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Abstract: Increased efforts toward climate change mitigation and achieving net zero (NZ) are occur-
ring globally. This research addresses three challenges to meeting the target NZ goals: (1) quantifying
energy use reduction approaches, including energy efficiency and renewable power; (2) obtaining
measured data to verify NZ achievements; and (3) providing NZ definitions to a globally under-
standable concept. To do so, a reorganized NZ concept (NZX%(ORG)) is proposed that is practical,
measurable, and adaptable to different regions and requirements. The “X%” presents the fraction of
renewable energy to the total energy used, and the “ORG” defines the organization’s NZ definition
that a project uses. The objective of this proposal is to create a universally NZ concept and method,
using measured utility power data, by (1) determining a baseline NZX%(ORG); (2) projecting an
optimized NZX%(ORG); (3) measuring and reporting the actual NZX%(ORG). This application is
extendable from a building level to the community, city, and country levels (NZCX%(ORG)). The
Serenbe community, a monitored case study in Georgia, was analyzed. The baseline NZ rating using
metered data was NZC16%(ASHRAE). The analysis showed that improved energy efficiency measures
(lighting, windows glazing, air sealing) along with increased on-site solar power generation (from
10% to 25% of all roof space), provided a projected NZC80%(ASHRAE). In addition, publicly available
documentation of the measured utility power is required for reporting the actual NZCX%(ORG)

in Serenbe. Using NZX%(ORG) provides recognition of partial success in moving toward 100%
renewable power.

Keywords: reorganized net zero concepts; renewable power production; energy efficiency measures;
monitored case study analysis; adaptable requirements; net zero verification

1. Introduction

In 1988, the Internal Governmental Panel on Climate Change (IPCC) was formed
by the United Nations Environment Programme (UNEP) and the World Meteorological
Organization (WMO) to provide scientific evaluations on climate change to policymak-
ers [1]. Accordingly, the USA ratified the Montreal Protocol of 1987 in a 1990 amendment
to the Clean Air Act [2]. In 2015, 196 parties adopted the Paris Agreement to combat
climate change through greenhouse gas (GHG) mitigations with consistent finance fellow
pathway [3]. On 3 August 2015, President Obama and the U.S. Environmental Protection
Agency (EPA) announced the Clean Power Plan to cut the carbon emissions from the U.S.
electrical power plants by 32% below 2005 levels by 2030 [2,4]. Further, on 22 April 2021,
President Biden pledged that the USA would cut its GHG emissions by at least 50% from
the 2005 level by 2030 [5]. Teske stated two objectives in response to the Paris Agreement:
energy efficiency measures and transition to 100% renewables [6]. Studies presented net
zero energy (NZ) or carbon-free adoptions as the primary solution to GHG reduction
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goals [7–11]. On 23 April 2021, the European Union and 44 countries pledged to accomplish
the NZ emissions reduction targets by 2050, with individual commitments varying in scope
and timescale [12]. Table 1 presents variations in NZ targets between different states in
the USA.

Table 1. States with net zero targets. Source: modified from the Clean Energy States Alliance [13].

States Net Zero Goal Year Status

Arizona 100% carbon-free electricity 2070 Order

California 100% carbon-free electricity 2045 Legislation

Colorado 100% carbon-free electricity 2050 Law

Connecticut 100% carbon-free electricity 2040 Order

District of Columbia 100% renewable energy 2032 Law

Hawaii 100% renewable energy 2045 Legislation

Louisiana Net zero greenhouse gas emissions 2050 Order

Maine 100% clean energy 2050 Legislation

Massachusetts Net zero greenhouse gas emissions 2050 Order

Michigan Economy-wide carbon neutrality 2050 Legislation

Nevada 100% carbon-free electricity 2050 Order

New Jersey 100% carbon-free electricity 2050 Order

New Mexico 100% carbon-free electricity 2045 Legislation

New York 100% carbon-free electricity 2040 Legislation

Oregon Greenhouse gas emissions reduced 100% below baseline emissions 2040 Legislation

