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a b s t r a c t

Architects and planners have been at the forefront of envisioning a future built environment for
millennia. However, fragmental views that emphasize one facet of the built environment, such as energy,
environment, or groundbreaking technologies, often do not achieve expected outcomes. Buildings are
responsible for approximately one-third of worldwide carbon emissions and account for about 40% of
primary energy consumption in the U.S. In addition to achieving the very ambitious goal of reducing
building-associated greenhouse gas emissions by 75% by 2050, buildings must improve their function-
ality and performance to meet current and future human, societal, and environmental needs in a
changing world. In this article, we introduce a new framework to guide potential evolution of the
building stock in the next century, based on greenhouse gas emissions as the common thread to
investigate the potential implications of new design paradigms, innovative operational strategies, and
disruptive technologies. This framework emphasizes integration of multidisciplinary knowledge, scal-
ability for mainstream buildings, and proactive approaches considering constraints and unknowns. The
framework integrates the interrelated aspects of the built environment through a series of quantitative
metrics that aim to improve environmental outcomes while optimizing building performance to achieve
healthy, adaptive, and productive buildings.

© 2017 Published by Elsevier Ltd.
.org/videos/vision-for-future-
vision can be found at

helan@asu.edu (P.E. Phelan),
rris@gmail.com (C. Harris),
n@rmi.org (R. Hutchinson),
s@gmail.com (M.A. Lazarus),
a.io (C. Pyke), kroth@cse.
ouse), karma.sawyer@gmail.
1. Introduction

Buildings are responsible for approximately one-third of global
primary energy consumption and one-third of total direct and in-
direct energy-related greenhouse gas (GHG) emissions [1]. The
ambitious goal of reducing building GHG emissions by 75% by 2050
[2] remains challenging because fragmented solutions that
emphasize only a single driving factor, such as innovative energy
systems [3], control of climate tipping points [4], or water resource
engineering [5], may fall short of the desired outcomes that
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minimize environmental impacts while achieving healthy, adap-
tive, resilient, and productive buildings.

Buildings are a challenge and an opportunity for environmental
sustainability. On one hand, population and economic growth and
urbanization [6], with the increasing demand for energy, land,
water, and other resources, are causing major economic and envi-
ronmental transformations. Buildings are a reflection of this growth
and are where humans spend over 90% of their time [7], directly
contributing to many energy and environmental issues. Buildings
use significant volumes of water for direct consumption and power
generation and affect long-term water availability by contributing
to storm water runoff and climate change [8]. The GHG emissions,
landfill waste, and pollution (SO2, airborne particulates) produced
from building construction and operation are directly related to
health threats [9]. On the other hand, urban living promotes energy
efficiency from dense buildings and reduced land use [10], with the
addition that a well-designed, positive indoor environment can
significantly increase occupant satisfaction, health, and productiv-
ity [11].

Aggregate building development at the district and city scales
and beyond has profound effects on environmental and human
health and well-being. One critical outcome of urban building
development since World War II has been sprawldcharacterized
by unplanned and uneven patterns of growth, driven by processes
such as the advent of personal vehicles, market demands, and
public infrastructure investments, and leading to inefficient
resource use [12].

What should be the long-term vision for our total built envi-
ronment? Past visions for buildings that draft solutions based on a
clean slate (such as Bruno Taut's Utopian City in 1919 [13], Le Cor-
busier's Radiant City in 1924 [14], Frank Lloyd Wright's Broadacre
City in 1932 [15], and Paolo Soleri's Arcosanti in 1970 [16]) proved
difficult to realize. Current benchmark frameworks for sustainable
buildings are focused on driving near-term market transformation
or describing specific sets of goals for exemplary performance
[17e19]. An integrated vision that is concerned with the long-term
evolution of the U.S. building stock is needed that moves the full
breadth of buildings from exemplary to “typical” performers.
Furthermore, this vision acknowledges that the individual build-
ings of the future will connect to community systems and resources
such as transportation, utility infrastructure, and land use.
Emerging 21st Century challenges, such as vulnerability to a
changing climate and the need for a more resilient built environ-
ment, are historical opportunities to develop a forward-looking
vision of future buildings.

1.1. Building stock turnover

According to the International Energy Agency [1], more than
half of the current global building stock will still be standing in
2050; in OECD (Organisation for Economic Co-operation and
Development) countries (where buildings are more frequently
refurbished than replaced), perhaps three-quarters of existing
buildings will still be in use. Assuming an 80-year average life of
buildings in the U.S. [20], Fig. 1 shows one scenario of the U.S.
building stock turnover in the next 100 years. (Note that themedian
expected lifetime for nonresidential buildings in the U.S. ranges
from 50 to 65 years, depending on the use type.) Building evolution
is a relatively slow but continuous process. A third to a half of the
building stock is always over 40 years old and needs major reno-
vations. Retrofitting the existing stock of buildings is an ongoing
effort, which applies not only to existing buildings, but also to those
in the futured i.e., buildings that are being built andwill be built in
the next decades.

With sustainable development calling for even longer building
service life, the challenge is to keep up with the fast-changing
technologies and consumer preferences in the future. This re-
quires innovative ways to rethink how buildings can be designed
and constructed. Acknowledging the gradual but dynamic building
stock turnover process that will occur over the next century, we
envision common building characteristics that will apply to retro-
fits of existing buildings as well as to new construction. A vision
described for buildings 100 years from today may take 100 years to
realize.

1.2. Approach to developing a 100-year vision

We conducted a year-long research effort through panel dis-
cussions and structured workshops that involved collaboration
among hundreds of thought leaders in various fields related to
building development. The topics included resilience, biomimicry
and biophilia, smart cities and urban informatics, building-grid
integration, building codes and regulations, public health, occu-
pant behavior, enabling technologies and building controls, infor-
mation technologies and Internet of Things, building envelope
technologies and additive manufacturing, real estate market dy-
namics, and security [21]. A special issue of the ASME Journal of
Solar Energy Engineering includes a number of articles that address
some of these aspects in more detail [22].

Acknowledging the unpredictability of the future, we consider
the common context under all future scenarios to include changing
demography, demand for affordable housing and livable environ-
ments, and continuing pursuit of health and wellbeing. Aging
population, due to rising life expectancy and declining birth rates
[23e24], poses more challenges to building development, which
needs to accommodate the physical and social needs of the growing
senior population. Buildings in urban areas will remain the focus of
discussion as population growth and urbanization continue
throughout the century [23,25e26]. The pursuit of built environ-
ments that support health and wellbeing is considered as the major
driver of building and city developments. During our panel dis-
cussions, we asked participants what the most important attributes
of future buildings would be. Increasing health, productivity, and
wellbeing was rated as the most important building characteristic
among the nearly 600 respondents, regardless of their background.

