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PREFACE

The California Energy Commission’s Energy Research and Development Division
supports energy research and development programs to spur innovation in energy
efficiency, renewable energy and advanced clean generation, energy-related
environmental protection, energy transmission and distribution and transportation.

In 2012, the Electric Program Investment Charge (EPIC) was established by the
California Public Utilities Commission to fund public investments in research to create
and advance new energy solutions, foster regional innovation and bring ideas from the
lab to the marketplace. The California Energy Commission and the state’s three largest
investor-owned utilities—Pacific Gas and Electric Company, San Diego Gas & Electric
Company and Southern California Edison Company—were selected to administer the
EPIC funds and advance novel technologies, tools, and strategies that provide benefits
to their electric ratepayers.

The Energy Commission is committed to ensuring public participation in its research and
development programs that promote greater reliability, lower costs, and increase safety
for the California electric ratepayer and include:

e Providing societal benefits.

e Reducing greenhouse gas emission in the electricity sector at the lowest possible
cost.

e Supporting California’s loading order to meet energy needs first with energy
efficiency and demand response, next with renewable energy (distributed
generation and utility scale), and finally with clean, conventional electricity
supply.

e Supporting low-emission vehicles and transportation.

e Providing economic development.

e Using ratepayer funds efficiently.

Open-Source, Open-Architecture Software Platform for Plug-In Electric Vehicle Smart
Charging in California is the final report for the Open-Source, Open-Architecture
Software Platform For Plug-In Electric Vehicle Smart Charging in California Residential
and Small Commercial Settings (XBOS-V) project (Contract Number EPC-15-013)
conducted by the Transportation Sustainability Research Center at the University of
California, Berkeley. The information from this project contributes to the Energy
Research and Development Division’s EPIC Program.

For more information about the Energy Research and Development Division, please visit
the Energy Commission’s research website (www.energy.ca.gov/research/) or contact
the Energy Commission at 916-327-1551.



http://www.energy.ca.gov/research/

ABSTRACT

This interdisciplinary eXtensible Building Operating System—Vehicles project focuses on
controlling plug-in electric vehicle charging at residential and small commercial settings
using a novel and flexible open-source, open-architecture charge communication and
control platform. The platform provides smart charging functionalities and benefits to
the utility, homes, and businesses.

This project investigates four important areas of vehicle-grid integration research,
integrating technical as well as social and behavioral dimensions: smart charging user
needs assessment, advanced load control platform development and testing, smart
charging impacts, benefits to the power grid, and smart charging ratepayer benefits.

The key results of the project include developing a better understanding of the vehicle-
grid integration adoption barriers among two key stakeholder groups: plug-in electric
vehicle drivers and building energy managers. The project team developed a novel,
open-source hardware and software integration solution for power level control of Level
1 and Level 2 plug-in electric vehicle chargers, along with algorithms for managing
plug-in electric vehicle charging in response to changes in local building loads. The
project team demonstrated that vehicle-grid integration offers the potential to alleviate
congestion at the utility grid distribution level, helping reduce the potential for voltage
excursions (voltage levels outside of specified limits) when many plug-in electric
vehicles are charging on the same utility distribution feeder.

The project team analyzed the California grid in 2024 and 2030 and found that vehicle-
grid integration can enable better use of renewable energy in California. Vehicle-grid
integration, enabled through systems such as the platform developed in this project,
can potentially mitigate up to 500 gigawatt hours of renewable electricity curtailment in
2024 and about 2 terawatt-hours by 2030, offering overall grid operation and electricity
ratepayer benefits as well as reductions in greenhouse gas and air pollutant emissions.

Keywords: electric vehicle, vehicle-grid integration, battery storage, utility grid,
customer acceptance

Please use the following citation for this report:

Lipman, Timothy (TSRC, University of California, Berkeley). 2020. Open-Source, Open-
Architecture Software Platform for Plug-In Electric Vehicle Smart Charging in
California. California Energy Commission. Publication number: CEC-500-2020-005.
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EXECUTIVE SUMMARY

Introduction

California is the largest U.S. car market with about 20 percent of all new cars in the
country and accounting for almost half of all plug-in electric vehicles (PEVs) sold since
2011. The state is moving toward the goal of launching 5 million zero-emission vehicles
on the road by 2030. Since most of these vehicles will rely on charging batteries,
increasing the number of PEVs also increases electricity demand. This uneven demand
at specific times and locations can be burdensome for the local electric utilities.
Managing and spreading the electrical load across different locales, infrastructures, and
periods using vehicle-grid integration strategies and technologies (which help align
electric vehicle charging with the needs of the electric grid) could prevent costly
infrastructure upgrades and decrease costly grid balancing.

