ft) 

lifecycle 
incremental 
cost 
($m/new 
residential 
building 
stock) 

Lifecycle 
savings 
(kWh/sq.ft) 

Lifecycle 
savings 
(Quads/new 
residential 
building 
stock) 

Percentage 
Gain to 
DoE Target 
(%) 

Assessment 

Electronics -0.48 -0.7 0.89 0.01 0.1 Highly cost-
effective. Capital 
cost decrease and 
significant energy 
savings. 

Lighting -0.03 0.0 0.11 0.00 0.0 Highly cost-
effective. Capital 
cost decrease and 
significant energy 
savings. 

Motors -0.12 -0.2 0.77 0.01 0.1 Highly cost-
effective. Capital 
cost decrease and 
significant energy 
savings. 

Totals -0.6 -1.0 1.8 0.03 0.2 Highly cost-
effective. Capital 
cost decrease and 
significant energy 
savings. 

Data Source: (Denkenberger et al, Pacific Gas and Electric Company, 2012) & 
(U.S. EIA, 2013) 
 
 
In the standard code residential building, with the exception of DC lighting, all 
DC technologies are cost effective to implement and can provide energy savings 
in buildings. Motors are the clear load that should be targeted. However these 
devices do not provide a meaningful contribution to the DoE’s target of 50% 
energy reduction and only achieve a savings of 0.1 - 0.5%. 
 
In the ZNE example all technologies are cost effective. This is because in the ZNE 
example, there is DC generation within the building. This generation is most 
productively harnessed in a DC building and optimal use of the native-DC 
generation is achieved. Additionally capital costs are reduced due to the simpler 
integration of all of the systems. Motors are the clear load that should be targeted. 
However these devices do not provide a meaningful contribution to the DoE’s 
target of 50% energy reduction and only achieve a saving of 0.1%. Generally, the 
residential ZNE building does not perform as well as the commercial building due 
to the fact that the DC generation and load are not coincident. 
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4.2 Existing Buildings Opportunity 
The Study Team found no published work to date that defines the costs of 
retrofitting the existing building stock in the U.S. with DC power to determine if 
the anticipated energy savings would make the effort cost effective.  
 
Given existing wired AC systems, the Study Team concluded that it will be very 
challenging to replace the existing AC distribution systems with DC systems if the 
AC system is in full working order with many years of service remaining. 
Converting to DC power systems during deep retrofit work and asset replacement 
may prove cost effective, e.g. replacing a buildings lighting system, however  
there is unfortunately no current published work to verify this statement. This 
suggests that this is an area that would benefit from additional public interest 
research. Also, it should be noted that manufacturers from the EMerge Alliance 
produce modular DC products that can run on AC wiring. These systems may also 
be suitable for certain applications, but the Study Team was not able to find any 
published studies to quantify the value proposition of such products for existing 
buildings.  
 
Studies have been undertaken to assess appliance and motor transformation in the 
residential (Garbesi, Vossos, & Shen, 2011) and commercial spaces (William, 
Timothy, & Callie, 2013). These two studies have been leveraged to assess the 
appliance and motor savings potential by using DC native appliances and motor 
technologies (VFD), while still operating these devices on the existing AC 
distribution system.  
 
Many commercial buildings in the U.S. today use standard DC for telephones and 
for wireless access points.  These are used because installation costs are lower, the 
data can run over the same wire, and it is easier to ensure that the power is reliable 
by placing the devices downstream of a UPS.  In many cases the wires are run 
through ceiling plenums where it is easy to add and maintain them.  Lights can 
similarly be powered by standard DC this way at low installation cost. 
 
In residences, it may be possible for an ordinary person with technical knowledge 
to add Cat-5 cable by running through crawlspaces, basements, or attics.  Low-
voltage DC lacks some of the safety issues that AC distribution has so that 
professional or at least highly skilled labor is not always required from an 
electrical perspective. 
 
Using the Buildings Energy Data Book (Department of Energy, 2012) the primary 
energy use for each of the identified end loads has been multiplied with the energy 
savings potential identified in the two above research projects.  The calculated 
energy savings were then compared to the DoE target of 20.5 Quads primary 
energy reduction to conclude if the implementation of a particular technology 
makes a meaningful contribution to the DoE’s 2030 building energy savings 
goals.  
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The savings presented in this section are not from converting the AC distribution 
system to DC as no published data or case studies exist to leverage. The savings 
presented in this section only result from replacing inefficient end-use loads, such 
as incandescent lighting to DC native technologies, while still operating on the 
AC wiring system.  
 
Some of the savings calculated within the following two sections are likely to 
already be included in the DoE forecast for that initiative (e.g. lighting).  

4.2.1 Existing Commercial Buildings Opportunity 
 

Table 9: Existing Commercial Buildings Opportunity 

End-use Primary Electricity 
Consumption (Quads)10 

Estimated Energy Savings 
(Quads) 

Percentage Gain to 
DoE Target (%) 

Refrigeration / Freezers11 1.2 0.3 1.2 

Lighting12 3.7 0.3 1.4 

HVAC13 0.9 0.2 0.8 
Totals 5.8 0.7 3.5 

 

Upgrading existing appliances with DC native technologies such as VFD’s and T8 
lighting with electronic ballasts can provide a meaningful contribution to the 
DoE’s energy targets.  