Based on the above projections, we explored a new framework
to guide the evolutionary design process of the U.S. building stock.
The framework includes desired characteristics of future buildings
that are derived from multidisciplinary perspectives (i.e., environ-
mental science, climatology, transportation, urban planning, public
health, building and urban science). We use energy and GHG
emissions as the common thread to examine interrelated aspects of
the built environment and investigate the potential implications of
supporting design paradigms, strategies, and technologies that
could change the built environment. After developing descriptive
building characteristics, we developed corresponding quantitative
metrics, as well as average nationwide 100-year targets. Through
the following 10 questions, we discuss 14 metrics for measuring
future building performance. Many of these metrics use GHG
emissions as a common measurement to cross-compare various
aspects of buildings. These proposed metrics and associated 100-
year targets directly tie building functions, occupants, and eco-
nomics to buildings' environmental impact.

2. A 100-year vision: key characteristics of future buildings

The framework consists of a systematic list of future building
characteristics in five categories (Fig. 2). These characteristics link a
number of key measures of building performance, such as energy
and water use, GHG emissions, waste, material consumption,



Fig. 1. One scenario of building stock turnover in the U.S. Note: Assumes 80 years of average service life; NOT including added building volume.

Fig. 2. Five key characteristics of buildings of the future.
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environmental resiliency, and occupant health and productivity.
The characteristics also incorporate many actors and infrastructure
systems (e.g., utility infrastructure, building controls and commu-
nications, real estate market dynamics, construction and procure-
ment, regulatory reforms, occupant needs, environmental
concerns, urban transportation) that influence the way buildings
are designed and operated. These characteristics are closely inter-
related. The ultimate goal of achieving a sustainable, resilient,
efficient, and healthy built environment cannot be achieved by only
focusing on one aspect.

2.1. Environment: seamless interactions of the human and natural
systems in the built environment

While allowing for improvement in occupant comfort despite
fluctuations in regional climates, buildings will harvest environ-
mental resources available on site for heating, cooling, lighting, and
electricity, before using mechanical and infrastructure sources.
Design solutions will be developed (but not limited) based on
natural systems' strategies and functionalities such as biomimicry
[27]. Buildings will be tied to the broader cycle of the region,
including water cycles, the nutrient load, manufacturing impact,
and factors that affect our health. Natural processes will be inte-
grated into the built environment through green infrastructure
[28], and the built environment will emphasize a close connection
between humans and nature, such as biophilic design [29], to
promote health and wellness. Buildings will constantly sense and
control their impact by measuring outflows (water, heat, airflow)
and monitoring their contribution to the aggregated impact on the
micro- and macro-environments. A reduction of the urban heat
island effect will be a key environmental performance indicator
[30].

2.2. Utilities: optimized building interactions with utility networks

Future buildings will rely on common critical infrastructure
(power, water, waste) via a combination of centralized and
decentralized networks for generation, distribution, storage, and
treatment. Buildings will be connected to their neighbors to share
or trade building services and utility resources, including energy
generation and storage, demand flexibility, waste heat recovery,
water purification, onsite waste treatment, and localized air-
cleaning, among others. Buildings will be able to adapt to and
operate in low- or non-resource situations. Adaptive buildings will
prepare for extreme environmental conditions, taking advantage of
low-tech and distributed solutions, and rely on local resources to
operate during catastrophic events.

2.3. Community: multifunctional and diverse services to support
community cohesion

Buildings will become more multifunctional, and occupant ex-
pectations for buildings will go beyond basic needs such as thermal
comfort. Buildings will accommodate the needs of a changing
demography (such as aging population [24]) and provide services
to enhance work-life balance. Buildings will be connected by a
multimodal transportation network integrating established modes
such as walking and biking with new technologies such as auton-
omous vehicles. A more efficient transportation network will
significantly reduce land use demand for automobile circulation
and parking, making more space available for pedestrians and
green space that performs onsite ecological functions [31]. Build-
ings' holistic performance, including embodied energy, impact on
health, and life cycle assessment, will be measured, tracked, and
recognized.
2.4. Occupants: optimized systems for personalized environment
and improved health and wellbeing

Future building designs may turn to more personalized thermal
comfort provision through portable or wearable devices that
reduce the need for space heating and cooling while maintaining
air quality [32e33]. Central systems and local devices will work
together to deliver personalized levels of service to each occupant.
Buildings will learn occupant behavior and expectations from
experience to tailor building energy and resource consumption to
actual needs [34]. Building-wide or city-wide intelligent applica-
tions will collaborate and exchange data to optimize outcomes.
Buildings will be seen as amechanism that helps generate a healthy
life. The aggregated health benefits will be quantified via biometric
data of building occupants while preserving personal privacy.

2.5. Building systems: modular, durable construction and
interoperable, adaptive building components

Buildings will consist of modular systems that are easy to
reconfigure and upgrade to accommodate various needs and adapt
to function or condition (weather, environment) changes over time.
The design and manufacturing process will be well integrated to
ensure plug and play. Building envelopes will embrace responsive
and dynamic materials to provide more complex functions such as
generating energy, collecting water, controlling light, regulating
indoor temperature, or filtering air. Occupant lighting, thermal, and
ventilation needs that cannot be met by these smart, adaptive
systems will be supplied by highly efficient, integrated building
systems. Building components will support easy interconnection,
update, and extensibility.

3. Ten questions concerning key metrics and targets for
future buildings

For each category of building characteristic, we identified two or
three quantitative performance metrics associated with long-term
targets (Table 1). It would be difficult to promote fundamental
changes in the current building practice without defining targets
for what we propose to achieve. The metrics are intended to take
the first step towards transferring the vision into actions. With
technological advances, there is no doubt that there would be
various means to achieve the targets. As we previously discussed,
building stock evolution is a lengthy process, and the metrics and
targets not only set the end goals, but also show the path on which
interval milestones are needed before we can realize the vision.

One challenge in identifying metrics for buildings 100 years in
the future is that we are limited by our current technology, data
collection, and ways of thinking. We focus on the metrics that are
measurable with foreseen technology developments, if not with
today's technology, unbiased by current problems, adaptable to
building evolution, and applicable to mainstream buildings. Some
proposed metrics may not be feasible with current practices due to
economic and policy barriers, but we expect that these barriers will
be overcome with time and technological advances. These metrics
are interconnected to form a unified, comprehensive building
performance evaluation. The group of metrics should be considered
as a whole, not as individual targets. This is essential to realize a
holistic vision for future buildings.

3.1. How do we measure the environmental outcome of future
buildings?

Future buildings provide ecological functions on site (such as
rainwater collection) or from district services that improve the local



Table 1
Summary of building characteristics, performance metrics, and targets. Note: All metrics refer to annualized values when not specified otherwise. Most metrics are applicable
to individual buildings (commercial and residential). The 100-year targets are defined for national averages.