Vehicle-grid integration takes advantage of the significant capacity of PEV onboard
batteries that can be charged (and potentially discharged) at times that are beneficial
for local and regional utility grid operations. The concept of vehicle-grid integration has
been around since the 1990s but has grown in interest and importance in recent years
with the growing PEV adoption in California and around the world.

The eXtensible Building Operation System—Vehicles (XBOS-V) project focused on
controlling PEV charging at homes and small businesses using a novel and flexible
open-source platform that gives users the rights to use or modify the software code.
The research team designed the XBOS-V software-based platform to integrate into
residential/business electrical and building automation systems..

This project also focused on the key issues associated with open-source platform
development, including assessment of user needs, grid operation and ratepayer
benefits, grid security considerations, and the potential for PEV charge control to help
integrate intermittent renewable energy into California’s electrical grid by providing a
place to store overgeneration. The platform was built as a flexible open-source and
open-architecture system that can (depending on site requirements and hardware
solutions) integrate with established vehicle-grid integration protocols and standards.
This project addressed a key gap where some industry groups are proposing vehicle-
grid integration solutions that are inherently proprietary and “closed” to other
developers (such as communicating thermostats and smart assistant-systems that
integrate with PEV chargers). This effort was open to all developers and intended for
further flexible development by interested stakeholders. It attempted to simplify and
clarify the technical operation of vehicle-grid integration systems, as well as integrate
vehicle-grid integration with other local building load controls in an area that had not
yet been significantly researched and developed.



Project Purpose

This project combined an interdisciplinary team of researchers, engineers, software
developers, and social scientists to address key aspects of vehicle-grid integration
concept development. These aspects included:

e Better understanding user needs and requirements for vehicle-grid integration.

e Developing an open-source software code platform for controlling PEV charging
at a local level (by communicating directly with PEV chargers using on-site
building automation software) in conjunction with other loads.

¢ Identifying opportunities for vehicle-grid integration to improve grid operations at
the distribution level and potentially provide additional value for at the
transmission level.

The project intended to 1) develop vehicle-grid integration concepts to improve the
local and regional operations of utility grids by developing the XBOS-V software module
for the established XBOS platform (an open-source, open-architecture building
automation system originally developed at the University of California [UC] - Berkeley);
2) understand the vehicle-grid integration potential to improve integration of
intermittent renewable resources on the California grid; and 3) better understand the
interest level and concerns of key stakeholder groups for vehicle-grid integration
concepts including PEV drivers and building energy managers.

Project Approach

The project involved four key technical areas:

e PEV user needs assessment: Conduct focus groups with 50 participants in the
BMW ChargeForward vehicle-grid integration project.

e Software development: Develop XBOS device drivers (that tell the hardware
what to do) for Level 1 (120 volt) and Level 2 (240 volt) PEV chargers using Wi-
Fi communication, test and validate the computer drivers and XBOS-V code, and
develop and implement building automation system controls.

o Utility distribution grid Impacts and opportunities: Examine potential distribution
system impacts of future PEV penetration on example feeder networks, develop
and test algorithms to address adverse impacts.

e Larger utility grid operation impacts and opportunities: Examine the market
potential for PEVs to participate in utility and wholesale electricity market
programs, and analyze the potential for PEVs to reduce curtailment of
intermittent renewable energy (solar and wind) through control of charging times
and rates in example years 2024 and 2030 in California.

For the primary XBOS-V development and implementation task, the project team
installed Wi-Fi based load control devices on three baseboard heaters, selected lighting
fixtures, and several plug loads. The team monitored consumption at the building



electrical panel. The team used a “grid simulator” with power-flow visualization to
provide additional power monitoring for the PEV charging loads at the UC Berkeley
vehicle-grid integration test-bed. The project team then controlled these loads in
coordination using project-developed algorithms to manage the building loads to meet
potential control criteria, which includes evening demand peak periods, valleys in
demand, and the adjustment of building loads to avoid the peak pricing times in time-
of-use electricity rates.

A key challenge to overcome was to develop an open-source code solution for electric
vehicle supply equipment (EVSE) that is free from proprietary concerns of industry and
that is available for wide dissemination. Addressing this challenge required considerable
work to understand the functional requirements needed, and develop a PEV charging
control solution in concert with control of other local home and small business loads.