The above figures do not include existing use of standard DC in commercial 
buildings, principally from phones and wireless access points.  These typically are 
powered continuously so have notable aggregate energy use.  There is some use of 
USB power in commercial buildings, though often these are for devices connected 
                                                 
10 Buildings Energy Data Book:  3.1 Commercial Sector Energy Consumption (Department of 
Energy, 2012) 
11 Replace all 4' T12 lamps with DC native electronic ballast T8 with a gain of 40% energy 
savings. Therefore a 40% efficiency improvement to 19.8% of the load. Lamp quantity from: 
(Ashe; Chwastyk; de Monasterio; Gupta; Pegors, 2012) 
12 Replace all HVAC load with equipment with an efficiency improvement of 19.5 % (average of 
4%, 15% and 20% and 39% ) Efficiency improvement from: (William, Timothy, & Callie, 2013) 
13 Replace all refrigeration / freezers with new more efficient VFD refrigeration with an efficiency 
improvement of  21%: Efficiency improvement from: (William, Timothy, & Callie, 2013) 
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or used only sporadically so that there is less energy used than with continuously 
powered devices. 

4.2.2 Existing Residential Buildings Opportunity 
 

Table 10: Existing Residential Buildings Opportunity 

 
End-use Primary Electricity14 

Consumption (Quads) 
Estimated Energy Savings 
(Quads) 

Percentage Gain to 
DoE Target (%) 

Refrigeration / Freezers15 1.4 0.7 3.6 

Lighting16 2.1 1.0 4.7 

HVAC17 1.4 0.6 2.9 
Totals 4.9 2.3 11.3 
 

Upgrading existing residential appliances with DC native technologies such as DC 
motors, VFD’s and LED’s may provide a significant contribution to the DoE 
target of reducing building energy demand by 50% by 2030.  

As with commercial, this does not include use of USB power.  There is likely very 
little use of PoE in residences. 

4.3 EV Charging 
This section investigates if fast DC EV charging offers any advantages in terms of 
efficiency over AC charging. The application is focused on commercial / parking 
lot applications as it is unlikely in the short term that residential premises will 
contain the electrical infrastructure required for fast DC charging (3 phase 
systems) 

                                                 
14 Buildings Energy Data Book:  2.1 Residential Sector Energy Consumption (Department of 
Energy, 2012) 
15 Replace all refrigeration / freezers with new more efficient DC refrigeration with an efficiency 
improvement of 53% from (Garbesi, Vossos, & Shen, 2011) 
16 Replace incandescent lighting with CFL with a 73% efficiency improvement. 62% of the load 
improves the efficiency by 73%. Lamp quantity from: (Ashe; Chwastyk; de Monasterio; Gupta; 
Pegors, 2012) 
17 Replace all HVAC load with equipment with an efficiency improvement of 44 % (average of 
47%, 35% and 50% from (Garbesi, Vossos, & Shen, 2011)) 
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The average AC level 2 EV charging station efficiency in the U.S. is 86.4%.  
(Vermont Energy Investment Corporation, 2013). A fast DC charging station is 
over 90% efficient (Fuji Electric, 2012). Therefore, there is an average efficiency 
gain of 3.6% when moving from AC level 2 to DC fast charging. 

 

Figure 14: EV Charging Schematic 

 
Source: (Fuji Electric, 2012) 
 
As reported in the 2013 Annual Energy Outlook (U.S. EIA, 2013), the 2011 
electricity consumption of light duty pure-electric and hybrid-electric vehicles 
totaled approximately 0.39 trillion BTU (114.3 GWh).18  The report projects that 
by 2040 this number will have reached 37.17 trillion BTU (10.9 TWh), 
representing an annual growth rate of 17%.  While it is beyond the scope of this 
study to analyze EV charging, it is interesting to note that with such large loads, a 
3.6% efficiency gain realized by fast DC chargers may provide meaningful energy 
savings. If we assume that 20% of the 10.9 TWh of EV load in 2040 consists of 
Level 2 charging that is replaced with fast DC charging,19  3.6% of this load 
would total 0.08 TWh. Converting from level 2 charging to DC charging will 
enable some portion of this energy to be saved depending on the mix of DC and 
AC chargers implemented in 2040.  In order to quantify this saving opportunity 
detailed calculations are required which is beyond the scope of this document. The 
analysis is provided here as a thought provoking exercise only.    

                                                 
18 http://www.eia.gov/forecasts/aeo/pdf/0383(2013).pdf, see Reference Case Tables “Table 38. 
Light-Duty Vehicle Energy Consumption by Technology Type and Fuel Type” 
http://www.eia.gov/oiaf/aeo/tablebrowser/#release=AEO2013&subject=0-AEO2013&table=47-
AEO2013&region=0-0&cases=ref2013-d102312a  
19 This will not be the case, but it is beyond the scope of this report to quantify the mix of EV 
chargers in 2040 

http://www.eia.gov/forecasts/aeo/pdf/0383(2013).pdf
http://www.eia.gov/oiaf/aeo/tablebrowser/#release=AEO2013&subject=0-AEO2013&table=47-AEO2013&region=0-0&cases=ref2013-d102312a
http://www.eia.gov/oiaf/aeo/tablebrowser/#release=AEO2013&subject=0-AEO2013&table=47-AEO2013&region=0-0&cases=ref2013-d102312a
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5 Non Energy Benefits of Converting to DC 
Power 

5.1.1 Integration Benefits 
Transitioning to DC is made more attractive when renewable energy and or onsite 
energy storage is included. This is primarily due to the reduction in conversion 
losses, and that DC power can be generated and used by the loads within the 
building footprint. Having a common DC power distribution bus removes the 
need for inverters and other devices to integrate generation and storage, which 
reduces both cost and complexity.  

DC lighting also provides integration savings, particularly in large open plan 
offices that are designed to be flexible.  

