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DC... Useful Worlds Apart

DC in commercial buildings to improve effiency
/. HVAC
Ve Lighting
—>* Miscellaneous Electric Loads (MELs)

—,> DC in minigrids to lower cost
e Low cost distribution
e Basic electric services

Developed World Developing World
&
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Developed World: DC Design and Scoping Tool
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DC Designh and Scoping Tool
It’s a Direct Current World Out There

DC distribution systems can

save both energy and money... | Existing Studies
" |nconsistent assu

...but how much? = Lo-fi models

= Dubious claims
To answer that question, | = Conflicting results

industry needs rigorous and
accurate analysis tools

Computing Consumer Motor Electric Energy Onsite

Equipment Electronics Drives Vehicles Storage Generation
Miscellaneous Electric Loads ENERGY INSTITUTE



DC Design and Scoping Tool
A @ @ Soimers b eld tudies o
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Electrical \ E— S o °
Network —F- o3 - How much energy can | save?
Models ! 2—_—:::‘5 - What will it cost me?
- Are there other benefits?
MATLAB /
Whole-Building \ gl ——:cc"”———= =
Energy Modeling @l \ —— & @ @ @ U
EnergyPlus —
DC Design Tool
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Performance Tool Requirements

AC-DC - Laptop Charger - Laptop 3 - 120W - Efficiency Curve
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DC MELs Device Groups

External Power

Inductive Load
Supply

Resistive Load Motor (VFD) Battery Charger

- A Small Appliances Tools w/ Batteries Small, Portable Electronics Displays, Entertainment, & Audio
5 Kitchen/Cooking . . Large Appliances . . . . . Displays . .
e * Microwave Oven . . « Personal health, * Phone handset incl. tablet * Display incl. monitor, projector, TVs, digital
(- * Kitchen Small Devices « Dishwasher hair dryers, curlers, * Electronics - portable can picture frame
Q » Cooking- portable « Clothes dryer shavers... be operatetfl by batt.e.ry or * Receiver incl. amplifier, home theater system
o 1p 120V AC « Clothes washer * Tool - construction not otherwise classified  uss * Entertainment, gambling, arcade
Q Chores/Leisure | T incl. combined * Tool —non- * Computer, notebook 12VPI§(FE @I
()] * Decoration/hobby/leisure washer/dryer construction e.g * Camera 24vDC * Audio/Video player e.g. CD, DVD, VCR,
fountain, aquaria, kiln... auto, beauty * Battery Charger 1p 120V AC cassette, turntable
% . Householld non—ﬂ;od incl. 1p120vAC | |+ Outdoor appliance, - - * Game console
iron, sewing machine  12V0C mower, trimmer Office Equipment * Set top box cable, satellite, internet
E > ' 2avoc | [Other Motor Loads 1p 120V AC + Audio/video other
S * Cleaning Equipment 1, 170v Ac 1p 208/240V AC . . | . h dilv classifiabl
« Exercise Machine - « Computer, desktop... Fectromcs — other not readily classifiable
T 1p120VAC Large & Small Vehicle . ) into other category
; * Imaging equipment, fax
Full-Scale Cooking 1p 208/280V AC . . ! 1 1 Tax, T |
Q ¢ Vehicle small incl. . multifunction device, Audio
— * Range incl. cooktop & . . Small Portable HVAC wheelchair, golf cart scanner, printer... * Audio system integrated source &
@) combined cooktop/oven « Vehicle large « Telephone base stations, P°E speaker incl. radio, boombox 12\>J/S\<B:
2 * Oven incl. warming drawer . HVAFZ.—.portable . . 380V DC 3p 208V AC answering machines, 1,y pc||* Musical instrument also incl. v
* Food service/prep ice humidifiers, fans, 1p 120V AC 1p 277V AC corded phones 24V DC recording mixers, amplifiers 1p 120V AC
cream machine, fryer, heaters 1p 120V AC 1p 208/240V AC 3p 480V AC 1p 120V AC
steam cooker 1p 120VAC — — - -
1p 208/240V AC Small Facility Infrastructure Specialized Business Equipment Data Center
Water Heating * Bathroom devices, toilets, dryers. . . ) . . .
+ Water dispenser . Labo.ratory ngpment . . Computer server
« Water heater « Doors/windows incl. garage doors, . Met.ilcal equment for professwn‘al setting Data storage Use
o) - Pool gates, window shades * Business equipment money or office paper 1p 120V AC
Q 001-SPa  15120vAC + Motor actuators related 1p 120V AC 380V DC
1p 208/240V AC . . 1p 120V AC 1p 208/280V AC
+ « Parking meter equipment 1p 208/240V AC
g * Agriculture incl. irrigation timers  1p277vAcC Small Hardwired/Networked Devices
— - Distribution Equipment
(@) Large Facility Infrastructure Compressor-Driven Loads (] ] gquip
) ¢ Security — security cameras, systems .
> * Pump . . ° Refrigera{or incl. wine . * Sensors incl. detectors: fire, smoke, gas, fluid ‘ Breakers. )
<L * Industrial process equipment & related coolers, fridge/freezer * Network equipment, modems, switches, * Power - fixed transformers, SW|'t<':hgears,
) * Sanitation garbage disposal, trash combo routers, access points, etc. PoE voltage regulators, power cqndltloners
o compactor, wastewater pump, filter * Freezer « Lighting — emergency incl. exit lights ~ 24vDC * Power - po'tlizle' power strips, surge
. i * Vending machine o lichting — ; protectors, , timer
@) Transport, fixed elevator, escalator, . lce macghine 1p 120V AC Ll.ghtmg decorative Other Class 2 Gircuit . Meter utility & other 1p 208/240V AC
E  Z lifts, etc. 1p 120V AC ! 1p 208/240V AC * Signage 1p 120V AC 48VDC  3p208VAC
* Snow melting coil 1p208/240vac| | ° Air compressor 3p 208V AC * Sign not incl. electronic displays ~ 1p277VAC 380V DC 1p 277V AC
1p 277V AC 3p 480V AC p 480V AC Other class 2 circuit 3p 480V AC NYe'/
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Device Characterization: Performance by Mode

AC-DC - Label Printer - 9V, 27W - Efficiency Curve

Characterization Experiments: (f

60 4 \‘

i Measure converters that have both sides accessible

ncy (%)

ii. Measure appliances that have only the input side of the |
converter available ol |
iii. Purchase similar converters in the market for the appliances o

° & .

