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A B S T R A C T

Sustainable development in the building sector requires the integration of energy efficiency and renewable
energy utilization in buildings. In recent years, the concept of net zero energy buildings (NZEBs) has become a
potential plausible solution to improve efficiency and reduce energy consumption in buildings. To achieve an
NZEB goal, building systems and design strategies must be integrated and optimized based on local climatic
conditions. This paper provides a comprehensive review of NZEBs and their current development in hot and
humid regions. Through investigating 34 NZEB cases around the world, this study summarized NZEB key design
strategies, technology choices and energy performance. The study found that passive design and technologies
such as daylighting and natural ventilation are often adopted for NZEBs in hot and humid climates, together with
other energy efficient and renewable energy technologies. Most NZEB cases demonstrated site annual energy
consumption intensity less than 100 kW-hours (kWh) per square meter of floor space, and some buildings even
achieved “net-positive energy” (that is, they generate more energy locally than they consume). However, the
analysis also shows that not all NZEBs are energy efficient buildings, and buildings with ample renewable energy
adoption can still achieve NZEB status even with high energy use intensity. This paper provides in-depth case-
study-driven analysis to evaluate NZEB energy performance and summarize best practices for high performance
NZEBs. This review provides critical technical information as well as policy recommendations for net zero en-
ergy building development in hot and humid climates.

1. Introduction

The world shares the same prevailing mission: to reduce energy
consumption and pursue a sustainable development path for all.
Current building energy use is significant. According to the Energy
Information Administration (EIA), the building sector consumed more
than 20% of the delivered energy worldwide in 2015, and this pro-
portion will remain the same in 2040 [1]. Meanwhile, building-related
emissions have increased by 45% since 1990 [2]. In the United States,
the building sector consumes more energy than any other sector —
about 39% of the country's total primary energy use in 2017 [3].
However, these significant proportions of energy consumption and

emissions harbor great potential to contribute to energy conservation
and carbon emission reduction. Therefore, improving building energy
efficiency and lowering the associated carbon emissions is a key
strategy for addressing global issues such as energy consumption re-
duction, mitigating climate change, and reducing the carbon footprint
of human activities.

Recently, net zero energy buildings (NZEBs) have gained increased
popularity in the building industry in many countries as a promising
solution to reduce building energy consumption. The concept of self-
sufficient and energy autonomous construction has been popular for a
long time for applications under severe conditions, such as solar-pow-
ered satellites in space or stand-alone construction in remote areas
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where facilities cannot be connected to power grids. Ionescu et al. [4]
reviewed the genesis of the energy efficient buildings in history. The
first fully functioning passive house (a nearly zero energy building) was
actually not a house, but a polar ship named the Fram of Fridtjof
Nansen in 1893 [5]. In building science, the term “zero-energy
building” also is not recent. As early as 1976, researchers in Denmark
proposed the term “zero energy house” for the first time by conducting
research on solar energy for heating buildings in cold winters [6]. The
concept of an NZEB has been developed ever since, and recently it has
become mainstream. This paper will use the term “net zero energy
buildings (NZEBs).” Table 1 summarizes the current policies and reg-
ulations for NZEBs in various countries. Most are promulgated in
Europe and the United States, leading to the rapid and large-scale de-
velopment of NZEB projects in these areas. At this stage, few relevant
policies exist in hot and humid regions. Thus, there is an immediate
need to conduct a comprehensive review of NZEBs in hot and humid
climates.

The climate is playing a significant role in energy-efficiency systems
and energy consumption patterns in building science; therefore, this
study reviewed key NZEB design issues for hot and humid climates
specifically, and analyzed their feasibility by investigating 34 actual
NZEB projects as field experiences for classifying the climatic-re-
sponsive design strategies and options in similar climatic conditions.

The targeted climate features are often described as hot, humid,
cooling-dominated, hot summer/warm winter (China) [18], high
humid summer/warm winter (Australia) [19], hot-humid zone below
the “warm-humid” line [21], and tropical/subtropical climates, which
include most of Southeast Asian countries, and some of Middle/South
American and African countries. More widely, the climate zones this
paper is targeting include most parts of India, Southeast Asian coun-
tries, Central America, South America except its southern areas and
majority parts of Africa [22]. Table 2 summarizes climate indicators of
hot and humid regions in representative countries and regions. Taking
the climate indicators of different countries into account, in this article
the term “hot humid climate” is defined as an area where the cooling
degree days (CDD) (10 °C) for 3,000 or more hours and the average
temperature in the coldest month are greater than 10 °C, and pre-
cipitation is relatively abundant and dry bulb humidity is greater than
50% usually. According to these meteorological parameter settings,
Fig. 1 can show clearly the extent and distribution of hot and humid
climate regions in the world map.

Existing reviews in the field of NZEBs have dealt with worldwide
NZEB developments [23–25], presented general overviews of the design
optimizations, or focused on specific NZEB technologies. However,
little research has drawn on any systematic research of NZEBs in hot
and humid climates, especially based on experience of design and

operation of actual case studies. Therefore, this paper presents a com-
prehensive review of NZEBs in hot and humid climates by summarizing
experience and best practices from real world case studies. Its goals are
to present features of current NZEB development in hot and humid
climates, review climate-responsive NZEB designs and technologies,
and analyze building energy performance and establish best practices
for NZEB design and technology choices in hot and humid climates.

Section 1 introduces the background of NZEB development and the
existing policies of mainstream countries. Section 2 reviews the key
drivers of NZEB development in hot and humid regions, focusing on the
economy, environment, cooling demand and policies. Section 3 in-
troduces the definition of NZEBs in different countries and provides a
summary of case studies used by this paper. Section 4 conducts case
study review and summarizes design features and technology choices of
NZEBs in hot and humid climate zones. Section 5 examines NZEB en-
ergy performance by using annual, monthly and typical days’ energy
data collected from case studies. Based on the analysis, recommenda-
tions are given to develop high energy performance NZEBs with a focus
on maximizing energy efficiency.

2. Background of NZEB development in hot and humid climate
regions

There is a critical need to review and summarize net zero energy
buildings due to economic development, increase of cooling demands,
environment and climate change, cultural characteristics, and geo-
graphy.

NZEBs are growing rapidly in developed countries, while facing
challenges and barriers in developing countries. More than 90% of over
300 NZEB projects listed in the International Energy Agency (IEA) Solar
Heating and Cooling Programme (SHC) Task 40 world map are located
in the developed regions of the European Union (EU) and U.S. [26].
Only 11 of them are in hot and humid regions, and only three cases are
selected into a report of shortlisted 30 NZEBs in this program with
enough data and technical information on NZEBs characteristics and
energy performance. Moreover, these three cases are all from developed
countries. The imbalance of these NZEB developments is due to eco-
nomic causes, since high initial investment and long payback periods
pose the main barriers to NZEBs in developing regions [25]. Under
these circumstances, it is important for developing countries to focus on
passive strategies with relative low initial investments and cost-effec-
tiveness strategies with short payback periods to promote the devel-
opment NZEBs in hot and humid regions. It is important to evaluate
cost-effective analysis of technologies employed in net zero energy
buildings, especially for developing regions [27].