Building
Characteristics

No. Metrics 100-year Nationwide Targets Baseline

Environment Seamless interactions
of the human and
natural system in the
built environment
� Providing onsite

ecological functions
and maximizing
onsite resources

� Linked to broader
ecosystem with
local strategies

� Tracking real-time
impacts and
receiving feedback

1 Biodiversity (measured at building site
using 0e1 Simpson Index of Diversity)

For new construction,
predevelopment level just prior to
building construction; for retrofit,
maintain or exceed pre-renovation
level

Depending on the inhabited biotopes and
regional climate

2 Imported daily water consumption per
person (liters/person) in buildings

20% of today's level 518 L (137 gallons) per person (2010)

3 Percentage of all U.S. buildings tracking
energy and water consumption, GHG
emissions (including buildings and
occupant commutes), indicators of indoor
and outdoor air quality, and impact on
microenvironment in real time

100% of U.S. commercial and
residential buildings

64.7 million advanced metering
infrastructure installations in the U.S., 88%
of installations for residential buildings,
covering 43% of homes, including private
households and apartment buildings.
(2015)
43% commercial floor space with HVAC
BAS and 14% with lighting BAS (2012)

Utilities Optimized building
interactions with
utility networks
� A combination of

centralized and
decentralized utility
infrastructure

� Resource and
service transactions
between buildings
and between
building and district

� Operation in low- or
non-resource
situations

4 Average operating GHG emissions per floor
area (metric tons/m2)

Zero 0.072 metric ton/m2 (2015)
(0.007 metric ton/ft2)

5 Capacity to reduce peak load, and to
transact the remaining peak load

Reduce peak load by 50%, and transact
50% of the remaining peak load

Nationwide peak summer demand in
buildings is 29.7 W/m2 (2013) (2.8 W/ft2)

6 Percentage of loads within a micro-grid
that can operate without external energy
supply within a time period

100% critical loads can operate at full
function for at least 1 week; 50%
noncritical loads can operate at
reduced function for 48 h (or 25% for
one week)

Building codes require emergency and
standby systems to provide backup power
for building systems, depending on
building occupancy type, facility use, and
critical function.

Community Multifunctional and
diverse services to
support community
cohesion
� Multifunctional

building services
and diversified work
patterns

� Multimodal
transportation
systems

� Recognized building
performance in
dynamic real estate
market

7 GHG emissions per person hour (metric
tons/person hour)

Zero 0.003 metric ton/person hour (2015)

8 Transportation (for services and
commuting to work, except leisure) GHG
emissions per person (metric tons/person)

Zero 4.8 metric tons/person from on-road
vehicles (2013)

9 Percentage of all U.S. buildings disclosing
normalized healthcare cost, productivity
indicators, operation cost, and other
performance metrics reflecting buildings'
long-term impacts on environment and
humans

100% of all U.S. buildings Fifteen cities in the U.S. have various
building energy use benchmarking and
disclosure policies for commercial and
multifamily buildings. The policies impact
7.5% of commercial floor space in the U.S.

Occupants Optimized systems
for personalized
environment and
improved health and
wellbeing
� Personalized

environment
� Self-learning

building systems
and intuitive
building operation

� Quantifiable,
improved health,
well-being, and
productivity

10 Number of unique automatic control points
per person

Two (one for lighting and one for space
conditioning including air-
conditioning and indoor air quality)

Depending on thermal zone layout and
floor plan, a typical house has one unique
automatic control for the HVAC system
(thermostat). The average American
household in 2015 consisted of 2.54
peopledthat is, 0.4 control points per
person.

11 Quality adjusted life year related to
buildings

Not yet defined Not yet defined

12 Productivity (GDP) per unit energy use per
floor area for commercial buildings
($/GJ,m2)

10 times higher $1.67 � 10�6/metric tons,m2 (2015)
($0.15 � 10�6/metric tons,ft2)

Building
Systems

Modular, durable
construction and
interoperable,
adaptive building
components
� Modular, durable

building
components
adapting to changes

� Multi-functional
building envelopes

� Programmable and
interoperable
building
components

13 Embodied GHG emissions per unit floor
area per service life year (metric tons/
m2,year)

Zero 0.011 metric ton/m2,year (2015)
(0.001 metric ton/ft2,year)

14 Level of interoperability among building
equipment, among buildings, and with
utilities (quantitative metric is not yet
defined)

Not yet defined Not yet defined
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and regional ecosystem (such as water purification, CO2 capture,
biodiversity support). Design solutions are developed (but not
limited) based on natural systems strategies and functionalities.
The design outcome can bemeasured by biodiversity (Metric 1) and
water consumption (Metric 2).
3.1.1. Metric 1: biodiversity measured at building site (unit: 0e1
Simpson's Index of Diversity)

Target: For new construction, predevelopment level just prior to
building construction; for retrofit, maintain or exceed pre-
renovation level (Baseline: Depending on the inhabited biotopes
and regional climate).

A building's interaction with the natural environment can be
measured by its ecological impact and integration, i.e., the extent to
which a building allows the environment to persist in its unadul-
terated state. The metrics should reflect how a building minimizes
its load into nature and improves the environment with its out-
flows. Biodiversity loss is listed as one of the three planetary
boundaries (climate change, biological diversity, and nitrogen input
to the biosphere) that have been transgressed [35].

The richness and evenness of local species can be measured in
indices such as Simpson's Index of Diversity (values range from 0 to
1, where higher numbers represent greater sample diversity) [36],
the Shannon Index [37], and their variations [38]. For example, a
case study in Austin, Texas, shows a Simpson's Index of Diversity
value of 0.9 in city parks and 0.8 on the campus of Austin State
University, indicating that city parks have greater diversity [39].
However, interpretation of a diversity index depends on the studied
biological group, the regional climate, and the natural range of in-
dex variation in the involved taxonomical group in different eco-
systems. A diversity index could be high for one taxonomic group
but low for another ecosystem where the environment is more
constant and predictable. Therefore, it is difficult to define a
Table 2
Daily water consumption in building sector.
universal baseline and target when the inhabited biotopes and
regional climate are unknown. Future buildings are expected to
minimize their disturbance of local habitats and maintain the
biodiversity level of a building site and its immediate surroundings
at least at the predevelopment level just prior to building
construction.
3.1.2. Metric 2: imported daily water consumption per person (unit:
liters/person)

Target: 20% of today's level (Baseline: 518 L/person in 2010).
Water use can be tracked inmultipleways, such as water use per

unit area, water use per occupant, or percentage of water use from
stormwater (rainwater) or indoor water (recycling). The U.S. Green
Building Council's Leadership in Energy and Environmental Design
(LEED) certification program requires limiting or eliminating the
use of potable water for landscape irrigation and sewage convey-
ance [17]. The Living Future Challenge requires that 100% of a
building's water be supplied by captured precipitation or other
natural closed-loop water systems [40].