In another project effort, the project team studied the potential negative consequences
of uncontrolled PEV charging and the potential PEV charging management benefits to
the system. In addition, the project team proposed control algorithms designed to be
functional with any of the proposed vehicle-grid integration communication protocols.
These proposed vehicle-grid integration communication protocols include Smart Energy
Profile (SEP) 2.0, Open Automated Demand Response (OpenADR), Open Charge Point
Protocol (OCPP), Institute for Electrical and Electronics Engineers (IEEE) 2030.5, and
International Standards Organization 15118, among others.

Finally, a key project effort involved using sophisticated grid models, such as PLEXOS
and SWITCH, to analyze the potential for PEVs to reduce curtailment of intermittent
renewables through managed charging. The model shifted PEV charging loads from
high and increasing “ramping” periods to times of low and decreasing grid loads. The
analysis focused on example years 2024 and 2030 in California (by which times the
energy supplying the California grid is expected to be 40 percent renewable and 50-60
percent renewable, respectively), with PEV market penetration scenarios.

Details of the project approach for each primary technical task are in the body of this
report.

Project Results

The ChargeForward participant focus group and building energy manager interviews
provided a valuable opportunity to learn from real-world settings and concerns related
to vehicle-grid integration and PEV charge management. The focus group findings
helped inform current project and potential future efforts including:

e Understanding what can motivate PEV drivers to participate in vehicle-grid
integration programs.
e The participant desired level of user complexity/information.

e Concerns about vehicle-grid integration use in specific settings.



e Insight into potential vehicle-grid integration application at a wide range of
homes and businesses.

The overall response to vehicle-grid integration was generally positive in the PEV driver
focus groups and the building energy manager interviews, but with many nuances and
some specific concerns as noted. These included the level of information and
engagement desired by drivers related to their vehicle-grid integration program
participation, their relative levels of flexibility in their charging behavior to adapt to
charge management, and for building energy managers concerns about potential data
security related to extension of their building energy management systems to include
PEV charger control.

The XBOS-V software development to extend the capabilities of the platform
demonstrated the ability of the system to control Level 1 and Level 2 charging systems
for PEVs, along with other local building loads.

This type of dynamic PEV charging rate control can be used to keep a building or office
complex under a physical power limit because of transformer or electrical panel capacity
constraints, or economic limits to manage facility demand charges. It can also be used
to respond to scheduled or more dynamic 15-minute ahead calls for demand response
or power acceptance. Readily extensible platforms such as XBOS can be scaled to
medium and large fleets with the appropriate communication infrastructure at the
project scale.

All software and device drivers were released on a fully open-source basis for the
project team and other stakeholders to develop and implement. The software and
device drivers developed in the project are available through the following links:

e XBOS platform documentation: https://docs.xbos.io/
e XBOS platform code: https://github.com/softwaredefinedbuildings/xbos
e OCPP 2.0 Implementation: https://github.com/gtfierro/ocpp-2.0

e Juiceplug driver implementation (XBOS-V):
https://github.com/SoftwareDefinedBuildings/bw2-
contrib/tree/master/driver/juiceplug

e Aerovironment driver implementation (XBOS-V):
https://github.com/SoftwareDefinedBuildings/bw2-
contrib/tree/master/driver/aerovironment

e Brick Schema documentation: http://brickschema.org/
e Brick database code: https://github.com/gtfierro/hod

Next, the project team studied the potential negative consequences of uncontrolled PEV
charging and the potential PEV charging management benefits to the system. The
research team proved the potential for signals such as nodal grid prices to interact with
PEV load control on standard recognized test feeders and a real-world-sized model
feeder. The project team also compared the distribution feeder capacity for charging

4


https://docs.xbos.io/
https://github.com/softwaredefinedbuildings/xbos
https://github.com/gtfierro/ocpp-2.0
https://github.com/SoftwareDefinedBuildings/bw2-contrib/tree/master/driver/juiceplug
https://github.com/SoftwareDefinedBuildings/bw2-contrib/tree/master/driver/aerovironment
https://github.com/SoftwareDefinedBuildings/bw2-contrib/tree/master/driver/aerovironment
https://github.com/SoftwareDefinedBuildings/bw2-contrib/tree/master/driver/aerovironment
http://brickschema.org/
https://github.com/gtfierro/hod

infrastructure under home and workplace charging. . Key findings include the effects of
current and proposed utility rates on PEV charging behavior, the potential to use
locational marginal pricing signals for grid control, and additional distribution grid
impacts. Locational marginal pricing is the cost to buy and sell power at different
locations. The project team found that locational marginal pricing signals are not
adequate for maintaining grid reliability and stability through voltage correction on
distribution feeders.