Policies and incentives play a vital role in promoting NZEB

Table 2
Climate indicators of hot and humid regions in different countries.

Country/Region Climate zone name Main climate indicators Ref

China Hot summer and warm winter zone The average temperature in January is greater than 10 °C; the average temperature in July is
25 °C–29 °C

[18]

Australia High humid summer/warm winter Highly humid with a degree of “dry season,” high temperatures year round, minimum
seasonal temperature variation, and lowest diurnal temperature range.

[19]

United States Extremely Hot – Humid (Zone 0A) 6,000 < CDD10 °C [20]
Very Hot – Humid (Zone 1A) 5,000 < CDD10 °C≤ 6,000
Hot – Humid (Zone 2A) 3,500 < CDD10 °C≤ 5,000
Hot-humid zone below the “warm-humid” line (the
portions of IECC zones 1, 2, and 3)

Generally defined as a region that receives more than 50 cm (cm) of annual precipitation
and where one or both of the following occur:
A 19.5 °C or higher wet bulb temperature for 3,000 or more hours during the warmest six
consecutive months of the year; or
A 23 °C or higher wet bulb temperature for 1,500 or more hours during the warmest six
consecutive months of the year.

[21]

India Cooling and Dehumidification (Very high cooling
demand)

CDD10 °C ≥5,000 & HDD18 <1,000 & RH≥5 [22,175]

Brazil Cooling and Dehumidification (Very high cooling
demand)

CDD10 °C ≥5,000 & HDD18 <1,000 & RH≥5 [22]
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development in hot and humid regions. Table 1 summarizes the policies
of current zero-energy buildings worldwide. Very few countries or re-
gions in hot and humid climates have NZEB policies. In developing
countries in the tropics, however, the practice of constructing sustain-
able and climate-responsive buildings with low carbon emissions and
high building performance, such as traditional shop houses with
courtyards in Southeast Asia, has a long history [28]. Nowadays, the
lack of showcases, guidelines and standards results in less common net
zero energy building development in these areas than in developed
countries.

Continuous urbanization and residents' rising income levels in de-
veloping tropical countries will require improvement in buildings' in-
door thermal comfort and increased cooling energy demands. The
cooling demands of fast-growing markets among hot and humid regions
such as India and Indonesia may increase by 5% or more annually over
the next ten years [29]. Room air-conditioner shipments have surged
from 2.76 million in fiscal year 2011–12 to 7.32 million in fiscal year
2018–19, and the rate of growth also has been accelerating year by year
in India [30]. Climate change and global warming is another key reason
of growth in cooling energy demand. The Organization for Economic
Cooperation and Development (OECD)/IEA report [31] The Future of
Cooling pointed out that if no measures are taken, the cooling demand
in buildings will more than triple by 2050, making it equivalent to
China's current electricity demand. These cooling demands raise more
stringent requirements for future NZEB development in tropical areas,
thus a review of designs and technologies to slow cooling load increases
and meet people's thermal comfort requirements becomes critical.

Architectural features also distinguish buildings in hot and humid
regions from other climates. Buildings in tropical areas are often de-
signed to enhance the interactions between indoor and outdoor cli-
mates, especially during non-air-conditioning seasons; whereas build-
ings in cold climates often emphasize an air-tight building envelope
system. Thus, it is important to design an NZEB to employ passive
features such as natural ventilation and daylighting and reduce building
energy use. The indoor comfort criteria also can be different in natu-
rally ventilated buildings. The “adaptive thermal comfort model” for
natural or hybrid ventilation environments is needed for NZEBs in a
tropical climate [32–34], to maximize natural ventilation and save
energy. As NZEBs become more interactive with the outdoor environ-
ment, it can greatly influence people's choices of NZEB technologies and
comfort satisfaction [35–39]. People who live in areas with significant
environmental problems are often reluctant to accept poor indoor en-
vironments and are more supportive of green technologies [40].

There are many island regions in tropical areas. Because islands are
particularly vulnerable to climate change and sea level rise, developing
NZEBs is an effective way to improve building resilience for islands and
small-scale countries, and to enhance local energy independence. The
concept of a “zero energy island” (NZEI) [41], where the scope of the
energy balance is extended to islands, is a more advanced and ambi-
tious goal for hot and humid islands to meet to achieve energy in-
dependence. More important, to tackle climate change in developing
economies, research should not only just focus on buildings’ operational
energy but also on embodied energy when planning NZEB development
[176].

3. Definitions and case study of NZEBs

3.1. NZEB definitions

Previous studies have reviewed the different definitions and energy
performance calculation methodologies of NZEBs in various countries
and regions [42–45]. Although many efforts have been made to es-
tablish an internationally agreed understanding of NZEBs, and to
evaluate NZEBs based on a common methodology [46], there is not yet
a unified definition of NZEBs. Delia D'Agostino et al. compared the
definitions of the NZEB in EU and U.S., and also offered a proposal for
clarifying the meaning of near zero, zero, and plus energy buildings
[173]. Zhang et al. reviewed and compared NZEB definitions in leading
world regions [43], and pointed out two key differences in definitions.
One is whether the plug load in the end use should be counted, and the
other is whether off-site renewable energy can be counted. If the reg-
ulation and policy only targets the building construction itself, off-site
renewable energy should not be considered. Giving too much credit to
off-site renewable energy generation may diminish a building's efforts
to include energy efficiency and on-site renewable energy generation.
Since it is difficult to unify standards globally, the National Renewable
Energy Laboratory (NREL) proposes a diverse set of “net zero energy”
definitions and encourages architects, developers and stakeholders to
choose the indicators that best suit their projects [42]. This attempt
provides a direction for systematic NZEB definitions instead of a single
definition. In this study, we follow the U.S. Department of Energy
(DOE) definition of an NZEB as “an energy-efficient building where, on
a source energy basis, the actual annual delivered energy is less than or
equal to the on-site renewable exported energy” [47]. Moreover, Pless
and Torcellini [48] defined four types of NZEBs: A, B, C and D, based on
location of renewable energy generation as illustrated by Fig. 2. An

Fig. 1. Hot and humid climate regions in the world.
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important criteria of the U.S. DOE and Pless et al. definitions is to
evaluate where renewable energy generation comes from — whether it
is on-site renewable generation or off-site renewable procurement.
Here, Pless et al. defines types A and B as NZEBs where all the re-
newable energy is available on site; while types C and D refers to
buildings that mainly use off-site renewables. The definition further
distinguishes a type A NZEB as one where renewable energy generation
only comes from a building's footprint, while type B uses renewable
energy generation that comes from within a building's footprint and/or
from its site. Based on this definition, this paper lists all 34 cases as type
A or B net zero energy buildings in Table 3, as all the renewable energy
is available on site. Types C and D were not considered in this study.
The U.S. NZEB definition developed by U.S. DOE and Pless et al. is
similar to another NZEB definition discussed by D'Agostino et al. [173],
as these definitions all use on-site and off-site renewable generation as
the major distinction to categorize different types of NZEBs. In this
study, we also considered plug load energy use to be a part of building
energy performance, since it is relevant to user behaviors and NZEB
operation and management.