Puerto Rico 100% renewable energy 2050 Legislation

Rhode Island 100% renewable energy 2030 Order

Virginia 100% carbon-free electricity 2045–2050 Law

Washington 100% zero-emissions electricity 2045 Law

Wisconsin 100% carbon-free electricity 2050 Order

To accelerate achieving NZ targets, this paper covers: (1) a consensus definition,
(2) a clear route for NZ implementation with its energy performance quantification, and
(3) publicly available measured data to track the progress. Table 2 highlights current NZ
limitations in the above-mentioned three categories.

Table 2. Selected peer-review publications on NZ approaches and limitations.

Reference Def. and
Requirements

Methods
and Metrics

Tracking
Progress Identified NZ Limitations

Moghaddasi et al.
[14,15] X X X

A lack of a common international concept and
standardized method to quantify, track, and verify NZ

Wells et al. [16] X NZ uncertainty; energy demand unpredictability

Wei and Skye [17] X X
A lack of data on recent progress in residential

NZ buildings

Economidou et al.
[18,19] X

Insufficient existing policies to promote energy efficiency
in buildings

Fournier et al. [20] X X
A lack of published measured data on buildings’ energy

use; unavailability of high temporal resolution natural gas
consumption data
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Table 2. Cont.

Reference Def. and
Requirements

Methods
and Metrics

Tracking
Progress Identified NZ Limitations

Will et al. [21] X X
A lack of common understanding and definition; detailed

energy model simulation of energy retrofits and
community-scale renewable generation systems

Kelly et al. [22] X
A need for a clear route to decarbonize domestic heat to

switch from gas boilers to heat pumps

Zhang et al. [23] X X X
A lack of common definition/requirements, economically

efficient strategies, and measured data.

Ceglia et al. [24] X X
A need for scientific data on smart energy community

adaptation and control strategies to meet energy demand.

Guillen et al. [25] X A lack of accuracy in energy modeling tools

There are numerous NZ definitions. The authors have identified NZ variations and
differing source and supply requirements through a comprehensive literature review [14].
Table 3 presents NZ variations defined by different organizations.

Table 3. Variations in NZ requirements.

Organizations On-Site/Off-Site
Renewable Supply

Source
Energy

Site
Energy

U.S. Green Building Council USGBC Both •
Illumination Engineering Society of North America IESNA Both •

New Buildings Institute NBI Both •
ASHRAE * Both •

American Institute of Architects AIA Both •
Environmental Protection Agency EPA On-site •

International Living Future Institute ILFL On-site •
European Performance of Buildings Directive EPBD On-site •

Fed. of European Ventilation and Air-conditioning REHVA On-site •
Department of Energy DOE On-site •

Department of General Services DGS On-site •
* In 2012, as part of a rebranding, ASHRAE began doing business as “ASHRAE” vs. using its full legal name of
the American Society of Heating, Refrigerating and Air-Conditioning Engineers [26].

As a result of NZ literature, the authors concluded lack of scientific publications on
measured energy data as a major cause of failure to validate the NZ performance of a
project [15]. Similarly, other studies highlighted the importance of utility energy data to
track the NZ’s progress and achieve its objectives [12,27–29].