Considering various geographic locations and site conditions,
imported water consumption per person is an effective metric for
measuring the ultimate outcome of water conservation and onsite
treatment. In 2010, an estimated 1344 billion liters/day (355 billion
gallons/day) of water were withdrawn for all uses in the U.S. [41].
This total includes fresh and saline water from ground and surface
sources. Public-supply water is delivered to users for domestic,
commercial, and industrial purposes, and also is used for public
services and system losses. Public-supply water (12%) was the third
largest water use category after thermoelectric power generation
(45%) and irrigation (33%). Table 2 shows the daily imported water
consumption in the building sector and the calculated water use
per person. The 2010 value, 518 L/person (137 gallons/person), is
used as today's baseline.
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Future buildings are expected to reduce the imported water
consumption per person significantly comparedwith today's levels.
With 20% water use reduction within reach today and 100%
reduction feasible at some locations, the 100-year target is 80%
reduction. The metric reflects the outcome of combined strategies
for reducing water use for irrigation, sewage, and cooling and
increasing the capacity of onsite water treatment and storm water
management.

3.2. How do we measure the interaction of future buildings with the
natural environment?

The interaction of human and natural systems in the built
environment is reflected in the ability of future buildings to
continuously sense and monitor outdoor environmental conditions
(such as water quality, outdoor air quality) and constantly track and
control their aggregated impact on the micro- and macro-
environments (Metric 3).

3.2.1. Metric 3: percentage of all U.S. buildings tracking energy and
water consumption, GHG emissions (including buildings and
occupant commutes), indicators of indoor and outdoor air quality,
and impact on microenvironment in real time (unit: percent)

Target: 100% of U.S. commercial and residential buildings
(Baseline: 43% homes with smart meters in 2014; 43% commercial
floor space with building automation systems [BASs] in 2012).

A building's tracking capability refers to its self-measurement of
net site and source energy consumption, water consumption, GHG
and criteria pollutant emissions, and other interactions with the
natural environment in real-time. It also includes aggregated
environmental impacts, such as urban heat island reduction from
technological and integrated actions from nature (e.g., green roofs).

Today's effort in real-time measurement is mostly limited to
energy and technological advances in integrated sensors. Currently,
there are inadequate data about how many buildings are actually
tracking their real-time energy consumption. The number of smart
meters and BASs indirectly indicates that over 40% of floor space
has tracking capabilities today. As of 2015, more than about 64.7
million advanced (smart) metering infrastructures (AMI) had been
installed in the U.S. [42], About 88% of the AMI installations were
residential customer installations, covering 43% of U.S. homes [43].
In 2012, 14% of commercial buildings, representing 43% of the
commercial floor space, were equipped with BASs for HVAC, and
less than 5% of floor space had automated lighting controls [44],
[45]. BASs are mostly installed in larger buildings (see Table 3),
which usually use more energy than smaller buildings and feature
Table 3
Penetration rate of BASs in commercial buildings.
more complex systems. The 2012 Commercial Buildings Energy
Consumption Survey (CBECS) indicated increased installations of
BASs on both HVAC and lighting equipment.

Future buildings are expected to be equipped with active, real-
time tracking and monitoring systems with sufficient system and
subsystem detail to support accurate diagnostics and prognostics
relative to meeting goals in other metrics. The tracking capability
and the real-time data enable buildings to receive feedback from
their microenvironment (i.e., the tolerant local environment to
building systems) and adjust their “environmental behavior.”

3.3. How do we measure the optimized energy outcome of future
buildings?

Optimized energy outcomes are measured in terms of the net
source energy consumption of buildings (Metric 4) within a con-
nected district and the amount of energy that can be transacted
(Metric 5) between buildings to reach the overall energy perfor-
mance goal.

3.3.1. Metric 4: average operating GHG emissions per unit floor area
(unit: metric ton/m2)

Target: Zero (Baseline: 0.072 metric ton/m2 [2015]).
Buildings' GHG emissions and their source energy use are

closely related. The ultimate goal is to reduce a building's negative
impact on the environment while maintaining reliable and sus-
tainable energy supplies. A metric that uses GHG emissions rather
than source energy includes others strategies to mitigate or defer
global warming, such as carbon sequestration.

In 2015, U.S. GHG emissions totaled 6586 million metric tons of
carbon dioxide equivalent [46]. Buildings accounted for approxi-
mately 30% of the total GHG emissions (1893 million metric tons).
The estimated building floor area was 26,438 million m2 (284,469
million ft2); therefore, the calculated baseline for Metric 4 is 0.072
metric ton/m2 (0.007 metric ton/ft2). Table 4 shows the trends of
GHG emissions related to buildings from 1990 to 2015. The com-
mercial and residential floor spaces have been steadily growing
(except that the U.S. Energy Information Administration's estimates
of floor area in 2012 and 2013 are slightly lower than the previous
years). GHG emissions per unit floor area have remained nearly
constant.

Based on the building stock turnover and considering the
various building functions and site conditions, the target for each
building is to reduce its energy-consuming loads as much as
feasible, so that they can be met by renewable energy generated on
site or from the local grid. We can expect that, in aggregate,



Table 4
Trends of operating GHG emissions related to buildings.

Year Residential Buildings Commercial Buildings All Buildings

GHG Floor
Space

GHG per Floor
Area

GHG Floor
Space

GHG per Floor
Area

GHG (Buildings) GHG (U.S.
Overall)

% from
Buildings

Floor
Space

GHG per Floor
Area

(million metric
tons)

(million
m2)

(metric tons/
m2)

(million metric
tons)

(million
m2)

(metric tons/
m2)

(million metric
tons)

(million metric
tons)

(%) (million
m2)

(metric tons/
m2)

1990 931 15,725 0.059 755 5976 0.126 1687 6301 27% 21,701 0.078
1995 1051 16,264a 0.065 854 5462 0.156 1904 5085 37% 21,726 0.088
2000 1200 19,333a 0.062 1025 6366 0.161 2225 5623 40% 25,699 0.087
2005 1214 23,838 0.051 1027 6907a 0.149 2241 7350 30% 30,746 0.073
2010 1175 19,767a 0.059 993 7528 0.132 2168 6899 31% 27,294 0.079
2011 1118 18,724a 0.060 959 7807a 0.123 2077 6777 31% 26,531 0.078
2012 1008 17,682 0.057 897 8086 0.111 1906 6545 29% 25,768 0.074
2013 1070 17,830 0.060 933 7695 0.121 2004 6673 30% 25,525 0.078
2014 1080 17,988 0.060 937 83,100 0.121 2018 6736.3 30% 25,711 0.078
2015 1004 18,176 0.055 889 88,900 0.108 1893 6586.2 29% 26,438 0.072