To apply the NZEB definitions, some countries have initiated their
standards and guidance development process to guide NZEB develop-
ment. Noticeably, The American Society of Heating Refrigerating and
Air-Conditioning Engineers (ASHRAE) has been working with U.S.
stakeholders to develop an NZEB deign guideline [49]. The guideline,
based on ASHRAE's previous work on the advanced energy design
guideline (AEDG), is intended to provide building designers and op-
erators on NZEB technologies choices and operation parameters. Also,
China has initiated its nearly zero energy building standard develop-
ment to guide its ultra-low energy building and high performance
building development process [50].

3.2. NZEB case studies in hot and humid climate zones

There are a few research projects on NZEB case studies. One is from

the New Building Institute (NBI) in the United States. Their latest
Getting to Zero Status Update and Zero Energy Buildings List provides
482 certified, verified and emerging zero energy projects in North
America [51]. Another is the IEA SHC Task 40 “Towards net zero en-
ergy solar buildings” under the framework of the IEA solar heating and
cooling program [73]. Two outcomes of the IEA SHC Task 40 are a
world map of more than 300 NZEBs published online [26] and a case
study report of 30 shortlisted NZEBs where mandatory technical
documents are available [74]. Furthermore, the International Living
Future Institute (ILFI), which provides NZEB certification, has a data-
base of NZEBs mainly in the North America region [75].

In the IEA SHC Task 40 project, three NZEBs in hot and humid
climates are identified, and these are shortlisted in a case study report.
In the NBI list, 20 NZEBs in hot and humid regions are identified. Other
small-scale NZEB case studies [27,74] or non-NZEB but energy-efficient
building studies in hot and humid areas can be found in the literature as
well, including studies in Darwin, Australia [77,78]; Kuala Lumpur,
Malaysia [77]; Hong Kong [79–83]; and the United States [84,85]. In
sum, 34 cases of real-world net zero energy projects in hot and humid
climates were selected for this study. Based on the definition discussed
above, we reviewed publicly available databases and literature to ex-
tract these 34 NZEB cases in hot and humid climates for this study
[51–65,76].

All cases have the solar photovoltaic (PV) system on the roof and/or
integrated on facades. Most cases are new construction, with only 5 of
the selected 34 NZEBs — Anna Marina Historic Village, Leon County
Cooperative Extension, Zero Energy Building BCA Academy, Vallhones
Prototype 1, and the ENERPOS building — being retrofit projects. Most
of the 35 cases are low-rise non-residential projects in hot and humid
climates, except one case in China: the Xingye HQ building in Zhuhai, a
high-rise office building. LEED platinum or gold certifications are
commonly found in most cases. As the primary research goal was to
investigate NZEBs in hot and humid climates, other climate regions
such as heating dominated climates were not considered.

Fig. 2. Four types of NZEBs: A, B, C and D.
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Fig. 3 shows the different types of net zero energy building cases
included in this study. Office, school and mixed-use (e.g., office and
retail) are the major net zero energy building types. Most NZEBs we
investigated in the U.S. and other developed regions are low-rise
buildings. However, the building cases from China are mostly high-rise
construction. Only two buildings are residential buildings, and the rest,
32 buildings, are commercial buildings.

4. Analysis of NZEBs in hot and humid climates

This section summarizes common design features and technology
choices adopted by NEZBs in hot and humid climates, based on the
cases reviewed in this study. Building technologies are reviewed and
their performance is discussed and compared with ASHRAE's current
standard performance. In addition to the NZEB design and technology
review, we also review key operation and management methods of
NZEBs adopted to achieve high performance.

4.1. Summary of design features and technologies for NZEBs in hot and
humid climates

Identification of design features and technologies is essential to
determining NZEB energy performance in hot and humid climate zones.
We reviewed the selected 34 NZEB cases and organized their design
features and technologies listed in Table 4 into five groups: archi-
tectural design and envelope; heating, ventilation and air-conditioning
(HVAC); lighting; plug load equipment; and renewable energy tech-
nologies. Fig. 4 summarizes how many cases (y-axis) adopt each design
feature or technology (x-axis).

Cost information of NZEB cases was also collected. Adopting energy
efficiency technologies would require that the construction costs of
NZEBs increase. Fig. 5 shows the cost data for 18 newly constructed
NZEBs. The average construction is $4,000 (US dollars) per square
meter, which is approximately double that of ordinary new construc-
tion baseline costs in the U.S. market.

4.2. Design features and building technologies

4.2.1. Architectural design and envelope
Study of the case studies revealed a few common characteristics in

the architectural design features and building envelope systems of
NZEBs in hot and humid climates. Eighteen cases adopted an advanced
building envelope for the walls and roof. The thermal properties of the
external wall and roof in these cases were further investigated, and
their U values are shown in Fig. 6. We separated NZEBs built in China
with NZEBs built in the U.S. and other developed countries to better
illustrate country-related building envelope characteristics. For build-
ings in the U.S. and other developed countries, the average U value of

external wall and roof for NZEBs in hot and humid climate is 0.325W/
m2 K and 0.214W/m2 K, which are respectively lower than the U.S.
commercial building standard ASHRAE 90.1 climate zone 1's require-
ments, which are 0.504 and 0273W/m2 K [86]. For high performance
buildings in China's hot summer, warm winter climate zone, the
average U value of external wall and roof for NZEBs is 1.344W/m2 K
and 0.755W/m2 K, which are respectively lower than China's com-
mercial building energy efficiency standard GB50189-2015's require-
ments: 1.5W/m2 K and 0.9W/m2 K. Overall, U.S. NZEBs exhibit more
stringent thermal integrity than buildings in China.