To meet NZ emission targets, buildings need to follow zero carbon policies and strate-
gies such as energy efficiency measures (EEMs), renewables, and electrification of end uses.
Yet, the existing building codes and regulations are either insufficient to address the current
NZ targets or lack firm routes for implementation [12]. According to Kumar and Alok,
codes and regulations need to promote electrification and renewables in buildings and
transport sectors [30]. Economidou et al. reviewed the impact of European Union (EU)
policies on the buildings’ energy efficiency improvements and recommended additional
policies with higher energy performance requirements; extension from building level to dis-
trict level; use of electrification and smart technologies; and targeted financial mechanisms
on energy efficiency in addressing decarbonization targets [18].
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The existing variety in optimization strategies and challenges in addressing net zero
building (NZB) and net zero community (NZC) targets complicate achieving its objectives.
There are many studies on different aspects of NZ. For example, Zhang et al. presented
a systematic methodology to assess and optimize the economic performance of NZBs by
including the application of life cycle cost, benefit–cost analysis, and building performance
simulation [23]. Wills et al. proposed a hybrid statistical and engineering-based model to
retrofit a community with improved envelope, mechanical, and district renewable energy
systems to achieve NZC [21]. Ceglia et al. examined the concept of a “smart energy
community” and concluded control strategies, sustainable renewable systems, and storage
systems as important factors for exploiting economically efficient sources [24]. Fournier
et al. summarized that a building’s peak load and energy costs need to be managed by
disincentivizing energy use during peak loads, time balancing between energy usage and
delivered energy, and policy plans for decarbonization [20]. Kelly et al. showed that
load shifting with thermal storage could add flexibility to the energy demand to meet the
supply and suggested heat pumps as responsive options to variations of electrified heating
systems [22]. Guillen et al. presented the importance of occupant settings, construction,
and HVAC settings in energy modeling on the variations in thermal comfort, energy use,
and payback periods of design upgrades [25].

To the best knowledge of the authors, NZ methods are still complicated to quantify its
performance, and the lack of published measured data on the projects’ energy performance
complicates tracking its progress. Although many studies have recently investigated this
issue, they are more focused on specific measures that will help in achieving a higher
NZ number. This paper, however, comes up with NZX%(ORG) and a straightforward
methodology to encapsulate different methods for NZ projects so that they can be compared
and aggregated to see how the world is advancing quantitatively toward NZ. Further,
NZX%(ORG) can be reported once a full set of measured data is available.

In this paper, the NZ concept is organized such that the ability to understand the
assumptions made would be clear. The NZX%(ORG) is measurable, where “X%” presents
the fraction of renewable energy to the total energy used, and the “ORG” defines the
organization’s NZ definition that a project uses. This proposal can be expanded to include
larger sites, i.e., communities, cities, and countries (NZCX%(ORG)). This model gives other
organizations that are compiling this information (i.e., the IEA) the ability to perform a
cleaner job of combining the savings from different projects. The main goal of this research
is to create a universally NZ concept and method, using measured utility power data.

The proposed NZX%(ORG) is practical and adaptable to different regions and require-
ments. It follows straightforward methods in three steps: (1) obtain the baseline energy use
of the facility or community; (2) determine the non-renewable energy reductions that will
be implemented by simulation; and (3) measure the yearly renewable and non-renewable
energy consumption, and publicly report the NZX%(ORG) value with the supporting data.
Note that step (2) provides the intent and path to accelerate the NZ optimization approach,
while step (3) is the measured value of the NZX%(ORG) that will be used for NZ reporting.

The main argument of this study is the need for (1) measured data to be able to
accurately verify a project’s NZ performance, and (2) NZ that allows for both on-site and off-
site renewable power. On the basis of NZX%(ORG), the projects are required to have publicly
available reports to show committed NZ plans, measured utility energy performance, and
renewable generation. The outcome of this research will provide stakeholders with design
guidelines and systematic approaches to estimate the expected savings in energy and CO2
emissions and then measure and verify NZ achievements on a project.

This paper covers:

1. An adaptable net zero model;
2. A comparative energy analysis of a monitored building’s total electrical use versus

two (2) simulated models (improved EEMs and improved EEMs plus increased PV);
3. A comparative energy analysis of a monitored community’s total electrical use versus

two (2) simulated models (improved EEMs and improved EEMs plus increased PV);
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4. A comparative analysis of the community solar field versus rooftop PV systems in
regard to the design limitations and installation cost.