Vehicle-grid integration-enabled PEVs can play important roles in the wholesale power
market and the grid at the transmission and distribution levels. The analysis shows that
PEV-managed charging has the potential to reduce renewable electricity generation
curtailment by up to 500 gigawatt-hours (GWh) in 2024 and about 2 terawatt-hours
(TWh) in 2030, helping bring more low-cost and low-carbon resources onto California’s
utility grid. This mitigated power curtailment amounts to about $5 million—$15 million
per year in avoided electricity costs in 2024 and $20 million—$60 million per year in
2030 (at avoided generation costs of $10-$30 per megawatt-hour [MWh]), as well as
nearly 72,500 tons (2024) and 290,000 tons (2030) of avoided greenhouse gas (GHG)
emissions.

There are potentially significant values for PEV drivers, workplace charging locations,
and PEV fleets that can be accrued through provision of wholesale grid services, but
they vary geographically and temporally as markets evolve, creating issues with
identifying dependable long-term revenue streams. It is important to consider the net
value of vehicle-grid integration participation in larger grid operations, as any net values
are affected by key stakeholder needs to participate in vehicle-grid integration services.

Sharing Technology and Information

The XBOS-V project provided an open source, easily implementable solution for electric
vehicle service equipment power management for building energy management
systems. The team widely disseminated the key findings from four main technical tasks,
while making widely available the open source code and energy management
algorithms developed in the project. The project team continues to pursue activities
related to technology transfer, as the XBOS platform and XBOS-V electric vehicle service
equipment modules continue to develop through project follow-on activities. The
project has already resulted in a significant number of professional presentations,
research and conference papers, and additional market transfer activities conducted
during the project. These technology and knowledge transfer activities included 27
professional presentations, 6 research papers, and XBOS-V open-source software code
release efforts. Additional professional and academic technology transfer activities are
anticipated well beyond the end of the project term, with submission of journal
publications and additional conference and meeting presentations.



Benefits to California

This project generated information that helps identify the opportunities and obstacles to
vehicle-grid integration use, and provided a flexible, open-source platform for vehicle-
grid integration development. The project contributes to larger efforts by electric
utilities and grid operators to provide ratepayer benefits with greater electricity
reliability and lower energy costs. The ratepayers will realize the benefits by advanced
vehicle-grid integration technologies that can reduce grid strain at the distribution level,
better coordinate PEV loads to improve reliability at existing power grid nodes, and
allow PEV load management to help address issues associated with intermittent
renewable power generation.

Potential ratepayer benefits from greater vehicle-grid integration use, in part enabled by
developments from this project, include greater electrical grid reliability, reduction in
electricity costs by allowing low cost renewable energy resources to be more effectively
used, increased acceptance of renewable electricity on the grid, and reduced emissions
of GHGs and criteria air pollutants.

The XBOS platform is easily implemented and tailored for individual sites based on their
electricity loads and objectives for power use management. It is a low-cost computing
platform (less than $200 for a basic system and then relatively inexpensive add-ons for
Wi-Fi control of groups of devices, such as thermostats, lighting, and plug loads). A goal
of XBOS is to demystify some key aspects of controlling electrical loads in coordination,
using secure communication and device drivers for many types of devices.

XBOS operates at about 20 sites in the San Francisco Bay Area, with additional inquiries
for additional installations being received regularly and efforts underway to develop
additional “instances” of the control system in new locations. Existing and future XBOS
installations can easily integrate the XBOS-V module.

Potential Monetary and Emissions Savings

Based on analyses and calculations conducted by the project team, the potential
monetary and emissions impacts and benefits of vehicle-grid integration systems,
including further implementation of XBOS-V-based installations, include:

e Greater reliability of the electric distribution grid, reducing frequency of outages
in residential areas.

e Annual reductions in electricity costs for ratepayers derived from lower electric
distribution system upgrade and operating costs, increased electric distribution
system energy efficiency, increased PEV charging energy efficiency, and lower
electricity generation costs through better acceptance of low-cost renewables.

e Potentially hundreds of megawatts of avoided peak electric demand at the
electric distribution system level by 2025.

e An estimated 73,000 metric tons of carbon dioxide (CO2e) emissions per year
avoided in 2024 and 290,000 metric tons in 2030 from increasing the fraction of
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intermittent operationally GHG-free renewable electricity generation (and
decreased need for GHG-intensive supplemental peaking generation), along with
additional potential reductions from increased electric distribution system and
PEV charging efficiency.

e Significant amounts of oxides of nitrogen (NOx) emissions per year avoided by
2025 from increased electric distribution system energy efficiency, increased PEV
charging efficiency, increased fraction of intermittent operationally NOx-free
renewable electricity generation (with decreased need for NOx-intensive
supplemental peaker plant generation).

