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Buildings are responsible for approximately one-third of 
worldwide carbon emissions and account for over 40 percent 
of primary energy consumption globally. High-performance 
building design has become an overarching goal for the building 
and construction industry. The important and trendy domains 
in the built environment are the “resilience” and “net zero” 
associated with high-performance design that have their origin 
in ecology. The performance of building and energy efficiency 
is one of the common measuring indexes accepted by multiple 
fields. The ultimate goal of a net zero building has become a 
hot trend, and an off-grid building has become the ultimate 
“high-performance” standard. The fundamental misleading 
concept around contemporary net zero buildings is that a net 
zero building is one type of building, one type of design pro-
cess. Instead, if we trace the origin of net zero energy back 
to its ecological root, we should consider net zero building as 
a guiding design principle for all buildings and a professional 
ethic for all practitioners. Just as all mechanical design has to 
follow the laws of thermodynamics, all building design should 
keep the net zero concept as the core consideration, not an 
add-on item. This paper first outlines and explains the ecology 
origin of the net zero concept and then provides a comprehen-
sive overview of the net zero movement from the 1930s to 
present time. Five critical development periods are identified, 
and major events, developments, and influential thinkers are 
described and explained. Based on the comprehensive review, 
two major divergences of the net zero movement in the building 
industry from its ecological origin are noted.

1.0 ORIGIN OF THE CONCEPT OF “NET ENERGY”   
The concept of “net energy” has its origin in and close relation-
ship to ecology.  In 1920, Frederick Soddy, an English chemist and 
Nobel prize winner, first offered a new perspective on econom-
ics rooted in physics: the law of thermodynamics. Soddy brought 
up the importance of energy for social progress based on real 
wealth formation, as distinct from virtual wealth and a debt 
accumulation process [1]. He suggested that a detailed account-
ing for energy use could be a good alternative to the monetary 
system since the conventional monetary system treated eco-
nomics as a perpetual motion machine. But in reality, as with 
any commodity, the actual wealth flow should obey the laws of 
thermodynamics [2]. However, his theory was largely criticized 
and ignored in his time since he came to orthodox economics 
as a critic instead of a student. The ignorance and criticism of 
Soddy’s theory contributed to the long-term lack of associated 
research development between 1930 to 1970. 

There is large gap between 1930 to 1970. The only mentionable 
development is the “Technical Alliance.” A group of architects, 
engineers, economists, and ecologists formed a professional 
group named the “Technical Alliance” in 1919 and disbanded 
in 1921. It started an Energy Survey of North America with an 
aim to document the wastefulness of the entire society, which 
is the first attempt to quantify “net energy” [2]. 

In the 1970s, Romanian-American mathematician and econo-
mist Nicholas Georgescu-Roegen further developed ecological 
economics or eco-economics based on Soddy’s concepts. This 
is a transdisciplinary and interdisciplinary field of research that 
includes ecology, economics, and physics. Georgescu-Roegen 
proposed the application of entropy law in the field of econom-
ics, where he argued that all natural-resource consumption 
essentially is irreversibly, which had a profound impact on 
net energy flow or life-cycle thinking of natural resources. 
He was the first economist of some standing to put forward 
theories on the premise that all earth’s mineral resources will 
eventually be exhausted at some point [3], and the concept of 
depletion of natural resources eventually led to the movement 
of sustainable development. As he stated, “An unorthodox 
economist—such as myself—would say that what goes into the 
economic process represents valuable natural resources, and 
what is thrown out of it is valueless waste” [4].

Another important development in the 1970s was the publica-
tion of the article “Energy, Ecology, & Economics” and the book 
Environment, Power, and Society by ecologist Howard Odum, 
who tackled economic issues using ecological theories based 
on energy fundamentals. His energy economics were based 
on the comprehension that energy is the foundation for all 
forms of life and transformable. He stated that “the true value 
of energy to society is the net energy, which is that after the 
costs of getting and concentrating that energy are subtracted” 
[5]. His view of studying ecology as a large and integrative 
ecosystem paved the way to understanding how the differ-
ent aspects of a whole ecosystem influence each other. In the 
latter part of his career, he developed a concept of energy in 
the 1990s. He said that “energy is a measure of energy used in 
the past and thus is different from a measure of energy now. 
Energy has attracted attention from academic researchers and 
is being applied to research in building and construction indus-
try besides natural ecosystem” [6 7].  
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2.0 THE EVOLUTION OF NET ZERO IN THE BUILT 
ENVIRONMENT
2.1. 1930 – 1969 Early Solar House 