PoE and USB are widely used today as they are inexpensive, convenient, safe, and 
do not require professional installation.  The small size of their wires and 
connectors is an advantage. 

EMerge’s lighting standard uses a ceiling mounted grid of 24V lighting rails 
where fixtures clip to the rails. Should lighting needs change, maintenance staff 
can move light fixtures as desired using a simple ladder. No re-wiring, electrician 
time or other work is required to be performed due to the low voltage. This is a 
distinct, non-energy advantage of this system. The lighting system as a function of 
EMerge’s occupied space standard is shown in Figure 15. 

Figure 15: EMerge Occupied Space Standard 
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Source: EMerge Alliance 

5.1.2 World-wide Standards 
One of the biggest opportunities in DC power is the possibility of worldwide 
standards. Contrary to the AC world of today, imagine travelling to another 
country and using the same device, the same plug connected at the same voltage. 
Equipment can be manufactured to common power supply standards reducing 
manufacturing costs and resulting in potentially cheaper devices for consumers.  

USB and PoE are already worldwide standards. The Emerge Alliance, standards 
agencies and others have the opportunity to implement such a system and 
excellent work has been undertaken and is ongoing in this area.   

There are further opportunities for worldwide standards, particularly in appliance 
standards where existing work has shown the greatest savings potential. These 
standards should advocate common voltages, power requirements, connection 
types and energy efficiency.  In addition to the electrical compatibility being 
addressed, there are other compatibility issues that require standardization such as 
regional formats etc. 

5.2 Enhanced Ability to Achieve ZNE Buildings 
Standards are being developed in some states to ensure that by 2030 certain 
building types become ZNE buildings. A ZNE building is a building with zero net 
energy consumption over a period, typically a year. In a ZNE building, energy is 
generated within the building equal to the annual load.  A ZNE building will 
consume energy from the traditional grid during at night and at times of low 
generation and high load; at other times, ZNE buildings will export back power to 
the grid.   

Self-generation is required should a building wish to become a ZNE building. DC 
power, in this use case, will allow more efficient integration of generation, energy 
storage, and many building loads via a common DC bus, ultimately reducing 
many conversion losses.  As has been shown in the research performed to date, 
when using DC-native generated energy within the building the energy savings 
realized by using DC power significantly increases.  

Adding energy storage to a ZNE building will help minimize export back to the 
grid and reduce distribution infrastructure costs for serving remaining load and for 
storing excess supply.  Already, thousands of behind-the-meter energy systems 
are being deployed in Germany for this application, to reduce rooftop solar export 
and minimize consumption of grid power. Onsite energy storage, as discussed 
above represents increased native DC load and supply, and improves the building 
level benefit of DC power by 5% to 14 % (Vagelis, Karina, & Hongxia, 2013). 
Perhaps the greatest opportunity of behind-the-meter energy storage will be to 
help manage load and provide services back to the grid for overall grid benefit, 
such as frequency regulation or spinning reserve.    
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Figure 16 illustrates six steps that can be taken to help assure an energy efficient 
design:  Reduce Loads, Implement Passive Strategies, Implement Low-Energy 
Active Strategies, Recover Energy, Self-Generate Power and Offset Carbon 
Footprint. 

 

Figure 16: ZNE Building Strategies 

                          Source: Arup 

 

Reducing loads is the largest and best value opportunity to reduce building’s 
energy consumption. DC power can have a role to play here. Reducing the losses 
of electrical equipment and reducing the wasted heat generated by AC-DC 
conversions will help to reduce a building’s energy demand.  

5.3 Reliability 
Using DC power can increase the reliability of a building’s electrical system, and 
this is particularly true of the data center use case.  

Within a data center DC power is expected to increase reliability due to the 
following: (Tschudi, Fortenbery, & Ton, 2008): 

• Ability to shift large heat loads out of the servers.  

• Reduction of overall power consumption for each server box. 

• Reduction in overall component count (from utility to silicon).  

• Higher DC UPS reliability record. 

• Reduction of power conversion steps.  
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In a commercial building, the reverse may be true. Should there be one building 
level AC-DC converter, rather than at the individual device level, there is a risk 
that failure of this device could cause a power loss to the entire building. This of 
course can be mitigated with redundancy, but dual converters would increase the 
cost and reduce the efficiency of the conversion process.  

The reliability improvement from DC power is limited to specialist applications 
such as data centers and other applications that require large Uninterruptable 
Power Supplies (UPS) such as the banking sector.  The introduction of behind-
the-meter grid connected energy storage, as mentioned above, can also enhance 
reliability by providing UPS-lengthening capability.  

5.4 Power Quality 
One of the largest producers of harmonic distortion in the commercial and 
residential sectors is due to switched mode power supplies found in many device 
level AC-DC convertors. These devices do not consume current as a sinusoid. The 
operation of the AC-DC conversion stage introduces odd order harmonics into the 
distribution network, particularly the 3rd, 5th, 7th and the 11th harmonic order. 
These devices often do not include any power quality features within the design. 
Harmonic distortion when above certain limits can have a detrimental effect on 
the equipment connected to an electrical distribution system. (Carr, 2006) 

The effects of harmonics include, but are not limited to: 

• Increased heating to induction motors 
• Increased heating to generators 
• Reduced efficiency to induction motors 
• Increased heating to transformers 
• Increased heating in cabling 
• Poor power factor 
• High acoustic noise from transformers, switchgear and busbars 
• Capacitor damage 
• Damage to computers and other data related devices 
• Increased current in the neutral conductors 

By replacing many smaller conversion steps with a larger device, which includes 
power quality features, the power quality of a building can be improved by 
reducing the harmonic current present on the building’s electrical distribution 
system. 