Data sources:
Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990e2013 (April 2015): http://www3.epa.gov/climatechange/Downloads/ghgemissions/US-GHG-Inventory-2015-
Main-Text.pdf (1990e2013 data were derived from the 2015 report).
DRAFT Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990e2015 (February 2017): https://www.epa.gov/sites/production/files/2017-02/documents/2017_complete_
report.pdf (2014 and 2015 data were derived from the 2017 report).
Buildings Energy Data Book: http://buildingsdatabook.eren.doe.gov/TableView.aspx?table¼3.2.1.
Annual Energy Outlook 2015: http://www.eia.gov/forecasts/aeo/pdf/0383(2015).pdf (1990e2013 data were derived from the 2015 report).
Annual Energy Outlook 2017: www.eia.gov/outlooks/aeo/pdf/0383(2017).pdf (2014 and 2015 data were derived from the 2017 report).
Commercial Buildings Energy Consumption Survey: http://www.eia.gov/consumption/commercial/.
Residential Buildings Energy Consumption Survey: http://www.eia.gov/consumption/residential/.

a Interpolated based on the existing survey and available projections.
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building communities can reach net zero, i.e., an energy-efficient
community where, on a source energy basis, the actual annual
delivered energy is less than or equal to the onsite renewable
exported energy [47]. To reach the zero-emission target in 100
years, more aggressive actions are required. According to the In-
ternational Energy Agency, a combination of technology and policy
actions can reduce GHG emissions to a quarter of the current level
and achieve the goal of limiting global temperature rise to 2 �C by
2050 [1].
3.3.2. Metric 5: capacity to reduce peak load, and to transact the
remaining peak load (unit: percent)

Target: Reduce peak load by 50%, and transact 50% of the
remaining peak load (Baseline: Nationwide peak summer demand
in buildings is 29.7 W/m2 in 2013).

Transactable load measures the overall amount of energy that is
dispatchable to serve other buildings within the grid. The scale and
configuration of the electric grid will vary with local conditions, but
the infrastructure for generation and demand is highly flexible and
controllable on a very short time scale tomeet all grid management
needs. This metric defines the degree to which a building should
manage its peak demand on site. It also reflects the degree towhich
a building can rely on the grid to meet its peak demand. Each
building's capability to control its demand is essential to meeting
the overall net zero goal. Future buildings on average are expected
to meet 75% of their demand from onsite generation and 25% from
the grid, although this split highly depends on building functions
and site conditions.

The estimated distributed solar photovoltaic (PV) capacity (net
summer capacity) is 6221.4 MW (2870.8 from residential, 2771.8
from commercial, and 578.8 from industrial) in 2014 [48]dless
than 1% of the total electricity generation capacity (1029 GW in
2013). Solar PV capacity is estimated to grow by an average of 30%
per year from 2013 through 2016 in the residential sector and 9% in
the commercial sector. With the expiration of the 30% U.S. federal
investment tax credit at the end of 2016, the average annual growth
of PV capacity in residential and commercial buildings is projected
to be 6% in both sectors through 2040. In comparison, the total
electric power sector capacity is projected to grow at an annual rate
of 0.5% through 2040 [49].
3.4. How do we measure the resilience of future buildings?

Resilience has a broad range of implications, such as recovery
time during extreme events, emergency supplies in buildings, or
injuries during construction (safety), operation (ergonomics), and
deconstruction (catastrophic events). The suggested metric (Metric
6) is focused on the capability of connected buildings to use one
another as backup systems to reach a certain redundancy level.
3.4.1. Metric 6: percentage of loads within a grid that can operate
without external energy supply within a time period (unit: percent)

Target: 100% critical loads can operate at full functions for a
week and up to two weeks. 50% noncritical loads can operate at
reduced functions for 48 h (or 25% for a week) (Baseline: None).

Commercial building codes currently require emergency and
standby systems to provide backup power for building systems to
ensure that life safety systems and critical equipment can maintain
their operation during a power outage. Specific requirements vary
based on building occupancy type, facility use, and critical function
(such as fire alarms and exhaust ventilation, smoke control sys-
tems, and means of egress illumination, among others). For
example, NFPA 70, National Electrical Code, has addressed the need
for emergency power in buildings to help people exit safely [50].
The 2008 edition of NFPA 70 added Article 708, Critical Operations
Power Systems, to provide guidance on designing facilities that
require continuous operation for reasons such as public safety,
emergency management, and national security (e.g., air traffic
control centers, hospitals, 911 call centers) [51]. Currently, backup
power is supplied by a generator that runs on diesel, gasoline,
natural gas, or liquid propane gas. An uninterruptible power supply
is also used to store electricity in batteries or a flywheel [52].

Installing redundant power systems is costly, especially in aging
facilities. Microgrids have become an important opportunity in the

http://www3.epa.gov/climatechange/Downloads/ghgemissions/US-GHG-Inventory-2015-Main-Text.pdf
http://www3.epa.gov/climatechange/Downloads/ghgemissions/US-GHG-Inventory-2015-Main-Text.pdf
https://www.epa.gov/sites/production/files/2017-02/documents/2017_complete_report.pdf
https://www.epa.gov/sites/production/files/2017-02/documents/2017_complete_report.pdf
http://buildingsdatabook.eren.doe.gov/TableView.aspx?table=3.2.1
http://buildingsdatabook.eren.doe.gov/TableView.aspx?table=3.2.1
http://www.eia.gov/forecasts/aeo/pdf/0383(2015).pdf
http://www.eia.gov/outlooks/aeo/pdf/0383(2017).pdf
http://www.eia.gov/consumption/commercial/
http://www.eia.gov/consumption/residential/
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last 10e15 years due to an increase in disruptive weather events
such as Hurricane Sandy in 2012. In addition to reducing energy
consumption and increasing distributed generation to cover peak
load, microgrids that integrate redundant generation and distri-
bution, smart switches and automation, and power storage can
provide a tiered, resilient power system that supports a community
during a mission-critical event [53].

3.5. How do we measure the flexibility of future buildings?

Currently, the real estate market tracks quarterly vacancy rates
by region; for example, U.S. office space had an average vacancy
rate of 10.4% in downtown areas and 15% in suburban areas in the
third quarter of 2015 [54]. There is no publicly available record of a
building's actual space utilization rate when it is leased or fully
operated. Full utilization of existing buildings will reduce the waste
of energy and other resources to maintain empty space and, more
importantly, the demand for new construction. Future buildings are
more multifunctional and flexible to meet the changing tenant
needs (e.g., service towards work/life balance) over time and
accommodate the changing demography (e.g., older population). A
building's capacity to support these needs can be reflected in its
GHG emissions associated with actual utilization (Metric 7).

3.5.1. Metric 7: GHG emissions per person hour (unit: metric tons/
person hour)

Target: Zero (Baseline: 0.003 metric ton/person hour in 2015).
The proposed metric uses GHG emissions per person hour to

represent how productively a building is used. The baseline de-
pends on building functions. Based on the CBECS 2012 data, the
total number of occupants in commercial buildings was 88.182
million. The weighted mean operating hours per week was 65, that
is, 3380 h per year. The operating GHG emissions of commercial
buildings in 2012 was 897 million metric tons (Table 4). Therefore,
the calculated baseline is 0.003 metric ton/person hour (2012).
Table 5 shows the trends of GHG emissions associated with build-
ing operating hours and occupancy from 1990 to 2013. The emis-
sions have decreased slightly in the past 10 years.