2. Proposed Model

A monitored case study of Serenbe, a sustainable community in Atlanta, Georgia, is
analyzed to quantify its energy performance and report its NZC achievements. The main
energy indicators used for the analysis include (1) energy efficiency measures (EEMs) and
(2) renewable power production.

The state of Georgia has targeted to reduce its GHG emissions by 80% below the 2001
level by 2050. According to Nygren, Serenbe’s founder and developer, the project aim is
to become NZC by reducing the fossil-fuel-based energy use in buildings by 50% for the
existing buildings and by 70% in the newer sections [31]. If Serenbe uses ASHRAE’s NZ
definition and measures 50% of its total energy from renewables, then the model becomes
NZC50%(ASHRAE). The improved EEMs will be analyzed to estimate the long-term energy
savings and CO2 emissions reductions for the community. Figure 1 presents a systematic
approach for the proposed NZCX%(ORG) model applicable to different projects.
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3. Monitored Case Study

The Serenbe community, located 30 miles southwest of Atlanta, Georgia, USA, is
a sustainable project with NZC plans. Serenbe was initially planned in 2001, and con-
struction began in 2004. The project is a 486-hectare (1200-acre), mixed-use residential
community with 70% open space (natural reserve area). Serenbe is designed for an eventual
1800 dwellings and a population of 3000. The average density is 12 dwellings per hectare
(5 dwellings per acre)—the open space is excluded from the density [32]. Serenbe’s land
plan is composed of five omega “Ω”-shaped hamlets, which are about 30% complete and
occupied, as shown in Figure 2 [33].

Primary energy strategies in buildings in Serenbe included (1) rooftop solar PV sys-
tems; (2) mandated geothermal heating and cooling systems to save electrical energy use
and reduce utility costs; and (3) mandated EarthCraft certification—a green building pro-
gram that “[saves] homeowners a projected 30 percent on their energy bills, relative to
comparable buildings that use standard construction methods” [34]. EarthCraft is a regional
efficient-homes certification program that is developed and supervised by the DOE Build-
ing America research partner Southface Energy Institute. EarthCraft focuses on energy and
resource-efficient criteria, including ENERGY STAR Certified Homes Version 3.0 for its gold
and platinum levels [35]. Further energy strategies in the Serenbe community include pas-
sive solar heating, natural ventilation, efficient lighting/HVAC/windows/appliances, and
agricultural activities. Regarding transportation energy use, Serenbe encourages pedestrian
and biking networks, the use of electric golf carts, and mixes of use for daily requirements.
Figure 3 summarizes Serenbe’s planning characteristics.
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4. Methodology

The methodology includes three steps: (1) obtain the baseline energy use of the
facility or community; (2) determine the non-renewable energy reductions that will be
implemented by simulation (provide a path and intent to NZ); (3) measure the yearly
renewable and non-renewable energy consumption, and publicly report the NZX%(ORG)
value with the supporting data. This paper shows that NZX%(ORG) is a projected number
that provides a chance to evaluate different options to optimize the NZ rating, which could
be validated when a full set of measured data is available.

To quantify the NZC performance of the case study of Serenbe, the energy analysis was
conducted at two levels: (1) building, to minimize utility energy use with improved EEMs
and rooftop PV systems, and (2) community, to optimize on-site renewable generations. At
the building level, a comparative analysis was conducted between three types of buildings
in Serenbe as follows:

A. Nest Cottage, by DOE in 2012;
B. DOE Zero Energy Ready Home, by DOE in 2014;
C. A typical (average-size) single-family building in Serenbe, by the authors in 2020,

• Baseline: total building electrical use (measured electricity data plus PV generation);
• Simulated models: calibrated base case; improved EEMs; improved EEMs plus

increased PV.