Some of the first documented attempts toward zero energy 
building emerged as an effort to achieve net zero heating and 
cooling in solar houses, which originated around the 1930s. 
Several of the earliest pioneer buildings include the 1939 MIT 
Solar House I, which introduced a large solar thermal collec-
tor and water storage [24], and the solar air collector and 
rock mass storage used in Bliss House, which has become 
one of most applied solar technologies still being used today. 
In September 1936, the Dean of the School of Engineering, 
Vannevar Bush, the renowned American inventor, engineer, 
and the early administrator of the Manhattan Project, took 
an interest in solar energy, and his idea of flat sun collectors 
impressed Boston-based philanthropist Godfrey L. Cabot. Mr. 
Cabot donated nearly $650,000 to MIT in 1938 and particularly 
instructed that the fund should be used “in development of 
the art of converting the energy of the sun to the use of man 
by mechanical, electrical, or chemical means.” The fund stimu-
lated the formation of MIT’s Solar Energy Fund. During the 50 
years the Solar Energy Project lasted (1938-1988), a series of six 
experimental prototype solar houses were built [8].

2.2. 1970-1989 First Energy Crisis and Emergence of the Net 
Zero Energy Building

The first wave of the energy crisis in the 1970s sparked the 
energy-efficiency improvement movement. On October 17, 
1973, six Arab and non-Arab members of the Organization 
of the Petroleum Exporting Countries decided to raise the 
price of oil exports by seventy percent. On the same day, nine 
Arab oil-producing countries imposed an embargo on oil sup-
plies to the United States and the Netherlands in response 
to the outbreak of the war [8]. The consequences from the 
two dramatic actions were hard-felt in United States and the 
Netherlands but the impact also spread worldwide. At that 
time, scientists and engineers from various fields, including 
physicists and chemists, started to pay more attention to the 
energy consumption pattern in United States. Among them 
was the “godfather of energy efficiency” Arthur Rosefeld 
[wiki]. He noticed that the United States consumed about 
twice the energy per capita compared to European counter-
parts, yet both had a comparable standard of living [10]. This 
proved two facts: first, energy could be conserved through 
user behavior such as turning off lights in unoccupied rooms, 
and second, higher energy consumption did not translate to 
faster economic development or a higher living standard. 
He asserted that if Americans had used energy at the same 
rate as Europeans or Japanese, the United States could 
be exporting oil in 1973. Later, he met up with colleagues 
from the Princeton Center for Energy and Environmental 
Studies, Professor Robert Socolow and Professor Sam 
Berman from Stanford university in 1974, and agreed on the 

need to conduct a study on energy efficiency and conserva-
tion. With the financial support from the National Science 
Foundation and the Federal Energy Agency (which became 
the Department of Energy), the group held the first meeting 
at Princeton and invited experts in building, industry, trans-
portation, and utilities. During the meeting, they discussed 
the cause of energy behavior in United States as being cheap 
energy and abundant resources. The results of the meeting 
were compiled and published as the famous Princeton Study. 

The influence of the first energy crisis in the building indus-
try is profound. The energy crisis ignited an energy upheaval 
that reshaped the entire world, touched everyone’s daily life, 
and forced a paradigm shift in the building and construction 
industry that is still not complete. Since 1973, a wide range 
of building energy-efficiency methods have evolved: from 
the solar house, which focused on harvesting natural renew-
able energy from the sun, to a more holistic energy demand 
reduction effort. Between 1970 and 1990, the concept of 
net zero energy officially emerged as a viable design concept 
with the energy-saving method. Multiple organizations and 
programs were established with the goals of producing an 
energy-efficient design and decreasing energy consumption. 
Most importantly, one of the very first net zero building experi-
ments took place: the Danish zero-energy house done under 
the guidance of Professor Vagn Korsgaard from the Technical 
University of Demark. This project took place during the period 
1976 to 1977 and was situated at the outskirts of Copenhagen. 
The building was equipped with highly insulated construction 
materials, a 42 m2 flat-plate solar collector, and a seasonal 
water storage tank with a capacity of 30m3 [12]. This project 
won the Passive House Pioneer Award in 2013, and Passive 
House founder Dr. Wolfgang Feist made this remark: “The 
construction of this building was thus an important basis for 
later developments in Europe and around the world” [13]. This 
project might also have been the first energy-efficient building 
experiment to use the term of “net zero.”