There are many ways to improve NZEB envelope performance be-
yond current codes and standards requirements. Studies found that
having better thermal integrity is effective to reduce heat transfer and
heat gain from the opaque page of building envelope and thus reduce
cooling loads for NZEBs in hot climates [87]. Also research has found
that equipping an NZEB with a reflective roof surface to reflect solar
radiation can not only effectively reduce the building's cooling load, but
also help cities mitigate heat island effects in summer [88,89]. Setting
up a ventilation layer between the outer envelope and indoors, by
means of an attic roof, double roof, or double-skin wall, can reduce the
thermal gain, with obvious effects. Advanced building envelope tech-
nologies such as phase change materials (PCM) are also used for NZEBs
buildings, to damp heating transfer through the building envelope
[90–92]. On-site vegetation, especially green walls and roofs, are also
commonly found in NZEBs, with four cases found in hot and humid
climates. Greenery combined with roofs and walls — such as roof
greening, vertical greenery and hanging gardens — can ornament hard
surfaces of the buildings and cool the ambient air through transpiration
and photosynthesis. In the summer, green roofs can reduce heat
through building roofs by about 80%, and green roofs can reduce en-
ergy consumption by 2.2%–16.7% in summer, compared to traditional
roofs [93].

Twenty-two cases used advanced exterior glazing and solar shading,
and 12 cases used glare control devices. From case study technology
performance data, we found that NZEBs tend to use good insulation for
exterior windows, with shading devices used to provide the whole fe-
nestration system with low U value and solar heat gain coefficient. As
with the opaque building envelope, we separated the U.S. and other
developed country NZEBs with buildings from those in China. As shown
in Fig. 7, the average U value of exterior windows for the NZEB cases in
the U.S. and other developed countries was 1.824W/m2 K, and the
average solar heat gain coefficient (SHGC) was 0.271. The glazing
system's U value is better than the ASHRAE 90.1 requirement of
2.84W/m2 K. The SHGC value is close to, but a slightly higher than, the
ASHRAE 90.1 requirement of 0.25. For high performance buildings in
China, the average U value and SGHC are 3.371W/m2 K and 0.351,
respectively, which are better than the national commercial building
energy efficiency standard GB50189-2015 requirements. Overall,
NZEBs in the U.S. have better fenestration system performance com-
pared with buildings in China.

Many building cases have demonstrated using advanced building
fenestration system in hot and humid climate zones. Existing studies
have found that shading windows can reduce about 25% of the summer
cooling load, and a total energy use reduction of approximately 20%.
For a larger custom home, cooling energy is consisted of 70% of the
summer cooling load using unshaded windows, while in shaded win-
dows case, cooling energy accounted for only 45% of total energy use
[94]. According to Edward Mazria [95], by precisely designing the
shape of the horizontal overhang according to the sun angle calculation,
the shading system can minimize the solar gain in summer while
maximizing solar gain in winter. The Chinese architect Xia Changshi
had proposed a series of shading design methods in the 1960s–1980s for
hot and humid climate regions in China [96]. According to the sun
trajectory map of Guangzhou, a city at the southern end of China si-
tuated at 23° northern latitude, Mr. Xia suggested that the projection of
the overhang should be two-fifths of the height of window in the east to

Fig. 3. Building types of the 34 net zero energy building cases.
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west horizontal direction. There is a delicate balance between shading
and natural illumination in order to reduce both peak cooling load and
lighting energy consumption [97]. Studies have also shown that using
operable shading devices can better manage solar radiation and day-
light, to minimize solar heat gain and in the summer season and also
provide acceptable daylight illuminance [98,99]. Some emerging
glazing technologies such as electrochromic, thermal chromic glazing,
and reflective glazing are commonly used in NZEBs and can strengthen
the reflection of solar radiation and reduce cooling energy consumption
in hot climates [100–103].

Seventeen cases in this study optimize NZEB wall-to-window ratio
(WWR). Setting up a proper WWR is beneficial for natural ventilation
and daylight in transition seasons in hot and humid climate regions.
However, an excessive WWR value will result in extra heat gain through
exterior glazing and increase cooling energy consumption [104]. The
recommended WWR value should range between 20% and 40% with

low SHGC and U-factor glazing in the Zone 1 climate region in America
for advanced energy design [105].

4.2.2. HVAC
The case studies indicated NZEBs are always equipped with an ad-

vanced HVAC system and energy-efficient ventilation strategies.
Twenty-four cases use natural ventilation strategies to introduce free
cooling to NZEBs and reduce HVAC system energy use. Many existing
studies have shown that natural ventilation can reduce energy con-
sumption and greenhouse gas emissions in buildings [106,107]. The
advancement in thermal comfort theory and introduction of “adaptive
comfort” criteria have also provided theoretical foundations for design
and operation of natural ventilation system in NZEBs [108]. This study
found that five cases adopted the use of a ceiling fan to enhance the
effects of natural ventilation. Passive displacement ventilation (PDV)
and high volume low speed (HVLS) ceiling fans are used typically to

Fig. 4. Design features and building technology choices of the NZEB cases.

Fig. 5. NZEB net construction cost in the U.S. market.
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cool large and open spaces with little furniture and few obstructions
[109], such as classrooms, auditoriums, theaters, gymnasiums, lecture
halls and workshop halls. Both technologies are used at the BCA
Academy, a net zero energy case study building in Singapore. NZEB
case studies also demonstrated the combination of a ceiling fan with a
passive radiant cooling system. The combination of passive and active
cooling technologies has a high potential to save energy and reduce
peak power demand in hot and humid climates [110]. It also has been
proven to provide better thermal comfort while saving energy at the
same time [111–113].

Due to the high moisture content and latent heat in the outdoor air
of hot and humid climates, getting fresh air into NZEBs during air-
conditioning season is “expensive” in terms of energy use. Especially
when using a radiant cooling system, dehumidification of outdoor air
intake becomes very important in humid climates. The NZEB cases also
show common adoption of a dedicated outdoor air system (DOAS) to
treat outdoor air. Dehumidification can be achieved with a high effi-
ciency DOAS with energy recovery wheels and deep multi-row cooling

coils [114]. DOAS in NZEBs are often operated using a temperature and
humidity independent control (THIC) method [115,116]. On the
cooling equipment system side, advanced ground sourced heat pumps
(GSHP) are widely adopted in NZEBs. The most appealing case is the
Hawaii Gateway Energy Center, which not only uses GSHP to produced
chilled water, but also uses deep cold 7 °C seawater to cool the outdoor
air intake to 22 °C, with very small seawater pumping energy con-
sumption [117]. According to Saeid Khalil [118], seawater air-con-
ditioning technology has great potential as a kind of clean renewable
energy in hot climate regions, especially at tropical islands.

4.2.3. Lighting
Lighting energy efficient strategies in NZEBs are often observed to

maximize the use of daylight through passive daylighting technologies
and to improve artificial lighting devices and control system efficiency.
Based on our case studies, daylighting in NZEBs is achieved through
daylight from facades and use of skylights and solar tubes. Daylight
from facades requires that the fenestration system has high visible light

Fig. 6. U value of the external wall and roof for NZEBs in hot and humid climates.