Aside from harmonic distortion, DC power also does not experience other AC 
power quality issues such as cycle disturbances.  However, there may be new 
power quality issues that emerge should DC become more prevalent.  
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6 Barriers 
There are no unique operating features of DC power than cannot be achieved with 
AC power and conversion.  

There are, however, benefits to supplying certain loads with DC power as we have 
discussed in the previous section and there are also energy efficiency gains to be 
made by implementing DC power topologies in buildings.  

There are significant barriers to implementing DC power in the built environment. 
This section summarizes some of the barriers to the mass implementation of DC 
power systems in the built environment. 

6.1 Cost 
Costs are a significant barrier to the mass adoption of DC power, particularly for 
existing building applications. The disruption and costs for retrofitting DC power 
into existing building applications are unknown and there are no case studies or 
demonstration projects to demonstrate potential retrofit costs.  

In a retrofit application is it highly unlikely that it would be cost effective to 
replace a fully operational AC wiring system with DC at the residential or 
commercial level (excluding data centers). As discussed in the benefits section, 
the energy savings from replacing the onsite distribution system are small and 
would not payback in terms of reduced energy consumption in a typical 
investment period. An exception to this statement would occur for a deep retrofit 
or by the modular replacement of asset expired systems. Where a deep retrofit 
occurs, where all fixtures are replaced it may make economic sense for a DC 
power installation, but this would need to be assessed on a case by case basis.  

In new build ZNE applications, the cost barrier from replacing legacy systems is 
removed. Work by Ecova indicated that DC power may actually be more cost 
effective than AC power, due to the integration benefits that can be realized with 
DC power. This benefit is expected to increase with the increased penetration of 
renewables, additional DC loads from EVs and also the proliferation of DC native 
energy storage.  Notably, the Ecova study did not contemplate additional savings 
due to new EV charging load. 

Existing cost barriers are further hampered by the fact that existing energy 
efficiency incentives and rebates are targeted for AC buildings and AC 
appliances.   Expanding these existing incentive and rebate programs to include 
DC power system and appliances would certainly help close the cost gap.   

6.2 Limited Distribution Efficiency Gain 
A barrier to adoption of DC power is that in certain applications there is only a 
small efficiency gain (excludes VFD). Verses best-in-class AC design, DC power 
may only improve the electrical distribution efficiency losses by around 5-8%. 
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This number is limited to the electrical distribution losses and does not provide a 
drastic step change to building energy consumption in typical buildings.  

The majority of the conversion losses are from device power supplies. The 
efficiency of these devices is generally in the 65-85% range20. By removing these 
conversions and having one, larger DC conversion step these multiple conversion 
losses are reduced. However, DC-DC conversions would still be required to allow 
all devices to operate.  

The removal of losses from device power supplies is the primary reason for the 
energy improvements of distributing at DC (excluding VFD).  

Wide Band Gap devices have the potential to improve the AC-DC conversion 
process and improve the efficiency of the existing AC distribution system by 
improving end-load efficiency.  Wide Band Gap materials, such as silicon carbide 
and gallium nitride, enable the development of smaller semiconductor devices that 
demonstrate significantly higher performance while demanding less power than 
more commonly used silicon semiconductor devices. (Oak Ridge National 
Laboratory, 2012) 

Should wide band-gap devices have significant efficiency improvements over 
standard electronic devices conversion processes that are commonly used today 
and become common place in electronic devices, then the opportunity for DC 
power to reduce energy is significantly reduced in the distribution and conversion 
stages.  

Wide Band Gap devices are, however, likely to improve the efficiency of DC 
appliances and may present an opportunity for more efficient DC 
devices/appliances.  

Studies have shown (Garbesi et al. 2011) that when best-in-class AC devices are 
installed, the opportunity for DC power to improve the losses in the AC system is 
reduced by about 50%.  

6.3 Existing Building Stock 
The DoE BTO as stated has a goal to reduce the primary energy consumption in 
buildings by 50% by 2030. Of the building stock that will exist in 2030, 85% is 
already built (Patterson, 2014). Therefore in order to meet the BTO’s goal of 
reducing building energy consumption by 50%, cost effective methods to reduce 
the electricity consumption in existing buildings are required.  

For retrofit applications, no detailed cost models have been developed to date to 
analyze the cost effectiveness of providing DC power to existing building stock. 
Deep retrofit applications such as tenant improvements where whole floors or 
buildings are renovated and all fixtures are replaced are likely to yield similar cost 
results to new construction. However, no modeling or case study data was found 
in a literature review to confirm this assumption. 

                                                 
20 Note DoE standards to improve the existing standards by 2016 
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There is a knowledge gap and the case study is not well understood today. DC 
may prove to be more of an enabler for other advanced technologies than a prime 
mover of savings in and of itself.  It is likely that new products (e.g., retrofit "kits" 
for LED lighting) need to be developed that would require DC as part of the 
package. 

6.3.1 DC Equipment Is Not Prevalent 
Limited DC product availability is indeed a barrier to mass market adoption 
outside of PoE and USB equipment.  

Most DC products today use either USB or PoE.  PoE is used primarily for phones 
and access points.  There are other products available that are PoE powered but 
they do not have large market share.  In early 2014, Philips introduced PoE 
lighting, which has the advantage of using the Ethernet interface for 
communications with the light.  Proprietary systems that use 48V DC have been 
available for several years for commercial lighting. 