2.3. 1990-2006 Second Energy Crisis

The second wave of the energy crises was closely related to 
the First Gulf War. On August 2, 1990, Iraq invaded Kuwait. 
The war lasted for nine months and resulted in a significant 
increase in oil and natural gas prices. Even though the price 
spike was less extreme and lasted for a shorter time than 
the previous energy crisis, collective efforts in certain aca-
demic and federal agencies around the world produced some 
promising efforts, proving the concept of net zero energy and 
completing some exemplary projects. When Clinton and Gore 
took office in 1992, the political environment for energy-
efficiency research and projects had become friendlier. In 
1996, the United States, Canada, and Mexico got together 
and produced the North American Energy Measurement and 
Verification Protocol, which was the first official attempt to 
provide consistent procedures that could be implemented by 
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different stakeholders on energy projects to quantify energy 
conservation measure performance and energy savings. 
This protocol has been largely driven by industry and reflects 
a broad industry consensus. This document has become 
an important reference in the building energy-efficiency 
program in North America. It also has been translated into 
other languages. During this period, the consensus around 
the definition of net zero energy started to emerge. At the 
end of this period, in 2006, a National Renewable Energy 
Laboratory report pointed out the lack of a common defini-
tion of “zero energy” and stated that “a zero energy building 
can be defined in several ways, depending on the boundary 
and the metric.” The terms net zero site energy (NESE), net 
zero source energy (NZSE), net zero energy cost (NZEC), and 
net zero energy emissions (NZEE) were proposed [18] and 
became the common set of definitions used in the United 
States.

2.4.2007-2010 Financial Crisis and Rapid Development of Net 
Zero Energy Building  

The last recession, which officially lasted from 2007 to 2009, 
started with the bursting of the house bubble. The Great 
Recession started in United States and then went beyond the 
boundary of the United States. The crisis spread to Europe 
rapidly and affected the 28 member states of the European 
Union and many other European and Asian counties, includ-
ing Finland, Israel, Japan, Norway, and Singapore, during 
the years between 2006 to 2013. A large number of South 
American countries also suffered huge impacts. The building 
and construction industry was one of the hardest-hit sec-
tors. In the United States, construction spending reached a 
historical high at the end of 2006 of $1,177.7 billion and then 
decreased until 2011 even though the recession officially 
ended in 2009. The recovery of the building industry has 
been very slow. It was not until the end of 2016 that con-
struction spending returned to the same level as before the 
recession at $1,181.5 billion, which did not take inflation into 
consideration. However, there was a small segment of the 
building industry that boomed during the economic down-
town: the green building industry. LEED project registrations 
continued to increase throughout 2008 and into 2009. During 
2008, there were 2,100 projects registered on average each 
quarter. There were 2,300 projects registered during the first 
quarter of 2009. Between 2010 and 2011, LEED building reg-
istration increased 9% increase [14] despite all other sectors 
in building industry continuing to decline. The fast develop-
ment of green buildings and sustainable buildings shared the 
common ultimate goal of achieving net zero energy, which is 
actually the mirror image of the events/developments that 
occurred during the first oil crisis. The oil crisis and the eco-
nomic crisis all pumped people to find ways to use resources 
and energy in a more efficient way in order to produce more 
with limited inputs.

During this period, the combination of new knowledge devel-
opment from the scientific community, the advancement in 
building technologies, natural disasters, and favorable busi-
ness and political leadership created a sense of urgency to 
mitigate the environmental impact of the built environment 
and delay the risk of climate change. A variety of federal 
agency and industry regulators proposed to define guidelines 
to measure and quantify net zero energy building across the 
globe. In 2008, the National Science and Technology Council 
(NSTC) issued the Federal Research and Development 
Agenda for Net-Zero Energy, High-Performance Green 
Buildings (NSTC 2008). The National Institute of Standards 
and Technology defined net zero energy buildings as those 
that produce as much energy as they consume over a defined 
period and proposed measurement techniques [15]. Those 
guidelines set an agreeable platform and consistent technical 
guidelines worldwide so that practitioners, researchers, and 
regulators could communicate in a common language. The 
European parliament defined the “nearly zero energy build-
ing” as “a building that has a very high energy performance 
as determined in accordance with Annex I. The nearly zero or 
very low amount of energy required should be covered to a 
very significant extend by energy from renewable sources, 
including energy from renewable sources produced on-site 
or nearby” [16].