The project team did not focus on the details of the direct benefits to PEV drivers and
fleet owners to a significant degree in this project, but this is a clear additional area of
private benefit in addition to the broader social benefits listed above.






CHAPTER 1:
Introduction

This report provides the final findings for the open-source open-architecture software
platform for plug-in electric vehicle (PEV) smart charging in California residential and
small commercial settings (Open XBOS-V) project. The Transportation Sustainability
Research Center at the University of California (UC) Berkeley led the project, along with
contributions from the Berkeley Energy and Climate Institute, the Energy and Resources
Group, and BMW North America LLC.

Introduction and Background

This interdisciplinary XBOS-V project focuses on controlling the charging of PEVs at
residential and small commercial settings using a novel and flexible open-source, open-
architecture charge communication and control platform. This software-based platform
known as eXtensible Building Operation System - Vehicles (XBOS-V) is embedded in the
context of overall utility and residential/business electrical and building automation
systems, lending itself to potential broad implementation by commercial interests.

This project also focuses on the key issues associated with the development of the
open-source platform, including assessment of user needs and grid operation and
ratepayer benefits, grid security considerations, and the potential for PEV charge control
to lead to increased ability to accept intermittent renewable energy for California’s
electrical grid. The platform is being built as a flexible open-source and open-
architecture system that can (depending on site requirements and hardware solutions)
integrate with established protocols and standards for vehicle-grid integration (VGI),
such as OpenADR, Institute of Electrical and Electronics Engineers (IEEE) 2030.5/Smart
Energy Profile (SEP) 2.0, Zigbee, Society of Automotive Engineers J1772, Open Charge
Point Protocol (OCPP), and International Standards Organization (ISO) 15118.

Figure 1 shows a generalized scheme for using a low-cost computing platform coupled
with Wi-Fi enabled devices for control of local building loads including PEV chargers.
The system is readily extensible to many devices in a given location, with the necessary
communications bandwidth considerations for nodes on the network.



Figure 1: Plug-in Electric Vehicle Charge Control with Open-Source and
Architecture Platform
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The project brings together a group of researchers from the University of California —
Berkeley and BMW North America LLC to conduct an in-depth study that will gather key
information learned from the “ChargeForward” project by Pacific Gas and Electric Co.
and BMW. The project uses key insights and observations from the pilot project to
inform the development of the Open XBOS-V platform and associated grid and user
benefits analysis. Approximately 100 participants took part in the Phase I
ChargeForward program for BMW i3 drivers, culminating in late 2016, and now in the
ongoing Phase II approximately 400 drivers are participating with i3 vehicles as well as
newer BMW PEV models (Figure 2).

Figure 2. Research Vehicle Undergoing Testing at UC Berkeley Global Campus
Vehicle-Grid Integration Testbed

Source: UC Berkeley
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Project Background

The concept of VGI has been around for many years, even before the proliferation of
modern PEVs. However, these concepts are now being explored more extensively with
the recent availability of large numbers of models of PEVs and market development
where cumulative PEV sales are now approximately 1 million in the United States and
500,000 in California. Various types of VGI development and demonstration projects are
examining ways of managing PEV charging onsite at workplaces to provide as much
charging as possible within site power constraints, and managing charging power levels
and charge timing to minimize utility demand charges (or residential time-of-use or TOU
charges). Other VGI projects are examining mechanisms for PEVs to participate in
power markets and receive compensation through third-party aggregation services, and
examining concepts for vehicle-grid and vehicle-charger-grid communication schemes
using vehicle telematics or local Wi-Fi based (or other) communication protocols.

While simple in some instances (for example simple PEV charging timing at the local
level to adapt to grid conditions), vehicle-to-grid (V2G) power and interfacing with the
wholesale level power market and transmission level of the grid are much more
complex, requiring the alignment of interest and efforts of a number of actors along the
value chain. These include (at a minimum) the vehicle driver or fleet operator, the
services aggregator and grid scheduler, the local utility, and the wholesale market entity
or “independent system operator” such as the California Independent System Operator
in California. There are many potential use-cases for VGI in California and other
markets; understanding these use cases in larger and more real-world types of settings
is a key area of ongoing and future research.