3.6. How do we measure the integration of future buildings with
transportation?

Buildings are connected by transportation systems and there-
fore have a direct impact on transportation energy use and GHG
Table 5
GHG emissions related to building occupancy (commercial buildings).

Year Commercial Buildings GHG P

(million metric tons) (

1990 755 2
1995 854 2
2000 1025 2
2005 1027 2
2010 993 2
2011 959 2
2012 897 2
2013 933 3
2014 937 3
2015 889 3

Data sources:
Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990e2013 (April 2015): http:/
Main-Text.pdf (1990e2013 data were derived from the 2015 report).
DRAFT Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990e2015 (February 2017
report.pdf (2014 and 2015 data were derived from the 2017 report).
Commercial Buildings Energy Consumption Survey: http://www.eia.gov/consumption/co

a Interpolated based on the existing survey and available projections.
emissions. Buildings' connectivity to city transportation systems is
currently measured in walkability and access to public trans-
portation (e.g., walk score, bike score, and transit score) [55]. It is
possible to track the average distance traveled per person to and
from a building or the number and percentage of kilometers (miles)
traveled per person per year, by mode. However, the capacity and
utilization rate of different transportation modes (e.g., vehicles of
different types) and infrastructure (e.g., roads, paths, rails) vary by
city and are limited by the existing infrastructure. It is difficult to
create a cross comparison and common target. The number of
parking spaces and percentage of property or total square footage
dedicated to cars (e.g., garages, driveways, parking) are other ways
to evaluate land use for transportation. These metrics are based on
the assumption that personal vehicles should be limited. With
more electric cars being integrated into building energy systems
and utility grids, the connection between transportation and
building energy use becomes tighter. Measuring transportation
GHG (Metric 8) reflects not only the mode of transportation, but
also building location and how buildings are connected to services
and supplies.

3.6.1. Metric 8: transportation (for services and commuting to work,
except leisure) GHG emissions per person (unit: metric tons/person)

Target: Zero (Baseline: 4.8 metric tons/person in 2013).
Transportation GHG emissions per trip, per person, or per

kilometer (mile) traveled are likely to decrease with the growth of
electric vehicles; new, more efficient technologies (e.g., automated
vehicles); renewable energy generation; and remote communica-
tion. Remote communication will also reduce the time that people
have to spend in a centralized work location and in commuting.

Transportation represented 27% of total U.S. GHG emissions in
2014, and on-road vehicles accounted for 85% of total trans-
portation GHG emissions [56]. Due to the lack of data on trans-
portation GHG emissions for services and commuting to work, on-
road vehicles are used to provide a relevant baseline, i.e., 4.8 metric
tons/person (Table 6).

Activities contributing to a building's GHG emissions include
direct emissions from combustion of fuels (Scope 1); indirect
emissions from purchased electricity, heating, and steam (Scope 2);
and other indirect emissions from employee activities such as
commuting, business travel, and waste disposal. (Scope 3) [57]. A
U.S. federal agency currently can capture its Scope 3 employee
commute information through the General Services Administra-
tion's Commuter Survey and report its emissions to the U.S.
erson Hours GHG/Person Hour

thousand person hours/year) (metric tons/person hour)

16,062,502a 0.0035
13,231,852 0.0040
55,760,619a 0.0040
53,715,606a 0.0040
85,394,355a 0.0035
91,730,104a 0.0033
98,065,854 0.0030
04,401,604a 0.0031
10,737,353a 0.0030
17,073,103a 0.0028

/www3.epa.gov/climatechange/Downloads/ghgemissions/US-GHG-Inventory-2015-

): https://www.epa.gov/sites/production/files/2017-02/documents/2017_complete_

mmercial/.

http://www3.epa.gov/climatechange/Downloads/ghgemissions/US-GHG-Inventory-2015-Main-Text.pdf
http://www3.epa.gov/climatechange/Downloads/ghgemissions/US-GHG-Inventory-2015-Main-Text.pdf
https://www.epa.gov/sites/production/files/2017-02/documents/2017_complete_report.pdf
https://www.epa.gov/sites/production/files/2017-02/documents/2017_complete_report.pdf
http://www.eia.gov/consumption/commercial/


Table 6
Trends of GHG emissions related to on-road vehicles.

Year On-Road Vehicles Transportation Total % from On-Road Vehicles Population GHG Emissions per Person

(million metric tons) (million metric tons) (%) (million) (metric tons/person)

1990 1233.5 1551.3 80% 249.6 4.9
1995 1370.5 1695.2 81% 266.3 5.1
2000 1572.8 1923.2 82% 282.2 5.6
2005 1672.4 1999.6 84% 295.5 5.7
2010 1541.7 1827.4 84% 309.3 5.0
2011 1540.9 1833.7 84% 311.7 4.9
2012 1517.6 1795.9 85% 311.7 4.9
2013 1504.3 1789.9 84% 314.1 4.8
2014 1531.1 1810.3 85% 320.1 4.8

Data sources:
U.S. Transportation Sector Greenhouse Gas Emissions:
Fast Facts: U.S. Transportation Sector GHG Emissions 1990e2012 (https://nepis.epa.gov/Exe/ZyPDF.cgi?Dockey¼P100M2GU.pdf).
Fast Facts: U.S. Transportation Sector GHG Emissions 1990e2013 (https://nepis.epa.gov/Exe/ZyPDF.cgi?Dockey¼P100NNQ9.pdf).
Fast Facts: U.S. Transportation Sector GHG Emissions 1990e2014 (https://nepis.epa.gov/Exe/ZyPDF.cgi?Dockey¼P100ONBL.pdf).
Population: http://www.census.gov/popest/data/historical/index.html.
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Department of Energy's Federal Energy Management Program [58].
The tracking process can become automated with personal mobile
devices connected to the transportation systems.
3.7. How do we measure the asset value of future buildings?

The market value of future buildings will reflect the long-term
positive and negative impacts that a building's handprint (i.e.,
what we give to the planet when we directly create change for
better [18]), footprint (i.e., what we take from the planet when we
consume), and usage have in the local and regional environment.
Metric 9 evaluates the market aspect of future buildings.
3.7.1. Metric 9: percentage of all U.S. buildings disclosing
normalized healthcare costs, productivity indicators, operation
costs, and other performance metrics reflecting buildings' long-term
impacts on environment and occupants (unit: percent)

Target: 100% of U.S. buildings (Baseline: Various benchmarking
and disclosure policies for building energy use affect 7.5% of com-
mercial floor space).