2.5. 2011–2017 Financial Recovery and Beyond Net Zero 
Energy Building 

As near zero energy and net zero energy building became the 
new goal and standard globally, the role of building materials 
and embodied energy or related CO2 emissions became more 
and more important [17]. Focusing only on energy efficiency 
entails a clear risk of having an energy-efficient building that 
does not perform well regarding other environmental cri-
teria. Also, the environmental impact of the whole building 
service life becomes a concern to developing and developed 
countries. The building sector generates about “one third 
of all waste and is associated with environmental pressures 
that arise at different stages of a building’s life-cycle including 
the manufacturing of construction products, building con-
struction, use, renovation and the management of building 
waste….” [European Commission 2014]. During the financial 
recovery, since the economic and energy conservation pres-
sures have been relaxed, we have seen expansion of the net 
zero concept. The net zero energy building has been extended 
to Zero Energy Campus(ZEC) based on a source energy, Zero 
Energy Portfolio(ZEP) based on a source energy, Zero Energy 
Community(ZEC) based on a source energy [18].

3.0. DIVERGENCE AND DEVIATION
3.1. Self-Sustaining and Self-Organizing

From the 1970s concept of net energy flow to the current 
defined net zero energy building, how far we have moved 
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away from its ecological origin? The core principles of energy 
flow in the ecosystem is its self-organization and hierar-
chy. Odum outlined the two principles in his 1971 book 
Environment, Power and Society.

Energy hierarchy is the fifth energy law that Odum proposed 
as a system effect of the second energy law: a hierarchy is 
“a design in which many units of one kind are required to 
support a few of another.” Self-organization is “the down-
stream products have less energy to feed back and amplify” 
[23]. Together, self-organization and hierarchy create a cen-
tralized hierarchical pattern in nature. Odum described the 
common systematic development and growth pattern found 
in the ecosystem as “systems converge the transformation 
products to centers spatially, they concentrate these flows 
so that the feedback out from the centers is concentrated 
enough to have a strong effect by spreading its useful work 
over the contributing area” [23]. Nature is the best author 
documenting such hierarchy. We can find the pattern of a 
small center aggregating towards a larger center in tree 
trunks, leaves, pinecone seeds, rivers, and even air bubbles. 
When we exam the maps of historical towns and cities across 
different cultures, regardless of the geographic location or 
environmental conditions, small neighborhood centers con-
verge their outputs to larger district centers that represent 
the large scale. These district centers then converge to even 
bigger city centers at the next level. Larger historical met-
ropolitan cities might have multiple city centers, and every 
one of those centers has its associated convergence pattern 
(figure 1). The hierarchy of neighborhoods, districts, and city 
centers could be seen in historical Beijing, Saint Petersburg, 
and Pittsburgh. It represents not only a principle of geogra-
phy but also the connection between spatial organization 
and energy hierarchies. And this connection has influenced 
many town plans and urban designs. Through such a self-
organizing mechanism, the resources and materials being 
optimized and used through circulation between small and 
large centers produces optimized efficiency as a comprehen-
sive system. When the different parts of a city or a town are 
brought together, the interaction between different parts 
plays equally important roles at the same level in how the 
individual parts would function. The overall organization 
of the whole system is equally important for the system’s 
final performance, if not more so than the individual part’s 
function. In this way, historic cities and towns function as an 
integrated living system, and energy and materials could be 
distributed and circulated on as-needed basis.

This ecological principle and systematic thinking has under-
gone some twists from 2000 in the building industry when 
most efforts around net zero building focused on search-
ing for a consistent framework to define what is net zero. 
Attention has been undividedly given to technologies, 
advanced building materials, and end-energy usage. The iso-
lated attention and heavy dependency on individual products 

or advanced building systems indeed was a form of defying 
net zero’s ecological origin and principles.