Outside of the PoE products, there are some DC products available in the U.S. and 
the standards for these are being driven by the EMerge alliance.  There is an eco-
system for certain DC product lines. The most complete product line is in the area 
of DC lighting and the power ceiling distribution system. This system offers a 
complete line of products for commercial applications.  

There is a lack of market-ready variable frequency drive (VFD) systems that 
accept a DC input. This segment may be one of the most valuable segments, and 
potentially holds the most promise. Motors make up 10% of all of the electrical 
loads in the U.S. commercial and residential building stock. Moving to DC VFDs 
for all motor applications where the size warrants has the potential to result in 
significant energy savings.  

LBNL has modeled the energy benefits of moving to DC appliances (Garbesi, 
Vossos, & Shen, 2011). Within this research LNBL catalogued the DC high 
efficiency products that were available in the market today. These devices have 
the opportunity to save 33% of building electricity load in residential and small 
commercial applications. The research concluded that there no commercially 
available devices that offer these savings in the residential and small commercial 
markets. There are DC products available, but the devices available in the market 
today are for niche market segments such as recreational vehicles and do not 
extend to the wider built environment. In North America these devices are not yet 
mass produced for the residential and small commercial markets. It is likely that 
should these devices be produced, then there will be a period (before production 
volume and demand drives down cost) where these more efficient devices are 
more expensive than the traditional appliances. These higher prices may not be 
offset by the energy savings until certain production volumes are realized. There 
have been no studies carried out that provide this analysis and the cost 
effectiveness of these products is not well understood. A reason for the lack of DC 
products that are available may be due to the lack of demand. If the market is not 
demanding DC products, as there is no DC supply, this may inhibit investment to 
this field.   
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6.3.2 Institutional Barriers 

The AC distribution system is familiar, understood and the design principles well 
established. AC distribution has been installed in buildings for over a hundred 
years.  

All stakeholders that are involved in the building construction process from 
architects, engineers, planning authorities, standards agencies and contractors are 
all well versed in AC power systems and their implementation.  

The adoption of a new way of designing building’s electrical distribution is a 
significant barrier. Stakeholders will require training to understand the new 
principles that DC distribution in buildings brings. Without a clear articulation of 
the benefits and need for DC power in buildings, stakeholders are likely to resist 
change. It is worth noting, however, that DC systems are prevalent in some 
industries such as automotive and aviation.  

6.3.3 Utility Power Supply 
A utility distributes and sells power via an AC distribution system and the model 
still prevails from the original 19th century battle of the currents. Utilities have in 
the past distributed and sold DC power to their customers. A rare surviving 
example of this is PG&E’s DC power elevator service in downtown San 
Francisco. In this case, hundreds of customers still purchase DC power from 
PG&E to drive their winding-drum elevators. PG&E has invested a great deal of 
money and technology in recent years to upgrade the safety and reliability of its 
unusual DC grid and to better integrate it with the surrounding AC system. 
(PG&E, 2012). 

The PG&E case aside, today retail customers cannot request a new service for DC 
power from the majority of utilities. This is a barrier to adoption of DC power. If 
customers had the choice to supply their building with DC power, resulting in no 
required AC-DC21 conversions, DC power might be more attractive to building 
occupants.  

There are potentially two topologies for utility-supplied DC power.  First, utilities 
could supply DC Power to a bus operating as a microgrid or via a universal 
transformer (see section 7.1 below, for further explanation).  The key barrier today 
to realizing this service is regulatory.  Today, some utilities are prohibited from 
supplying new DC service to customers. Rule 21, which governs XXXX and 
FERC standard 739, which addresses YYYY would require revision. However, 
regulatory change is not impossible and should there be the desire for utilities to 
supply DC power this is an area where a carefully designed rate could be 
presented to the regulators for approval.  

Additionally, it should be mentioned that there are no behind the meter long term 
contracts for DC power.  All behind the meter generation projects with long term 
power purchase agreements for onsite PV generation are for AC power purchases. 

                                                 
21 DC-DC conversions would still be required 
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Further investigation is required to determine the regulatory and other barriers to 
providing behind the meter long term DC power contracts to customers.  

6.3.4 Electrical Safety 
DC power has a constant voltage and does not cycle to a zero point as an AC 
sinusoidal waveform does. Therefore it can be more difficult to interrupt the flow 
of DC power.  

EMerge’s 24 V lighting standard does not require protection for direct contact of 
electric shock. To receive an electric shock, there must be a high enough voltage 
present to pass current through the natural resistance of the human body. At a 
voltage of 24 V, under normal dry conditions, there is not enough voltage to break 
down the skin’s electrical resistance and pass current through the human body. As 
a result, an electrician is not needed to move fixtures and there is no risk of 
electric shock from such a low voltage system.  

Higher voltage DC (e.g. 380V) is much more prone to arc flash than AC power 
(Denkenberger et al, Pacific Gas and Electric Company, 2012) and consideration 
of this is required in the design process. It also requires shock protection measures 
unlike 24V DC. LBNL concluded (Tschudi, Fortenbery, & Ton, 2008) 380V DC 
(or higher) is essentially new territory and will require some additional safety and 
performance investigation. It is likely that standards currently under development 
will address these issues.  
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7 Key Enablers 

7.1 Intelligent Universal Transformer 
The Electric Power Research Institute (EPRI), conducts research, development 
and demonstration (RD&D) relating to the generation, delivery and use of 
electricity for the benefit of the public.  

EPRI is leading the development and demonstration of fully integrated, 
production-grade 4-kV and 15-kV-class solid-state transformers for integrating 
energy storage technologies and EV fast charging.  