The market value of future buildings will reflect their total cost
of ownership and resource capacity (energy, water, ecological
function), air quality, carbon footprint, and so forth. The total cost of
ownership includes the total cost of a building's design, construc-
tion, operation, maintenance or renewal, and decommissioning
through its useful life [59]. The initial capital cost for a new building
comprises about 15% of the total cost of a building over its 40-year
lifespan, while the operation and maintenance costs make up the
remaining 85% [60]. The concept of total cost of ownership has also
been extended to environmental impacts, operational benefits,
improved productivity, and improved life-cycle flexibility [61].

Currently, only the average major expenses (i.e., cleaning, repair
and maintenance, utilities, roads and grounds, security, adminis-
tration, and fixed cost) are tracked and benchmarked by building
type and location in the BOMA-Kingsley quarterly report [62].
Fifteen cities in the U.S. have various building energy use bench-
marking and disclosure policies for commercial and multifamily
buildings [63]. These policies impact 56,000 properties and
approximately 6.6 billion square feet of floor space in themajor real
estate markets [64]. This accounts for 7.5% of the 87.4 billion square
feet of commercial floor space [65].
3.8. How do we measure comfort and healthiness of future
buildings?

Future building designs reflect the adaptation range of the hu-
man body, designing not for a single optimized point but for a range
that is generally free of discomfort (including thermal comfort,
lighting, noise, and indoor air quality). A building's capability to
provide an optimized indoor environment and promote health and
wellbeing can be measured in Metrics 10 and 11.

3.8.1. Metric 10: Number of unique automatic control points per
person (unit: NA)

Target: Two (one for lighting and one for space conditioning,
including air-conditioning and indoor air quality) (Baseline: None).

This metric indicates that occupants can optimize their imme-
diate lighting and thermal environment. However, it does not
require additional control from occupants because buildings can
automatically learn occupant preferences with experience. All
buildings are expected to be equipped with fault detection and
diagnostics to identify operating faults and improve performance.
They will be able to balance occupant needs and optimize
outcomes.

Currently, HVAC controls are designed based on building ther-
mal zone layout and required indoor ventilation. Residential
buildings and older commercial buildings often cannot provide
personalized indoor environments because the whole house or the
whole floor shares one HVAC control point. A typical house has one
control for the HVAC system. The average American household in
2015 consisted of 2.54 peopledthat is, 0.4 control points per
person.

3.8.2. Metric 11: quality adjusted life year related to buildings (unit:
years)

Target and baseline are yet to be developed.
Buildings with health-promoting characteristics should be

evaluated by metrics used for medical services and healthcare. For
example, quality adjusted life year (QALY) [66] assesses the value of
medical interventions by measuring the quality and the quantity of
life lived; disability adjusted life year (DALY) calculates the poten-
tial years of life lost due to premature death, poor health, and
disability [67]. Currently DALYs are measured by cause (e.g., 291
communicable maternal, neonatal, and nutritional disorders, non-
communicable diseases, and injuries), age, sex, and region [68].
There is inadequate research to establish DALY-to-building

https://nepis.epa.gov/Exe/ZyPDF.cgi?Dockey=P100M2GU.pdf
https://nepis.epa.gov/Exe/ZyPDF.cgi?Dockey=P100M2GU.pdf
https://nepis.epa.gov/Exe/ZyPDF.cgi?Dockey=P100NNQ9.pdf
https://nepis.epa.gov/Exe/ZyPDF.cgi?Dockey=P100NNQ9.pdf
https://nepis.epa.gov/Exe/ZyPDF.cgi?Dockey=P100ONBL.pdf
https://nepis.epa.gov/Exe/ZyPDF.cgi?Dockey=P100ONBL.pdf
http://www.census.gov/popest/data/historical/index.html
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linkages, which might include causes associated with physical ac-
tivity and obesity, indoor air quality [69], access to healthy food,
and certain injuries. A metric such as QALY can measure the out-
comes of buildings with health-promoting characteristics and
capture the physical and psychological benefits, including the full
benefits of happiness, ergonomics, thermal comfort, ventilation,
lighting, and other factors.

3.9. How do we measure the productivity of future buildings?

3.9.1. Metric 12: productivity (GDP) per unit energy use per floor
area (unit: $/GJ m2)

Target: 10 times higher (Baseline: $1.67 � 10�6/metric ton m2

in 2015).
Primary energy use in the U.S. has remained largely flat since

2000, while the gross domestic product (GDP) has continued to
grow. The energy productivity reached $141/GJ ($149/MMBtu) in
2014 [70]. The building- and transportation-related areas offer the
greatest potentialdeach more than one-third of the overall pro-
ductivity gain. Assuming that the energy productivity can continue
growing at the current rate after 2030 [71], the productivity is
projected to increase by a factor of 10 in 100 years. Future buildings
are expected to contribute at least one-third of the productivity
increase.

From 1947 to 2013, the annual increase in productivity [72] 1 in
the business sector ranged from 1.3% to 3.2% [73]. The labor pro-
ductivity index grew by over five times (from 21 to 107, measured
in output per hour, index 2009¼ 100) in 66 years from 1947 to 2013
[73]. Following this trend, it is possible that the labor productivity
index can grow to 237 in the next 100 years, increasing by 120%
compared to today.

In 2015, the U.S. GDP was $18,037 billion [74]. The private-
services-producing industries contributed to 68.2% of total GDP
[75]. The estimated commercial building floor area in 2015 was
8262 million m2 (88,900 million ft2) [76] and the GHG emissions
were 889 metric tons. The calculated baseline is therefore
$1.67 � 10�6/metric ton m2 ($0.15 � 10�6/metric ton ft2). Trends
from 1990 through 2015 are presented in Table 7.

Although GDP in its current format seems not applicable to in-
dividual buildings, a revised version with a similar concept can be
developed in the future to quantify a building's economic outcome.
This metric will need to be considered in the context of what a
building is used for. A building will be compared against those with
a similar use type and job function. The GDP proposed here can be
thought of as the gross overall average.

3.10. How do we measure the adaptability and interoperability of
future buildings?

Considering the relatively long service life of buildings and the
rapid change in technologies and lifestyles, future building com-
ponents are more adaptable, rather than being disposed of when
obsolete. More recyclable building materials and flexible structures
allow some buildings to reduce their service life without increasing
embodied energy, generating extra waste, and consuming precious
natural resources. Metric 13measures the ability of future buildings
to adapt to function or condition (weather, environment) changes
over time and their overall recyclability. Metric 14 calls for a uni-
form way to evaluate interoperability; however, no quantifiable
metrics and targets are developed yet.
1 Labor productivity, or output per hour, is calculated by dividing an index of real
output by an index of hours worked of all persons, including employees, pro-
prietors, and unpaid family workers.
3.10.1. Metric 13: embodied GHG emissions per unit floor area per
service life year (unit: metric tons/m2 year)

Target: Zero (Baseline: 0.0168 metric ton/m2 year in 2013).
The embodied energy or carbon is associated with energy or

GHG emitted to construct, renovate, and demolish a building,
including extraction of raw materials, manufacture of building
products, and construction of the building. The use of durable
materials or recyclable materials can reduce refurbishment cycles,
thereby reducing GHG emissions in the long term. The goal is to
extend a building's adaptability during its service life to avoid un-
necessary building upgrades, renovations, and new construction,
and thereby reduce embodied energy and resource consumption.