With regard to the types of integrated VGI solutions that combine control of PEV loads
with other local building loads, a few efforts have been publicly announced by electric
vehicle supply equipment (EVSE) manufacturers and automakers. These have been
targeted at residential charging locations (e.g. combining a ChargePoint charger with a
Nest thermostat) or at workplace sites where PEV loads are controlled to help manage
overall building and site power usage. Additional “microgrid” demonstrations have taken
place that also integrate local generation of power such as through solar photovoltaics
and energy storage through batteries or flywheels, along with traditional building loads
and PEV charging. However, these efforts are mostly industry-driven and tend to be
proprietary rather than open-source code development efforts, with regard to the
hardware and software integration aspects.

It is also worth noting that there currently is a somewhat fluid situation with sets of
international and United States-based standards for communication between PEVs and
the grid, with various models that either connect vehicles to the grid directly with
vehicle telematics, or that instead use “smart” EVSE with communication capability.
Various approaches are being investigated using IEEE and ISO based standards and
other approaches (e.g., Open ADR, OCPP, IEEE/SEP 2.0, Zigbee, etc.) but without
consensus yet on any preferred solution for a wide range of use cases. There is thus a
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need for flexible approaches with ability to adapt to different communication standards,
something readily accomplished with the flexible design and architecture of the XBOS
platform.

Project Technical Tasks and Goals

The goals of this project are to explore four key areas of VGI implementation in
California, and to conduct additional technology transfer and outreach activities. The
four key project areas and tasks are:

e PEV Smart Charging User Needs Assessment
e XBOS-V Module Scoping, Development, and Testing

e Distribution-Level Utility Power Grid Impacts and Benefits Analysis of PEV Smart
Charging

e Analysis and Forecast of Ratepayer Benefits of Open Source PEV Smart Charging
in California

Key goals for the project include: 1) conducting a series of VGI pilot-project participant
focus groups and building energy manager interviews (Task 2); 2) developing and
testing an open-source and open-architecture VGI module for the XBOS platform known
as XBOS-V; 3) analyzing distribution system level impacts of PEV charging scenarios
and developing impact control strategies and algorithms using detailed grid modeling
tools; and 4) assessing larger utility grid impacts and opportunities from PEV charging
and VGI including potential benefits to vehicle drivers and utility ratepayers. Another
project goal is to conduct additional technology transfer activities through technical
briefings, conference presentations, conference papers, and journal articles.

This report documents: 1) an open source platform and architecture called XBOS-V for
managing the operation of PEV charging in the context of feeder-level utility grid
operations; 2) the expected benefits in California IOU service territory of such a system;
3) and key commercialization and “market lead in” concepts. The focus of the project is
analyzing systems for control of PEV charging through both “connected vehicle”
communication interfaces to the vehicle directly, and through the control of
communication-enabled EVSE.
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CHAPTER 2:
Project Approach

This project consists of a suite of technical tasks that interrelate but that also represent
relatively distinct project efforts. The main thrusts of the project are to:

1) Better understand issues and opportunities for PEV drivers to respond to VGI
type programs for grid support.

2) Develop a set of open-source, open-architecture software code for power control
of Level 2 AC PEV chargers for providing load flexibility for utility grids, in
conjunction with control of other local building loads.

3) Understand potential utility distribution-level impacts of PEV charging loads as
the PEV market develops, along with development of potential algorithms to
reduce these impacts.

4) Better understand the larger grid system-wide (distribution and transmission
level) issues and opportunities for VGI, including ability of PEV flexible loads to
reduce the level of curtailment of renewable energy in California.

The four main technical tasks are identified as Tasks 2 through 5 in Figure 3.

Figure 3: Inter-Relationship of XBOS-V Technical Tasks and Activities
UC Berkeley XBOS-V Project — Cyber-Physical Space
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As shown, the Task 2 “User Needs Assessment” has connections with Task 3 “XBOS-V
Platform” and Task 5 “System-Wide Grid Benefits,” while Task 4 “Grid Operation
Algorithms” interrelates with Tasks 3 and 5, and Tasks 3 and 5 also interrelate directly.