The intelligent universal transformer (IUT) technology has been validated through 
development and lab testing by EPRI. The IUT has the potential to transform DC 
power distribution. The device allows utility voltage to be input to the terminals 
and within the device conversions can be made to output varying voltages and 
frequencies as the device is programmable. DC power can be produced directly 
from the device with an AC input. The device can negate the need for an AC-DC 
conversion process in an all-DC home, and could allow utilities to provide their 
customers with direct DC power. The IUT has many advantages over traditional 
transformers such as: 

• Improved Energy Efficiency - no magnetizing or iron losses 

• Flexibility – software configurable to differing outputs as required (e.g. 
400V AC or 380V DC from the same device) 

• Environmental Concerns – solid state transformer so the device contains 
no hazardous liquid dielectrics  

The IUT is still in development and is not yet being commercially manufactured. 
Should the development succeed, the device has the potential to change the way 
power is distributed and is a key enabling technology for DC power, assuming 
appropriate policy and regulatory reforms allow such a service to be provided by 
utilities to customers.  

7.2 Cost Effectiveness Methodology 
There is no standard method for determining the cost effectiveness of a DC 
building over an AC building. 

An ideal tool would allow stakeholders to compare, side by side the power 
topology that best suits a particular building. The tool would assess the end use 
loads and generation sources in order to suggest the optimum building wiring 
system for new construction and retrofit applications. 

The tool would use agreed upon metrics for costs and efficiencies, and be updated 
for technology changes.  The existence of such a tool, for example, would have 
been profoundly helpful for this scoping study.  
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7.3 Low Cost DC Revenue Meters 
There are no low cost revenue grade DC meters commonly available on the 
market as of 2014.  A revenue grade meter has certain accuracy criteria that 
ensure accurate recording of electricity data and is required by utilities when 
measuring their customer’s electricity consumption.   

The ability to accurately and inexpensively measure DC power is a key enabling 
technology to allow DC infrastructure to be provided by a utility. Utilities’ 
existing revenue grade meters are AC meters, as virtually all customers in the U.S. 
are supplied with AC power. Should a utility in the future want to supply 
customers with DC power, revenue grade DC meters are required at a price point 
comparable with their AC counterparts.  

7.4 Stakeholder Education  
While tremendous progress has been achieved on a global basis for DC power 
standards in server farms and lighting applications, realizing the benefits of DC 
power in additional applications in residential and commercial buildings will 
require a massive educational effort of the entire eco system, including 
commercial and residential building owners, operators and architects, industry 
trade groups, utilities, appliance manufacturers, policy makers, regulators and the 
general public.  A fundamental requirement for this educational effort would be a 
clear value proposition for priority DC applications and standards for safety. This 
will require additional near term demonstrations and consensus on cost 
effectiveness evaluation methodology and tools.  
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8 Role for public interest programs 
This scoping document has highlighted that the primary near term role for public 
interest research in DC power would be to further validate and quantify the 
business case for DC power in residential and commercial buildings, and research 
the role that communications can play in making DC power successful. 

This section discusses five key public interest research areas that we recommend 
be considered by the DoE.  

8.1 Existing Building Retrofit Research 
There is a lack of publically available research data defining the costs and benefits 
of moving from AC building distribution to DC building distribution in retrofit 
applications. The business case is not defined for all building classes. There is no 
research that also compares the gains and costs of moving to DC power when 
wide band gap devices are prevalent in AC-DC conversions to understand which 
technology provides the most value for the least cost.  

In the case of new build residential and commercial (standard code and ZNE) 
buildings, there appears to be a business case for installing DC power when there 
are onsite renewables/storage/EVs. DC integration benefits result in reduced 
capital costs of the installations over the AC alternatives. DC loads (including EV 
charging and storage) are expected to increase, further improving the value 
proposition of DC in the built environment.  Motors have been shown to be the 
primary load that benefits from DC power, and large efficiency gains have been 
highlighted. With new build construction, sufficient research appears to have been 
conducted to support additional demonstrations for new build opportunities.   

In retrofit applications there is no published data that provides a case study to 
determine if DC power will provide meaningful energy benefits to the DoE in 
order to assist their goal of reducing building energy consumption.  Additional 
research and demonstrations could be very useful in the near term to better 
understand the costs and benefits for existing buildings. 

DC native appliances as researched by LBNL (Garbesi, Vossos, & Shen, 2011) 
are predicted to save up to 33% of a building’s electrical load. Within the research 
there is no cost data in order for it to be determined if the changes to appliances 
are economical. In addition, it is important to work with manufacturers to 
document the manufacturers’ development in this area and to quantify what 
actions are needed to stimulate the manufacture of such energy efficient products.  

It is recommended that public research be carried out in both residential and 
commercial building retrofit applications to: 

• Quantifying cost and benefits of retrofitting AC distribution 
o Whole Building DC distribution 
o Targeted Modular DC distribution  
o DC Appliances 
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• Research efficiency of DC appliances, equipment and route to market 
• Determine the best value opportunity where the DoE should invest  

The research is recommended to be short term research, occurring in years 1 and 2 
of a funding cycle.  

8.2 Demonstrations 
There are very few public demonstrations that catalogue and accurately measure 
the benefits and drawbacks of converting to DC power.  As mentioned in the Key 
Enablers section above, having successful performance and cost effectiveness data 
from demonstrations is a key foundational element to any stakeholder education 
process.  

It is recommended that public interest demonstrations be installed in various cities 
in the U.S. to objectively document and record data.  