Fig. 7. U value and SHGC of fenestration system for NZEBs in hot and humid climates.
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transmittance. The Advanced Energy Design Guide for Small to Medium
Office Buildings, published by ASHRAE, suggests that the ratio of visible
transmittance (VT) to SHGC should be at least 1.10 in hot and humid
climates [119]. However, introducing daylight can also risk increasing
solar heat gain. Thus, the choice of glass type and layer is critical to
achieving the balance between natural daylight and reducing heat gain
from the solar radiation in NZEB design [120]. Moreover, utilizing
daylight from facades is often integrated with blinds and glaring con-
trol, which is introduced in the building envelope section. The use of
vertical daylight through solar tubes and skylights is also commonly
found for low-rise NZEBs. Making use of daylight requires the design of
NZEBs to integrate various passive measures to reduce lighting load
density, and hence reduce the necessity of artificial lighting devices
[121].

Active lighting strategies in hot and humid climates have great
energy saving potential. In-depth research by Sun et al. [27] on the
NZEB renovation project in Singapore found that energy-efficient
lighting and high performance air-conditioning systems are the most
energy-efficient retrofits in the hot and humid climates of the tropics.
The study also pointed out that lighting retrofits using efficient light-
emitting diode (LED) lighting are cost-effective and have a short pay-
back period. This study found that 23 cases use LED lights to improve
artificial lighting system efficiency. The advances in lighting tech-
nology, such as occupant-centered lighting control [122,123], LEDs
[124,125], and organic light-emitting diodes (OLEDs) [126] have led to
widespread energy-efficient lighting designs and are going beyond en-
ergy savings by improving occupants’ well-being and mental health at
the same time [127,128]. Lighting controls are essential to effectively
integrate passive daylight utilization with artificial lighting devices
[129]. A proper design and operation of lighting control system to-
gether with shading devices can also help improve NZEB energy effi-
ciency and achieve better visual comfort [130]. As LED lighting per-
formance has increased in the past decade, and the price has dropped
by 90% [131], there is a great potential for developing countries in
tropic climates to adopt high performance lighting in their NZEBs.

4.2.4. Plug load and equipment management
Plug load energy use is relatively constant under all climatic con-

ditions, and less impacted by the other building systems mentioned
previously [132]. Plug loads can consume one-third of a building's
energy consumption [133] and can therefore become an important
contributor to building energy consumption in low-energy buildings
like NZEBs. Many countries' building energy codes and standards do not
have prescriptive measures on plug load energy efficiency, which
makes it difficult to implement energy conservation measures for plug
loads in NZEBs [134].

The collected NZEB case studies in this paper found that many cases
adopted the two principles from advanced energy design guides pub-
lished by ASHRAE [135] to reduce plug load energy use by selecting:
(1) equipment with lower power demands, and (2) equipment usage
controls [119]. The key to the first method is the choice of equipment,
such as using more laptops instead of desktop computers, and pur-
chasing certified energy-saving equipment such as ENERGY STAR-la-
beled equipment. For example, a study of small- and medium-sized
offices [119] simulated a 5,000m2 office building and showed that plug

load density can be reduced by 0.68WW/m2 immediately by changing
the usage of half-to-half desktop/laptop computers into 25% desktops
and 75% laptops with ENERGY STAR labels. The second method fo-
cuses on smart controls such as occupancy sensors, time switches, and
computer power management, as well as controls that allow a user to
control usage according to their own needs. The Internet of Things
(IoT), smart and networked devices, and cultivated user behaviors can
also represent important energy efficiency opportunities. Energy-saving
user behaviors can be cultivated through personnel management edu-
cation, training and incentive-driven policies in environmentally
friendly family or corporate cultures, and to form good usage habits.
Almost all electronic devices today have phantom load losses, which is
affected significantly by user behaviors, and they can consume up to 5%
of plug loads [119].

4.3. Renewable energy system

Utilizing renewable energy is a key step for buildings to achieve net
zero. Solar photovoltaics are the most common renewable energy
technologies adopted by NZEBs cases, with 30 cases found in this re-
search. For low-rise NZEBs, rooftop PV installation is commonly found.
Roof space on high-rise buildings is limited, so ways have been devel-
oped to install PV on NZEB facades. Fig. 8 shows the Zhuhai Xingye
NZEB's building integrated PV (BIPV) design. As a high-rise NZEB, the
PV is integrated at the buildings' south facade. A natural ventilation
pathway was designed to circulate air at the back of the PV panel in
order to reduce the panel's temperature and increase its efficiency. A
natural ventilation opening is provided at the back of the PV panel.
During the summer season, the natural ventilation opening is closed,
and the building is operated in air-conditioning mode. During winter-
time, the natural ventilation window is open, and the outdoor air can
flow through the back of the PV, take the heat from the PV panel, and
bring it to the building. This design intelligently integrated the re-
newable energy system with the building envelope and natural venti-
lation, thus greatly improving the NZEBs performance.

Utilizing wind energy is not very common in buildings, as relative
low wind speed at the ground level. However, there are cases that de-
monstrate novel ways to utilize wind energy in high-rise buildings.
Fig. 9 shows a high performance building project in Guangzhou, China.
Four large vertical wind turbines installed in the middle and top sec-
tions of this high-rise building generate 288,000 kWh of electricity
annually — even more than that generated by its solar panels [136].

To provide thermal energy for NZEBs, a renewable alternative to
fossil-fuel-based technologies for hot water supply is to use solar-
thermal systems [137,138]. In hot climate regions such as Australia, for
example, a best-design solar thermal system can supply about
60%–70% of the total annual hot water demand to heat water for do-
mestic use, such as baths and cooking [139,140]. Generally, the com-
bination of solar electric and a heat pump in a single system is a pro-
mising water heating system technology that can significantly enhance
a systems’ performance with lower cost [141,142]. Solar hot water is
also a cost-effective technology when combined with local and central
government financial incentives [61].

Fig. 8. BIPV in Xingye office building in Zhuhai city China (Source: Xinye Solar, personal communication).
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4.4. Operation and maintenance

NZEBs require buildings to purchase electricity from the power grid
when its local renewable energy generation is not sufficient and sell
extra electricity back to the grid when generation is more than NZEBs
energy demand. Therefore, a major challenge in power quality and grid
operations is the integration of renewable energy generation [143].
Recently, much smart grid research and development [144] has in-
creased the understanding of the interaction between renewable energy
technologies and the distribution grids to minimize the cost of in-
tegrating renewable energy to the distribution grids [145,146]. The
stand-alone NZEBs, which are not connected to the grid, have to bal-
ance the energy demand through renewable energy systems onsite to
support the building's daily operation. For this kind of NZEB, the
challenges of daily fluctuations in renewable energy source and in-
stability in energy production are greater. In hot and humid areas, some
tropical islands and less developed villages have no access to electricity
from the grid [147,148], and this type of NZEB can be used there.
During operation, it is especially important to optimize renewable en-
ergy controls so the stand-alone NZEB can function all the time.