Task 2: PEV Smart Charging User Needs Assessment

The goal of this task was to conduct two key activities to better understand market and
human behavior aspects of VGI and managed PEV charging, to better understand PEV
driver / consumer attitudes toward the concept of managed PEV charging, as well as
those of building energy managers to understand their interest, ideas for, and potential
concerns with the concept of connecting managed PEV charging to management of
larger residential and commercial building loads. The two key activities of this task are:

1) A series of two rounds of focus groups around the Bay Area with BMW
ChargeForward program participants, with an overall total of 50 participants.

2) A set of building energy manager interviews with 12 different building sites
examined.

The overall approach to this task was to work closely with BMW North America LLC on
the recruitment, design, and conduct of the focus groups and separately to recruit and
conduct interviews with the group of building energy managers. Following are further

details about the approach and planning for the task.

Focus Groups — Phase I Logistics

The focus group plan and protocol developed in late 2016/early 2017 included the
following key elements:

e Prior approval by the UC Berkeley campus Office for the Protection of Human
Subjects (OPHS)

e Selection of focus group meeting space in the Mountain View/Sunnyvale area.

e Preparation of the focus group interview “protocol” script.

e Recruitment of focus group participants with the aid of project partner BMW
North America.

e Execution of the focus groups.

e Follow-up activities including awarding of participant incentives.
e Analysis of focus group surveys and audio recordings.

e Summary of focus group findings.

In preparation for the Phase I focus groups, meeting space was reserved at the Bay Area
Cultural Connections at 1257 Tasman Drive Suite B in Sunnyvale, California. The OPHS
approval, this was granted on February 10, 2017 under UC Berkeley Protocol ID: 2016-
10-9220. The formal approval letter from the OPHS is provided in Appendix A. The focus
group interview script can be found in Appendix B.
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Focus Groups — Phase II Logistics

For the Phase II set of focus groups, a protocol amendment to Protocol ID: 2016-10-
9220 was requested in from OPHS in May 2017 to allow for additional sites beyond the
Phase I Sunnyvale location. This also required minor revision to the focus group
participant consent form. The campus approval for the amendment request was granted
on June 22, 2017.

Based on the formal campus approval, the project team proceeded with planning for the
Phase II round of focus groups. Two locations were selected for this Phase II round of
focus groups: 1) Oakland and 2) San Mateo. Four additional focus group sessions were
held in July 2017 with a total of 28 additional participants. Thus, between Phase I and
Phase II, a total of 50 participants were included in the focus group research.

Focus Groups — Execution and Follow Up

Following the completion of each round of focus groups, subsequent activities included
incentive payments to the participants ($100 each in the form of an online gift card,
plus a random drawing of one winner from each round for an Apple iPad) and
preparation of summaries of the focus group and initial survey findings. Chapter 3
contains a general summary of the focus group findings with further details, including
separate sets of findings for each of the two focus group rounds, presented in Appendix
C.

Building Energy Manager Interviews

The second key activity from project Task 2 consisted of a series of 12 interviews
conducted with building energy managers from a wide array of building types, from
residential “smart homes” to large commercial compounds consisting of several
buildings. The interviews followed a prescribed list of questions asked over
approximately 45 minutes per interview.

The building types covered in the research interviews included a wide range of buildings
from a residential household, to large office buildings, to a multi-building complex.
Included were mostly office buildings, but also including offices with laboratories, a
grocery store chain, a museum, university buildings, and county municipal buildings.
Among the 12 interviews, 225 buildings were included at the various sites discussed.
The total combined buildings square footage is approximately 16.3 million square feet.

The project team summarized each of the interviews and used these notes to provide a
summary of findings. This summary is provided in Chapter 3 of this report.

Task 3: XBOS-V Module Scoping, Development, and Testing

The approach to this key project “Task 3: XBOS-V Module Scoping, Development, and
Testing” was to embark on an ambitious plan that consisted of integration of several
hardware and software development efforts. The status of underlying components
needed for development and implementation of XBOS-V into the larger XBOS
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framework are discussed briefly below, followed by the general approach for XBOS-V
development and testing. The key results of this task are discussed in the following
chapter.