3.2. The Missing Embodied Energy

Most net zero building focuses on new construction instead 
of existing building renovation. This might be due to the fact 
that the public has the perception that retrofitting existing 
building is a difficult and unpopular thing to do. Another 
cause for this narrowed focus is the lack of awareness and 
knowledge of embodied energy. Embodied energy is defined 
as the total energy inputs consumed throughout a product’s 
life-cycle. Initial embodied energy represents energy used 
for the extraction of raw materials, transportation to fac-
tory, processing and manufacturing, transportation to site, 
and construction. Once the material is installed, recurring 
embodied energy represents the energy used to maintain, 
replace, and recycle materials and components of a build-
ing throughout its life. Energy is embodied in everything we 
use every day: from food to clothing to cars, as well as build-
ings and all the materials used in them. The architecture and 
engineering professions continue to drive down the energy 
buildings consume in their operations through initiatives 
like the AIA 2030 Commitment. As buildings consume less 
energy in operations, the energy embodied in the buildings’ 
materials will become increasingly important as a percentage 
of a building’s total energy footprint. Academic studies have 
illustrated that embodied energy accounts for the majority 
of a building’s energy footprint for approximately the first 15 
to 20 years of a building’s life-cycle. The amount of embod-
ied energy in a building depends on the material resources. 
Where did we get our construction materials? How far did we 
need to transport the raw materials to manufacture for pro-
cessing? How did we extract the raw materials? Do we have 
enough material in this region to support construction activi-
ties in the next decade? These are all necessary questions and 
such studies have been largely ignored in the current adopted 
net zero energy building calculation. Today, no country has 
requirements regarding embodied energy requirements 
for buildings [29]. Some sustainable building rating systems 
include some requirements for taking the environmental 
impact of building materials into consideration, such as LEED 
and the living building challenge. However, only two of twelve 
net zero energy building definitions in the Marszal et al. [20] 
study include embodied energy in the primary energy bal-
ance. The concept of incorporating embodied impacts in the 
net zero building design process is particularly important 
because the typical net zero energy and net zero emission 
concept used in North America, Europe, and Asia focuses only 
on the energy used during the operation stage. This omits the 
implications that arise over the full life cycle [21].

4.0. CONCLUSION 
Maintaining the balance of energy flow and material flow 
is the natural law in an ecosystem. The concept of energy 
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balance in a building originated from the ecology field. After 
several decades of development, energy-efficient practices 
and sustainable building designs have become a choice, a 
sectarian one. When a different political party took over 
the US administration, the policy, the funding, and the ide-
ology shifted, as explained in Section 2. Environmental and 
energy-conscious living has become a trait dividing people 
into different social groups. Net zero building has been the 
choice of certain groups. But in nature, in the larger ecosys-
tem in which we live, the law of energy flow and hierarchy 
has never changed. What we are missing now is a standard 
practice integrating all necessary knowledge and meth-
ods for achieving net zero energy living. According to the 
American Institute of Architects (AIA) code of ethics and 
professional conduct, it requires the architect, during the 
schematic design phase and as part of its basic services, 
to discuss with the owners the feasibility of incorporating 
environmentally responsible design approaches into the 
projects [22]. Discussion is far from enough, though. Without 
enforcement, practitioners rarely proactively push forward 
a practical, energy-efficient design approach if there is no 
interest from owners or incentives from legislation. The lack 
of disciplined requirements is only one reason for today’s 
selective energy-efficient building design practice. Another 
important reason is the lack of resource and means. The cur-
rent approach to achieve net zero energy heavily depends on 
advanced technology and highly controlled building systems, 
which creates huge financial and technological barriers for 
many less resourceful projects and building owners.

Understanding the environment and society as a system 
means thinking about parts, processes, and connections [23] 
and should be the principle for all types of building design. 
The fundamentally misleading concept around contempo-
rary net zero building is that net zero building is one type 
of building, one type of design process. Instead, if we trace 
the origin of net zero energy back to its ecological root, we 
should consider net zero building as a guiding design principle 
for all buildings and a professional ethic for all practitioners. 
Just as all mechanical design has to follow the laws of ther-
modynamics, all building designs should keep the net zero 
concept as the core consideration and not an add-on item. 
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