The demonstrations and resulting cost and performance results should be made 
available to all stakeholders including the public.  

It is recommended that demonstrations be constructed in the following sectors 

1. New build (standard code and ZNE) residential properties 

2. New build (standard code and ZNE) commercial properties 

3. Deep commercial retrofits such as tenant improvements 

4. Modular DC systems such as lighting in an AC system 

5. New build data centers 

6. Deep data center retrofits 

The demonstrations should be compared with standard and best in class AC 
buildings to quantity where the biggest opportunities lie and which method is 
more cost effective.  Industry sectors with the highest turnover of new asset 
replacement should be prioritized, given their ability to more easily retrofit 
existing buildings.  

Some key recommended technologies to demonstrate include: 

• Design guides and best practice documents 
• Lighting 
• Renewable/storage and EV charging integration 
• Motors/variable speed devices 
• Electronics 
• Data center equipment  

The demonstrations should address if hybrid (AC and DC) buildings are required 
due to lack of DC products or if pure DC buildings provide the greatest 
opportunity. Hybrid buildings may include DC loads such as electronics, lighting 
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and energy storage, generators such as PV and AC loads such as washing machine 
and refrigerators.  

The demonstrations should produce a best practice design guide prior to the 
construction of the demonstrations and this best practice guide should be followed 
in the construction process.  

The research is recommended to be short-term research, occurring in years 2 
through 5 of a funding cycle with the design guides written in year 1 to inform the 
designs.   
 
Bosch, via public funding are demonstrating a DC microgrid and this project is 
very similar to the ZNE building cases and will demonstrate DC integration of 
storage, generation and loads and this demonstration project may cover all of the 
requirements of the ZNE integration study to quantify the benefits and energy 
savings.  

8.3 Regulatory Roadmap  
A regulatory roadmap is required to enable widespread adoption for the 
implementation of DC infrastructure in buildings. Regulatory bodies include State 
public utilities commissions, Federal agencies, as well as utilities and grid 
operators. 

A roadmap including a review of regulatory requirements is recommended to be 
produced after the research discussed in 8.1 is completed.  

The road map should address:  

• Standards 
o Global standard identification and development 

• Dealing with hybrid buildings 
o If DC products are not expected to be on the market for many 

years, will there be a required period of hybrid buildings? How will 
this be dealt with? 

• Assessing current utility and/or third party regulation for supplying DC 
power to retail customers 

o Utilities and third party developers do not (and often cannot) 
supply DC power to customers. This is likely to be a large barrier 
to DC adoption. The regulatory roadmap is recommended to detail 
all of the steps required in each state to allow utilities or third party 
developers to supply DC power to areas that demand DC power.  

• Equipment incentives 
o Should research conclude that high efficiency DC native 

appliances are cost effective, it is recommended that a roadmap to 
allow proliferation of these products be produced. This may 
include energy efficiency rebate measures or other financial 
incentives to stimulate the market until large-scale penetration and 
mass production remove initial high cost barriers.  
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• Cost effectiveness tools  
o A nationally, or at least statewide method for agreeing on how to 

assess the cost effectiveness of DC buildings is required.  The tool 
should consider the criteria stated in 7.2. 

This work is recommended to be short to medium-term research, occurring in 
years 2 through 4 of a funding cycle. 

8.4 Education 
DC distribution in the residential and commercial sector is nascent. Education is a 
key theme of our final research recommendation. Education of not only the cost 
effectiveness of priority DC power systems but also other benefits, such as the 
potential for increased power quality and reliability and assistance with the 
integration of customer sited renewable energy and onsite energy storage and 
electric vehicle charging.  

Research and demonstration will quantify the energy and non-energy benefits and 
costs of implementing DC power. Should the benefits be attractive to the DoE, we 
would recommend national and regional training to equip the U.S. workforce.  

Workforce training would be required to allow stakeholders to become familiar 
with designing, installing, and operating DC products safely. This includes all 
stakeholders in the built environment from designers, contractors and building 
inspectors. Training is key to ensure that implementation of a new system design 
is achieved safely.  

Awareness training will also be required. Industry stakeholders should be made 
aware of the benefits and risks of DC power to encourage private investment. 
Awareness of the benefits and risks will ensure that buildings are optimally 
designed with highly efficient, safe DC systems.  

We recommend that an education outreach program be put in place once DC 
power has proved that it is cost effective for the built environment, and 
appropriate safety standards have been put into place.   

8.5 Research 
The primary area where DC has been successful to date in buildings is with 
technologies that grew out of communications (USB and PoE).  As more and 
more devices (e.g. recently lighting) other than electronics have communications 
ability, the value of this will only grow.  As DC networks in buildings grow, 
several areas where communications are needed will be apparent. 

• Demand response applications 

• Connection to local generation and storage 

• DC microgrids 

• Networks of nanogrids 
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Innovation in the communications across power links is needed to enable 
networks to be deployed in buildings.  Investment by the public sector in this area 
is critical to jumpstarting the market for local DC grids.  Networks of local DC 
power can provide local reliability, integration of local generation and storage, 
and with standards development, plug-and-play operation that could greatly 
reduce costs for installation and maintenance.   
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9 Priority of DC Actions 
This study reviewed previous research that evaluated and quantified the value 
proposition (benefits and costs) of DC vs. AC power in buildings, along with the 
key barriers to adoption.  
 
Based on the research to date, this scoping study estimated, at a very high level, 
conceptual U.S. savings potential from implementing high priority DC power 
applications in the U.S. residential and commercial new construction 
environment.   
 