BOSSWAVE — The Communication Channel

One of the key components in managed charging of electric loads is the communication
channel for delivering control commands from aggregators to the electric loads and the
measurements data from electric loads to the aggregator. The communication channel
in XBOS-V is called BOSSWAVE (Building Operating System Services Wide Area Verified
Exchange) ("BOSSWAVE,"” n.d.), which is a secure, distributed publish-subscribe
(Anderson, Fierro, & Culler, 2017), bus message. XBOS uses a publish-subscribe (or
pub-sub) communication pattern as opposed to a point-to-point or client/server
architecture. Instead of messages being sent directly from data producers to data
consumers, messages are sent to an intermediary called a broker. Publishers describe
each message with an identifying topic, i.e. a URI, when sending a message to the
broker. Subscribers tell the broker the topics they are interested in, and the broker
forwards the relevant messages to the subscribers. The project team have chosen this
architecture because the load of scaling is placed on capable servers acting as brokers,
rather than on the data producers that are typically constrained and behind NATs
(meaning they are not publicly addressable). A high-level depiction of the architecture is
shown in Figure 4.

Figure 4: High-Level Depiction of XBOS System Architecture
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Current State of XBOS-V Implementation

Several core services required for implementation of XBOS-V, i.e., BOSSWAVE, the
archiver, the Building Profile database and Spawnpoint, are all the subject of dedicated
development efforts and are at different levels of maturity. The project tracker for XBOS
organizes and details the necessary development tasks for XBOS (and thus XBOS-V)
and is publicly accessible ("XBOS-V Software Development,” n.d.).

The maturity of the XBOS-V metadata solution can be broken down into several
components: the Building Profile database, the metadata models, and the client libraries
for interfacing with the database. The Building Profile database ("HodDB,"” n.d.) is
almost feature-completed with current efforts focusing on stability and reliability to
ensure reasonable behavior in a production environment. As for the metadata models,
the project team now have initial versions (“"Meta Data Models,” n.d.) of the models for
several deployment sites containing references to deployed devices and drivers. The
content and evolution of these models is driven by the needs of the applications
developed on top of XBOS-V.

Additional key features of the underlying software code needed to implement XBOS-V
include the following elements. First, the BOSSWAVE message bus is mature where an
instance of the BOSSWAVE message bus has been running for over 400 days across
around 30 servers and has routed hundreds of thousands of messages. The routing
infrastructure has been shown to handle message rates of up to 1,600 messages per
second on a single resource. This communication rate is more than enough for XBOS-V
platform, as the project team does not expect the XBOS-V resources to emit more than
two messages per second each.

The Berkeley Tree Database (BTrDB) timeseries store, which has been deployed in
production for more than two years and is quite mature, backs the PunDat. The project
team have had a production instance of the PunDat archiver running for six months
over a two-node, 96 TB capacity BTrDB cluster. Also, client libraries are an important
development point because they allow application developers to interact natively with
the XBOS-V metadata model in the programming language of their choice. The project
team have authored a fairly complete Python module for interacting with XBOS services
("XBOS Python Module,” n.d.). Similar modules for other languages are under
development. Additinally, development of Spawnpoint is complete. The project team
have had several production deployments of Spawnpoint running for several months,
and all existing XBOS-V drivers and services are deployed and actively monitored using
Spawnpoint. Further development on Spawnpoint will concentrate on stability and bug
fixes, but the project team do not anticipate any substantial changes.

The project team have already developed a library ("XBOS-V Drivers, n.d.) of several
services and drivers, which are ready to be deployed in an XBOS-V site. Below is a list
of devices and services for which the project team have developed a driver:

1. Electric meters (Rainforest Eagle, The Energy Detective, Rainforest EMU-2)
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Photovoltaics (Enphase Energy, California ISO)

Thermostats (Venstar, Pelican, and Proliphix manufacturers)

Networked plug strips (Echola and TP-Link manufacturers)

Weather forecasting (WeatherUnderground) Networked lighting (LIFX, Enlighted)

. Virtual Drivers for testing

The pI‘O]eCt team developed the drivers for two different EVSEs: The JuicePlug from
eMotorWerks (Level 1) and the Aerovironment EVSE (Level 2). These drivers allow the
remote control of the charging session for electric vehicles by controlling charge status
and current limit parameters of the EVSE. The drivers also read the charging
measurements data from the EVSE and make these data available in the XBOS-V
platform. These drivers make the rest of the XBOS-V platform agnostic to the particular
protocols and APIs of the PEV and EVSE by exposing a standard interface for the
interaction between XBOS-V and the EVSE. Further details of the XBOS-V architecture
and development effort are provided in Appendix D.
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Approach for XBOS-V Development and Implementation

The general approach for this project task is to develop a new module for XBOS that is
designed to interface with a wide array of potential EVSE at Level 1 (1.6 kW) and Level
2 (7.7 kW and higher). The module 