Operation and maintenance can make sure NZEB technologies and
design features can operate as originally designed to satisfy occupants’
needs. Smart buildings provide flexibility through energy control, sto-
rage and demand response [149] to achieve zero-energy goals. By 2040,
smart controls are predicted to reduce global building energy con-
sumption by 10% [150]. The analysis of the role of digitization in
buildings conducted by IEA found that smart controls and connected
equipment could save an accumulated 230 EJ (EJ) of energy by 2040,
reducing global building energy consumption by up to 10% while im-
proving thermal comfort for occupants. Increasing user control over
cooling to optimize heating and cooling systems is often overlooked [2].
Previous research has shown that user-led innovation that deepens user
control of building systems and the indoor environment can improve
occupant comfort and satisfaction [151,152]. Through building control
technologies, the savings can be between 15% and 50% [153]. There-
fore, better control can considerably impact user comfort and efficient
operation of the cooling system, including pumps and ventilation [2].
Training building occupants and operators, and monitoring buildings,

are two major strategies to achieve building energy efficiency [133]. A
controllable thermostat can save an additional 10%–25%, depending on
user behaviors and architectural features, compared to an automatic
thermostat [154,155]. Such investments are usually not capital-in-
tensive and have a short payback period, which is suitable for devel-
oping countries.

The operation and management of cooling systems is critical for
NZEB performance. The user's requirements for thermal comfort will
also have impacts on energy consumption, as thermal comfort para-
meters have strong impacts on air-conditioning demand [174]. In hot
and humid areas, the room set points of air-conditioning, the internal
heat source, and the maximum allowable room temperature affect the
cooling demand significantly in the built environment [78,131,156].
When the summer set temperature was reduced by 1 °C in one office
building studied in Sydney, Australia, energy consumed for cooling
decreased by 6% [157]. The peak demand for residential buildings in
Las Vegas decreases by 69% when the summer set temperature drops
from 23.9 °C to 26.9 °C [158].

4.5. Integrated design and performance optimization

Previous research and real-world cases have demonstrated that by
integrating energy efficiency measures and renewable energy systems,
the goal of a sustainable NZEB can be achieved and maintained
[159,160]. High initial investment and a long investment payback
period have always been major obstacles to NZEB development, espe-
cially for economically developing and underdeveloped areas in hot
and humid regions. The integration of different energy-saving and re-
newable energy technologies at the lowest cost should be the main
principle considered for achieving NZEB goals in these areas [25].

For NZEBs in hot and humid climates, the integrated design of ac-
tive and passive strategies become extremely important. With the
economic development of hot and humid regions, the integration of
natural ventilation with an air-conditioning system in an NZEB will
become mainstream. As discussed, the balance of two systems is the key
to achieving the energy-saving goal. Lu et al. [161] conducted the
sensitivity analysis on an NZEB in Hong Kong, and the result shows that
the wind velocity has a significant impact on annual energy balance,
cost effectiveness, and carbon dioxide emissions. It is also the key factor
of the passive design of natural ventilation. The second is the hybrid
renewable energy system integration design, based on stability and
overall zero energy performance. Many Hong Kong scholars have
conducted studies on hybrid energy systems under uncertainties to
improve overall NZEB performance in Hong Kong, a city in a hot and
humid region. Zhang et al. [162] proposed a multi-criterion renewable
energy system design optimization method for NZEBs under un-
certainties and indicated that careful renewable energy system sizing
was necessary to achieve optimal overall performance. Sun et al. [163]
found that sizing of the air-conditioning system and renewable system
are critical to avoiding poor building performance. Lu et al. [164]
emphasized uncertainties in renewables of NZEBs and proposed a ro-
bust design method for renewable energy system sizing. The third,
known as the cost-optimal design, is an optimized design based on cost
considerations. Based on the sensitivity analysis of design parameters
for the NZEB system by Sun [165], the most sensitive parameter for the
cost of the initial investment is the temperature set point of indoor
environments, system coefficient of performance (COP) and internal
gain intensity. Therefore, in the search for NZEB solutions, multi-ob-
jective optimization [166,167] is needed instead of a single-objective
approach, to deal with various conflicts such as different combinations
of renewable energy, improved energy-saving efficiency versus incre-
mental cost, and how to improve thermal comfort with passive design
strategies. Among the various optimization methods used to simulate
building performance, genetic algorithm (GA) for multi-objective op-
timization is the most commonly used strategy for performance analysis
[168].

Fig. 9. A wind turbine installed in the Pearl River Tower building (Source:
SOM, Pearl River Tower, Jan 2014. www.SOM.com).
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5. NZEB energy performance analysis

This study tracks building energy performance in all 34 cases. The
energy use and renewable energy generation data of the case study
buildings are collected annually. Note that to calculate renewable en-
ergy generation in these cases and make them comparable to each
other, this study used site renewable energy generation in this analysis
and ignored purchased remote renewable energy generation. Since case
study NZEBs in hot and humid climates use electricity as the main
energy form, this analysis uses site energy to calculate the relationship
between energy consumption and renewable energy generation. In all
reviewed 25 cases, 17 NZEBs have been validated to achieve or de-
signed to achieve net zero energy or “net positive energy” (i.e., gen-
erating more energy onsite than is consumed). Eight buildings did not
achieve the net zero energy target and still use more energy than their
local renewable energy generation.

5.1. NZEB overall energy performance

Fig. 10 shows all the case study buildings' energy use intensity (EUI)
and renewable energy production intensity (REPI), both in kilowatt-
hours per square meters of building floor space on an annual basis. If a
building reaches its net zero energy target, its EUI and REPI point
should be on the 45° dashed line, meaning its annual energy con-
sumption is the same as its local renewable energy generation. Should a
building generate more renewable energy on site than it consumes, its
energy performance will be above the 45° dash line. Similarly, if a
building uses more energy than it generates locally, its energy perfor-
mance will be below the 45° dashed line. Note that most of the build-
ings have EUI values around 100 kWh/m2. To further assess the energy
efficiency performance of NZEs, we used the energy use intensity of the
ASHRAE 90.1–2016 standard's climate zone 1, middle-size office
building, as a baseline [169]. There are still some NZEB energy use
intensities higher than the ASHRAE 90.1–2016 standard's reference
office building's energy performance, meaning that not all NZEBs are
high energy performance buildings. That is, a building can still be net
zero without stringent energy efficiency measures if it has ample local
renewable energy resources on site.

We further investigated why some NZEBs still use more energy than
the ASHRAE 90.1 standard's requirements. The review found that some
of these buildings are commercial banks, with large internal plug loads
such as servers and computers, and that they have stringent require-
ments for artificial lighting [177]. The large internal heat gain from
computers and servers also requires large energy consumption for
cooling. Because of building functional requirements, the passive de-
sign features such as natural ventilation and daylighting are difficult to
fully utilize in these NZEBs, which results in high energy consumption.