This scoping study also recommended key areas that would benefit from public 
interest energy research/deployment funding.  
 
DC power can contribute towards the DoE’s building energy goals by reducing 
building energy demand. For new build residential and commercial applications, 
transitioning to DC power distribution has been shown as cost effective in the 
research completed to date. It is recommended that demonstration projects be 
implemented to demonstrate these technologies, particularly with lighting, 
electronic, communication, and motor loads. Benchmarking best in class DC 
technology against best in class AC devices can quantify energy performance for 
the various systems.  Further, an accepted methodology for total cost of ownership 
or life cycle cost analysis of the competing technologies would provide 
stakeholders with the tools required to make informed technology decisions for 
various building types and applications. Finally, research should be undertaken to 
develop communications that can enable networks of local grids within buildings.     

The business case for DC power in the existing building stock is not clear. The 
Study Team found no detailed research that has been performed to date that 
clearly demonstrates the case for retrofit applications in order to reduce the energy 
consumption of a building and its associated cost effectiveness. The Study Team 
recommends that further research be performed to fill this knowledge gap.  

Within the existing building stock, the biggest opportunity is likely to come from 
replacing old inefficient end use loads with new DC internal technologies, 
operating on the existing AC wiring system in addition to modular DC systems 
again operating on the existing AC system. Such technologies would include high 
efficiency DC motors and variable frequency drives for air conditioning and 
refrigeration loads, the use of wide band gap semiconductors for equipment power 
supplies along with DC native lighting which is already well underway. We can 
also expect greater use of the DC technology already widely used in buildings in 
the form of USB and PoE, particularly as they each increase the power that can be 
carried over an individual link. 

The Study Team also recommends that DC data centers are demonstrated against 
best in class AC systems to determine which technology provides the most 
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benefit. This analysis should consider both the energy saving benefits and also the 
reliability benefits which are just as important to data center operators.  

The Study Team recommends that a regulatory roadmap be developed to detail 
required policy changes that would be required in order to accelerate the 
implementation of DC infrastructure in buildings. The roadmap should consider: 
hybrid buildings, the role of the utilities and third parties in DC power provision 
and storage and a standard cost effectiveness methodology/tool to assess the 
attractiveness of DC power in the built environment.  

Should the work outlined above prove the case for DC power in the built 
environment, then education is key to a national rollout.  

Our recommended timeline to implement the public interest research is outlined 
below.  

 

Figure 17: DC Public Research Priorities   
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A1 Workshop Attendees 
 

First Last Company 

Zhenyuan Wang ABB 

Brian Patterson Armstrong & Emerge Alliance 

Russell Carr ARUP 

Shane Bediz Bosch 

Tony Koch BPA 

Heather Bird CEC 

Dustin Davis CEC 

Karl Johnson CIEE 

George Hernandez Department of Energy 

Patrick Phelan Department of Energy 

Dan Ton Department of Energy 

Tissa Mirfakhrai EATON 

BJ Sonnenberg Emerson 

Doug Houseman Enernex 

Dennis Symanski EPRI 

Ben Clarin EPRI 

Mark Johnson GE 

Paul Smith GE 

Rui Zou GE Global Research 

Guy AlLee Intel 

Rich Brown LBNL 

Gerald Robinson LBNL 

Sila Kiliccote LBNL 

Bill Tschudi LBNL 

Evangelos Vossos LBNL 

Chris Marnay LBNL 

Bruce Nordman LBNL 

Brian Edlefsen Microenergy international 
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Ben Hartman Nextek 

Masahiko Kanai NTT 

Hirokazu Nakamichi NTT 

Hiroshi Naito NTT 

Keiichi Hirose NTT 

Dan Cohee PDE 

Peter Turnbull PG&E 

Paul Boyd PNNL 

Donald Hammerstrom PNNL 

Stacey Reineccius PowerTree Services 

Michael Holmes Rosendin Electric 

Prof. Sun RPI 

Paul Delaney SCE 

John Holmes SDG&E 

Alan Suleiman SMUD 

Michele Friedrich SMUD 

Connie Samla SMUD 

Paul Gillaspy SMUD 

Rachel Radell-Harris SMUD 

Dave Brisbee SMUD 

Cheri Davis SMUD 

Bruce Baccei SMUD 

Joe Stagner Stanford University 

Giovanni Damato Strategen 

Janice Lin Strategen 

Dave Geary UE Corp 

Terry Surles University of Hawaii 
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B1 Supporting Data 
 

B1.1 Residential Sector End Use Loads 
The end use loads within the residential sector are shown in Figure 17. 

Figure 18: Residential Sector – End use loads 
 

 
Source: Buildings Energy Data Book:  Table 2.1 2010 Residential Sector Energy 
Consumption (Department of Energy, 2012) 

B1.2 Commercial Sector End Use Loads 
The end use loads within the commercial sector are shown in Figure 18 

Figure 19: Commercial Sector – End use loads 
 



Department of Energy - Building Technologies Office Direct Current Scoping Study 
Opportunities for Direct Current Power in the Built Environment 

 

Prepared for Pacific Gas and Electric, on behalf of the Department of Energy Building Technologies Office | Issue | May 6, 
2014  

Page B2 
 

 
Source: Buildings Energy Data Book:  Table 3.1 2010 Commercial Sector Energy 
Consumption (Department of Energy, 2012) 

  

Note: Other uses includes, but is not limited to: miscellaneous uses such as 
transformers, medical imaging and other medical equipment, elevators, escalators, 
off-road electric vehicles, laboratory fume hoods, laundry equipment, coffee 
brewers, and water services. 
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