—— Increasing Power

Random Power

tested and measure them to serve as a proxy
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AC-DC - Laptop Charger HP - 18.5V, 120W - Efficiency Curve
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AC-DC - USB, 2 ports, 5VDC - 5.1W - Upper USB port

Decreasing Power - Power Step 40% - Input Current FFT
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Devices Characterized

 MELs Tested To Date: 30 power converters, 38 appliances
* Data Collected: power in/out, harmonics, efficiency curves

NREL | 9
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Switch to DC: What Does this Really Look Like?

Practice

Power Supply
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Building-Level Simulation: Harmonic Power
Flow

* Assess efficiency of pure AC, DC, and hybrid AC/DC electrical
distribution systems.

* Requirements
* Enable fast, yet sufficiently accurate, simulation.
e Capture losses resulting from harmonics and nonlinearities and unbalanced conditions.
* Enable co-simulation of electrical and thermal effects.

* Solution
e Simulation library implemented in Modelica modeling language.
* Frequency domain analysis using harmonic power flow
* Including nonlinearities and unbalanced conditions.
* Modeling nonlinear transformer and converter impedances.
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Library View and Example Circuit

v (Il HPF
(] Types armanicsdir, 3, 5, 7, 5, 11, 5, 19
E SystemDef [ | | rundanen 160 Hz

v SinglePhase
V‘D Components

== Impedance

+ Ground
:{ IdealTransformer

== Resistor

= Terminate

Interface
b Sources

=G~ VolageSource

==+ CurrentSource
¥ E] NonlinearLoads
= = Test_Load
(] Datalo
» = Test_Load_bkp
~@- AC_DC_Adapter
MultiPhase

.|J§_.

groundd

Fig. 1. Expanded view of library. Fig. 2. Example circuit simulation for unbalanced transformer distribution.

« Example circuit from the microgrid testbed constructed at
CSU Powerhouse (unbalanced transformer).
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Efficiency Change is a Mode X Time in Mode

Sources for load profiles:
1. Smart plug data from NREL office building and a Walmart field study
2. New recordings in study buildings (locally networked WEMO plug meters)

3. Literature

X29257

Time of Day

Laptops Weekday
Example of load profile development for Laptops: 50 -
>X2.9.'303A X29157 X292$13 X‘2.9329 X293‘£'35 X‘291‘§9 X2:9fi15 X?'9325 40 -
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Then look at aggregated data and determine a load

profile that makes sense. Blue is the average of all
First, look at all data for each device individually. data; is the manually selected load profile.
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What Are We Seeing?

* Solid efficiency gain from converting MELs to DC (5-15%)

 No standards

* No agreed voltage standards for distribution
* No agreed power quality standards
* No plug standards

* \Very immature market

Small AC/DC converters inject high harmonics
into AC power systems (THD > 100%)

* Few appliances — have very few examples we can test

* Resistance to installing

D. L. Gerber, V. Vossos, W. Feng, C. Marnay, B. Nordman, and R. Brown, “A simulation-based efficiency comparison of AC and DC power distribution

networks in commercial buildings,” Applied Energy, vol. 210, pp. 1167-1187, Jan. 2018.

V. Vossos, D. Gerber, Y. Bennani, R. Brown, and C. Marnay, “Techno-economic analysis of DC power distribution in commercial buildings,” Applied

Energy, vol. 230, pp. 663-678, Nov. 2018.
(additional conference presentations @ ICDCM 2019)
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B World: Same Story / More Urgent
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Low Cost /
Low Voltage DC

Power

v

Hub Distribution Customers

a
A 4

Data

Smart, internet connected solar DC micro-grids = 1/10t" the cost of grid
48V DC distribution — lower cost, touch safe, less complex

Electricity as a service — daily service fees instead of kWh metering



Basic System Architecture

PV Generation PLC Injector
System Comms Head End

48 V Output
DC/DC
Buck/Boost
Converter

“Home Unit”

24 or 48V
Lead Acid Battery
N Strings

Customer End
Distribution Line(s) Point(s)

Base Station
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Cabling Design

Base
Station

e 48V Regulated + PLC carrier
. e Overhead install

e 2 conductor (various types)

* Multi-drop

BE =

|

N customers

<200 m %
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Developing World? What are We Seeing?

* Solid efficteney cost gain from converting to DC
* S90/cx + lighting vs $300-400/cx for AC with no appliances
... but limited power delivery

 Same problem of no standards: Increase appliance cost
* No agreed voltage, power quality, or plug standards

* Very immature market
* Few available appliances
* Resistance to non-AC distribution by utilities ...
poorly understood by utilities and their reqgulators
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Hybrid AC/DC approach

A smarter micro grid that brings complete village connectivity at an unrivalled low cost
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Contact

/ﬁ\ Daniel Zimmerle, Sr. Research Associate, Energy Institute
Dan.Zimmerle@colostate.edu | 970581 9945

99 @csuenergy
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