To further understand NZEB energy performance, the study com-
pared renewable energy technology installation capacity with building
energy use and renewable energy generation intensity. As most of the
case study buildings use on-site solar PV as the renewable energy
technology, this paper uses solar PV installation intensity as a para-
meter to assess NEZB performance. The PV installation intensity is
defined as the ratio of total solar PV installation capacity (kW) to the
building's total floor space (m2), with a unit of W/m2. A single-floor
building, with its entire rooftop installed with PV2 and no other PV
installation on its facade or adjacent facilities, has a PV installation
intensity of about 119W/m2. A smaller PV-to-floor-space ratio means
that an NZEB may have less roof or façade area to install the PV. Fig. 11
shows the relationship between PV installation intensity and the ratio of
REPI to EUI for NZEB cases.

Note that when the REPI/EUI ratio is less than 1, it means a building
consumes more energy than it locally generates, and thus does not
achieve the net zero target. A building with the REPI/EUI equal to or
bigger than 1 achieves net zero or even becomes net positive. However,
this study does not just use net zero as the single criteria to evaluate
NZEB performance. To further analyze performance of the case study
buildings, we used the calculated 119W/m2 baseline discussed above
to evaluate whether an NEZB mainly utilizes its local on-site PV (lower
than the baseline value) or has extra resources for renewable energy
generation at its adjacent facilities (higher than the baseline value). The
research is especially interested in buildings that do not utilize adjacent

Fig. 10. Energy generation/consumption balance of selected NZEB cases.

2We assume that: PV are installed at the roof with a 20° tilt angle facing
south, about 70% of an NZEB's rooftop area can be used for PV installation, and
the rest (30%) of the area is used for maintenance and walking space.
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on-site renewable generation facilities, or cases below the baseline
value. To study the relationship between PV installation intensity and
REPI/EUI ratio, we used the EUI value 56.8 kWh/m2 (18 thousand btu
per square foot, kbtu/ft2) defined by NBI's zero energy verified projects,
as our case study energy performance criteria [170,171]. Using that
criteria, a line is shown in Fig. 11, with PERI calculated by using Hong
Kong weather conditions. For buildings, even though not achieving net
zero with a REPI/EUI ratio less than 1, if their energy performance is
located at the right part of the EUI=56.8 kWh/m2 line, we may still
want to call these buildings “net zero energy ready buildings.” The
reason is that these buildings may have limited renewable energy re-
sources to install PV, but their energy efficiency measures are well
implemented and therefore the buildings have low EUI. Should more
renewable energy resources be identified in the future, these buildings
would still be able to achieve net zero energy performance. Similarly,
for building performance located at the left of the EUI= 56.8 kWh/m2

line, even though some of them achieve net zero energy requirements
with REPI/EUI equal to or bigger than 1, their EUI is still high, and
energy efficiency measures may still have the potential to improve and
further reduce NZEB energy consumption. NBI also gives another de-
finition of emerging NZEBs, where EUI=75.7 kWh/m2 (24 kbtu/ft2).
Another EUI line can be also drawn to assess NZEB performance based
on this EUI value. Note that the PV installation intensity value and EUI
values demonstrated in this paper are just ways to evaluate NZEB
performance. When applying to specific countries or regions, and using
the different ways to utilize renewable energy technologies, slightly

different values could be used for NZEB performance analysis.

5.2. Detailed energy performance analysis for the case study buildings

This research examines energy performance of three NZEB case
studies; two in the U.S. and one in China (Fig. 12). The U.S. cases are a
commercial office building located in Arizona (U.S. bldg. #1) and a
mixed-use retail and office building (U.S. bldg. #2) located in Florida.
The Chinese building, Xingye HQ office building, is located at Zhuhai,
Guangdong province. We compared these buildings' energy use and
renewable energy generation data on an annual, monthly and typical
performance day basis, and summarized the NZEBs’ detailed energy
performance.

Fig. 13 shows the annual energy performance for two buildings:
Xingye and U.S. building #1. We found that cooling related HVAC
energy use takes a big portion of an NZEB's total energy use in hot and
humid climates, with Xingye using 34% and U.S. bldg. #1 using 50%.
Plug load and equipment use accounts for about 30% of the NZEBs' total
energy use, and lighting accounts for about 10%. The Xingye building,
as a high-rise office building, has limited on-site renewable resources
and did not achieve its NZEB target. However, it demonstrated ex-
cellent energy efficiency performance with a total EUI of 35 kWh/m2. If
its data center energy use is deduced, its EUI could be further reduced
to 25 kWh/m2. Note that its EUI is much lower than NBI's 57.6 kWh/m2

target. This is due mainly to its integration of passive measures and
technologies such as natural ventilation and daylighting, reviewed in

Fig. 11. The relationship between PV installation intensity and REPI to EUI ratio (REPI: renewable energy production intensity kWh/m2 floor space; EUI: energy use
intensity kWh/m2 floor space).

Fig. 12. Three NZEB cases: U.S. bldg. 1 (left, NBI 2018), U.S. bldg. 2 (middle, NBI 2018), Xingye building (right).
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previous sections.
In terms of monthly energy use, the energy consumption and re-

newable energy generation of three case study buildings are shown in
Fig. 14. Their net energy use was also calculated and shown in the
dashed lines. The study found that all cases use more energy during the
summer season because of the large cooling and ventilation energy
demand. Even though all the cases are located in the Northern hemi-
sphere, the NZEBs’ solar PV electricity generation does not necessarily
peak in the summertime. In the two U.S. cases, PV energy generation
peaks in April and May. The study also found that the two U.S. NZEBs
achieved net positive energy during winter and shoulder seasons, and
that buildings often need to purchase electricity from the power grid in
the summer.

Fig. 15 shows a further in-depth look of Xingye building's monthly
energy data. The data show that the building is tightly managed to
operate its HVAC system mainly during the summer season for a bit
more than five months, from May to September. In the rest of the
months, HVAC energy use is very small. Lighting energy use in Xingye

is less than 1 kWh/m2 per month and very constant, meaning that the
building constantly utilizes daylight all year long and has a highly ef-
ficient artificial lighting system.

Daily energy use in the Xingye building was also collected, and is
shown in Fig. 16. Across different seasons’ workdays, we observe that
the building is strictly managed to turn on the equipment that uses the
major portion of its energy at 8 a.m. The base load of the building is
around the 2Wh/m2, while in cooling season, the daily peak load is
around 13Wh/m2. The peak to off-peak ratio is 7.12. In the non-cooling
days, the peak load is relative lower, with the peak to off-peak ratio
between 2 and 3. The base load management in this NZEB is well
achieved — another successful experience we can learn from to im-
prove NZEB performance.