The amount of embodied energy or carbon in buildings varies
considerably depending on suppliers, construction methods, site
location, and other factors. For example, the embodied energy of a
typical home in the U.S. is estimated to be 15% of total energy use
over its lifetime [77], and similarly for a new university building in
Australia [78]. For a typical three-bedroom detached house in the
U.K. in 1991, the embodied energy was estimated to account for
approximately 10% of total life cycle energy over a 60-year period
[79]. For new, well-insulated, energy-efficient buildings, embodied
energy can account for 40%e60% of the total life cycle or even
exceed the operational energy use [80]. Compared with the initial
embodied energy (from construction), the recurring embodied
energy (from maintenance, renovation, and demolition) is more
difficult to estimate. Using a model based on Canadian construction
of a generic 4620 m2 (50,000 ft2) three-story office building, Cole
and Kernan estimated that such recurring embodied energy will
represent about 144% of the initial embodied energy by year 50 and
rise to 325% by year 100 [81].

To calculate today's baseline, we assume that embodied GHG
emissions account for approximately 15% of total emissions over a
building's service life. Using Metric 4 (0.072 metric ton/m2 from
building operation), the baseline for Metric 13 is 0.011 metric ton/
m2�year (0.001 metric ton/ft2�year).

3.10.2. Metric 14: level of interoperability among building
equipment, among buildings, and with utilities

Target and baseline are yet to be developed.
The need for interoperability of buildings' HVAC equipment,

lighting, miscellaneous electric loads, and associated sensors and
actuators with the BAS is widely recognized [82e83], and future
buildings will require similar interoperability with other buildings
and utilities. Interoperability, in general, is facilitated by using
open-source protocols. Since there is currently no well-defined
measure of interoperability for buildings, such a measure must
first be developed and quantified to define a suitable 100-year
target.

4. Summary and conclusions

Our vision looks beyond the current century and sees buildings
as active components of larger districts, adapting to changing
environmental conditions and demography, supporting occupant
health and well-being, and using resources efficiently to provide
ubiquitous building services. We anticipate that climate change,
population growth, and resource scarcity will be important design
drivers, and that economic, social, health, and productivity factors,
equipment and information technologies, and utility infrastructure
must be considered for the buildings of the future. The five cate-
gories of future building characteristics integrate multidisciplinary
knowledge (i.e., environmental science, climatology, public health
science, building and urban science) and seek proactive, scalable
approaches for mainstream buildings while considering environ-
mental, economic, and social constraints. Table 1 summarizes the



Table 7
Trends of productivity and commercial building GHG emissions.

Year Gross Domestic Product Private-Services-Producing
Industriesa

% from
Service

Commercial Building
GHG

Commercial Building Floor
Area

Productivity per Unit Emissions per
Floor Area

(billions of current U.S.
dollars)

(billions of current U.S. dollars) (%) (million metric tons) (million m2) ($/GHG,m2)

1990 5980 3981 62.8% 755 5976 0.83 � 10�6

1995 7664 5102 64.6% 854 5462 1.06 � 10�6

2000 10,285 6847 65.4% 1025 6366 1.03 � 10�6

2005 13,094 8717 66.1% 1027 6908 1.22 � 10�6

2010 14,964 9962 66.6% 993 7528 1.33 � 10�6

2011 15,518 10,299 66.4% 959 7807 1.38 � 10�6

2012 16,155 10,794 66.8% 897 8086 1.49 � 10�6

2013 16,663 11,128 66.8% 933 7695 1.55 � 10�6

2014 17,393 11,659 67.0% 937 7723 1.61 � 10�6

2015 18,037 12,293 68.2% 889 8262 1.67 � 10�6

Source: Bureau of Economic Analysis: https://www.bea.gov/iTable/index_industry_gdpIndy.cfm (Release Date: November 3, 2016).
a Consists of utilities; wholesale trade; retail trade; transportation and warehousing; information; finance, insurance, real estate, rental, and leasing; professional and

business services; educational services, health care, and social assistance; arts, entertainment, recreation, accommodation, and food services; and other services, except
government.
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desired future building characteristics and related metrics, baseline
values, and 100-year nationwide U.S. targets. The metrics are
intended to establish a quantitative framework to integrate various
aspects of building performance. Near-term development goals
that emphasize one target while sacrificing others may jeopardize
future development.

Future buildings will not be generic and will vary according to
their local context and purpose. For example, buildings of the future
may have an overall goal of being “net positive”; however, no
universal solution or uniform goal (such as zero GHG emission) fits
all buildings. Certain building characteristics will be more impor-
tant than others, depending on regional climate and ecosystem,
building function, settlement patterns, cultural backgrounds, mar-
ket conditions, and local policies. Building strategies and perfor-
mance metrics need to adapt to the local context. The proposed
100-year targets are not intended to predict the future state;
rather, they initiate a needed dialog to establish goals for future
building development. For example, the incremental steps to reach
the 100-year targets of zero GHG emissions are as important as the
targets themselves.

The forward-looking metrics and targets discussed in this paper
will rely on future technology innovation to realize the vision. On
the other hand, integration of existing technologies is as important
as new technology development. Some technologies are either not
cost-effective today, inhabiting wide adoption, or simply do not
have a strong enough value proposition to move consumers to
demand them. For example, we can achieve net-zero energy
buildings or create smart buildings with today's technologies;
however, with the relatively low energy prices common in the U.S.,
energy cost savings are not the first consideration for most people
when in the real estate market. In addition, without a proper
infrastructure support (such as value-based utility transaction
network, interoperability for connected devices), smart buildings
do not yet offer enough value to general consumers. A further
challenge is that we do not yet have a means to quantify the non-
monetized benefits such as health and wellbeing. The key to suc-
cess is in determining how technologies can be integrated to bal-
ance and advance multiple, and complementary, aspects of the
built environment.

The proposed vision intends to expand the conversation about
approaches to revolutionize the present constructed environment
into an intended sustainable future. The basis for the vision is
grounded mostly in U.S. information; however, it is applicable to
today's and tomorrow's modern societies. The proposed
performancemetrics and 100-year targets are intended tomotivate
future design strategies, inspire technological development, and
influence urban planning. A clear, compelling vision aims to initiate
more discussions about new design paradigms, innovative opera-
tional strategies, and disruptive technologies that could revolu-
tionize the built environment and truly transform buildings into
resource assetsdfully self-aware, adaptive, and communicative
buildings with added market value.
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