6. Discussion and conclusion

This section summarizes NZEB energy performance. It concludes
with the policies drivers and recommendations for NZEB development

Fig. 13. Annual energy performance comparison between Xingye and U.S. building #1.

Fig. 14. Monthly energy data of NZEBs.
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in hot and humid climate regions. The limitations of this study are also
provided.

6.1. NZEB energy performance

1) NZEBs tend to employ multiple energy-efficient technologies, but
not all NZEB cases are energy efficient.

The review showed NZEBs tend to adopt advanced energy efficiency
design and technologies. On average, each case study adopted 12 pas-
sive design features and technologies. Analysis in this paper also found
that NZEBs tend to adopt high performance building technologies. For
building envelope, for example, the case analysis found that NZEBs in
hot climates tend to have measures more stringent than their country's
energy standard requirements. However, high performance technolo-
gies alone cannot guarantee high energy performance. NZEBs also need
to employ effective operation to ensure actual operation performance
meets goals. Building operation needs to integrate the passive strategies

implemented for NZEB in hot and humid climates together with the
active system. The operation rule should follow the principle “passive
first, active optimized” to design and use passive measures first, and
then optimize active technology performance. The case studies de-
monstrated that using natural ventilation and daylighting passive
technologies can significantly reduce NZEB energy use.

Through the analysis, we found some NZEBs exhibit high EUI: more
than 200 kWh/m2. Only with ample local renewable energy resources
can these buildings achieve the NZE target. A true NZEB should be an
energy efficient building first, then properly integrate renewable en-
ergy. As demonstrated in this study, each country or region can develop
its criteria to assess NZEB performance with energy efficiency as a first
priority. An energy use intensity-based criteria should be established for
all NZEBs to evaluate their energy efficiency performance. The criteria
the New Building Institute in the U.S. developed — the “net zero energy
ready” criteria with an EUI equal to or less than 56.8 kWh/m2 — is a
good reference to evaluate NZEBs performance.

Fig. 15. Xingye building monthly energy use profile.

Fig. 16. Daily energy use profile in Xingye in representative workdays.
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2) Natural ventilation and other passive technologies can effectively
help NZEBs reduce their cooling energy use. The Xingye building
case demonstrated that natural ventilation could reduce the buil-
ding's cooling energy from 2.5 kWh/m2 to less than 0.5 kWh/m2 per
month — an 80% cooling energy reduction in the shoulder seasons
compared with the summer season. With daylighting, the Xingye
building demonstrated that monthly lighting energy intensity can be
controlled less than 0.5 kWh/m2.

3) PV are the most common renewable energy technologies. To achieve
the NZEB targets and increase renewable energy penetration in
high-rise buildings, BIPV design is important. As demonstrated by
case studies, BIPV can be integrated well with the building envelope
system and coupled with natural ventilation to improve the PV
system's performance, and provide good indoor thermal comfort.
Integrating PV with a building's facade is becoming more and more
common, especially in emerging economies like China where mul-
tistory high-rise buildings are commonly built. As the Xingye
building demonstrated, an effective way to integrate BIPV with
natural ventilation can successfully bring PV panel-heated outdoor
air into the building during the winter and shoulder seasons.

4) To achieve high energy performance during operation, effective
operation management and engagement with occupants are also
very important. To achieve a high peak to off-peak energy use ratio
— for example, 7 during the cooling season, as demonstrated in the
Xingye building case — building managers must work with the
NZEB energy management system to engage occupants and effec-
tively control the buildings' base load during off-work hours. To
achieve low energy performance in NZEBs, it is essential to train
occupants and create occupant awareness to use passive measures.

6.2. Policy recommendations

1) The adoption of advanced technologies in NZEBs are strongly in-
fluenced by their countries' building energy codes and standards.
During the case analysis on NZEB envelope performance, we found a
strong correlation of NZEB envelope performance with China and
U.S. building energy efficiency standards. The U.S. NZEBs show that
its envelope U values are very close and slightly better than
ASHRAE90.1 standard requirement. Similarly, Chinese buildings
have also demonstrated building envelope improvement over
China's current commercial building energy efficiency standard.
Thus, setting up stringent building codes and standards would help
advanced building envelope technology adoption in NZEBs, and
facilitate the social scale adoption of NZEBs. For example, California
has developed its state-level net zero building pathway, which re-
quires all new residential buildings to be net zero by 2020, and all
new commercial buildings to be net zero by 2030. Its Title 24
building code is revised continuously to reach the targets. The
continuous upgrades of the building code towards net the zero
target is a key reason that NZEBs are increasingly adopted in
California. Moreover, as discussed previously, to ensure NZEB actual
operation energy efficiency, codes and standards should also move
from a current emphasis on building technology prescriptive mea-
sures to actual building outcome-based energy performance.

2) This research found that barriers still hinder NZEB adoption. A key
barrier is their high upfront cost. To enhance the wide adoption of
NZEBs in the market, especially in developing countries, policies
and incentives are needed to help building owners overcome the
high incremental cost. It is also important to document the savings
of NZEBs; not just the energy benefits, but also non-energy benefits
such as indoor air quality, increased occupant productivity, and so
on. Educating building owners about these benefits enhances their
awareness and can foster future NZEB development. Other barriers,
such as the lack of personnel capacity on NZEB design, construction,
operation and management, need to be overcome to increase NZEB
development.

3) Finally, this review found that some countries have developed NZEB
standards and policies to support NZEB development. Some coun-
tries only have NZEB demonstration cases, but no clear policies on
national or local levels. Admittedly, case studies effectively present
examples to lead NZEB development; however, to ensure wider
adoption of NZEBs in hot and humid climate regions, policies such
as standards, incentives and capacity building are important ways to
further cultivate the market on a social scale. National and local
governments can summarize the successful experiences of NZEB
demonstration cases in hot and humid climate regions, and ensure
such experiences can be applied as supporting policies to foster
NZEB development.

6.3. Limitations

This paper still has some limitations, and future research is needed.
As net zero energy buildings are still a new concept in many countries,
only 34 cases are found in hot and humid climate regions. Moreover,
not every case analyzed in this study has comprehensive design and
performance data available. Thus, there is a great need to document
NZEB best practices in a future study, and enhance data transparency.
Comprehensive documentation of design, cost and performance data
would make a case study of a successful experience more convincing
when disseminated to an audience. Operational conditions should be
documented side-by-side with building operation energy data to de-
monstrate the effectiveness of advanced design and technology per-
formance in the operation stage. Energy consumption data are needed
in different time intervals, such as: yearly, monthly and typical day
hourly data. For emerging economies in hot and humid climates, doc-
umenting best practices would be very helpful to demonstrate the ef-
fectiveness of NZEBs and thus reduce knowledge barriers among sta-
keholders. With more and more NZEBs built and data documented in
the future, in-depth analysis with larger sample sizes can be conducted.
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