DesignBuilder v7 (DB), an energy modeling software that works with EnergyPlus
9.4 (EPlus), was used to evaluate the building’s energy performance. The built-in EEMs
were used from building A and B, and then they were improved in building C. A compara-
tive analysis was conducted in three steps: (1) calibrate a base case by simulating the total
building electrical use; (2) simulate the improved EEMs to estimate the energy savings; and
(3) increase rooftop PV coverage to lower the utility energy consumption in building C in
2020. Next, an analysis extrapolated the single home (building C) to estimate the energy
savings of total buildings in the Serenbe community in 2020. The results are presented as
savings in utility energy, electricity bills, and CO2 emissions at the community level. The
calculated savings will be approximate and can be used to estimate the planned reductions
and planned NZC level. Monitoring and reporting will provide the actual NZC levels
achieved year by year.

4.1. Building A: Nest Cottage by DOE (2012)

The Nest Cottage subdivision in Selborne Hamlet was built as a new construction
test house (NCTH) by DOE’s Building America (BA), Southface, and Martin Dodson
Builders [36]. There are 15 cottage-style buildings with an average size of 120 m2 (1292 SF).
The buildings are targeted to meet the DOE BA’s 30% energy saving goal compared to
constructions that meet the 2009 IECC [36]. The main EEMs used in Nest Cottages were a
ground source heat pump (GSHP) and improved insulation using open-cell spray foam
(Wall R-20; Ceiling R26) [36]. In the Nest Cottages, building A was selected for the DOE’s
energy analysis purposes. Figure 4 summarizes the characteristics of building A.

The design goal for the Nest Cottage was saving energy use while minimizing cost
increases and maintaining metrics of comfort, durability, and indoor air quality. The
specification for building A is detailed in Table 4.

As shown in Table 3, the main EEMs were improved in envelope measures and HVAC
systems (GSHPs). In addition, air sealing measures and insulation installation followed
the EarthCraft and ENERGY STAR programs’ requirements. High-performance glazing
windows with 0.31 solar heat gain coefficients (SHGC) were utilized. The building includes
a lighting package of 80% compact fluorescent lamps (CFL) and 20% incandescent bulbs
with ENERGY STAR appliances. The efficient GSHPs are used with a rating of 16 energy
efficiency ratio (EER) at full load and 18.6 EER at part load, 5.5 coefficient of performance
(COP) at full load, and 6.3 COP at part load [36]. A gas storage water heater was utilized
with an energy factor (EF) of 0.67, which meets the ENERGY STAR Requirements [37–39].



Energies 2022, 15, 4016 8 of 24Energies 2022, 15, x FOR PEER REVIEW 8 of 25 
 

 

 

Site Atlanta, GA, climate zone IECC 3A (mixed-humid) 
Construction year Completed 2011 

Total area (conditioned) 157 m2 (1690 SF) 
Type/stories Single family, 2 stories and 1 basement 

Figure 4. Planning characteristics of building A. Source: Butler et al. [36]. 

The design goal for the Nest Cottage was saving energy use while minimizing cost 
increases and maintaining metrics of comfort, durability, and indoor air quality. The spec-
ification for building A is detailed in Table 4. 

Table 4. Building A (Nest Cottage) Specifications. Data from Butler et al. [36]. 

Measures Nest Cottage 
Foundation Basement 

Foundation insulation R-10 (exterior drainage mat) 
Wall construction 2 × 6 

Wall insulation R-20 (open cell spray foam) 
Ceiling construction Cathedral attic 

Ceiling insulation R-26 (open cell spray foam) 
Window ratings U-0.35, SHGC-0.31 

Infiltration ACH50 ≤ 5 
Heating efficiency 5.5 COP at full load and 6.3 COP at part load 
Cooling efficiency 16 EER at full load and 18.6 EER at part load a 

Ventilation Central fan integrated supply b that meet ASHRAE 62.2 ven-
tilation rates when outside air ventilation is used 

Hot water efficiency 0.67 EF c, gas storage water heater 

Lighting 
20% incandescent, 

80% CFL 
Appliances ENERGY STAR 

a: For water loop applications per AHRI/ISO 13256-1 [36] (Air-Conditioning, Heating, and Refrigera-
tion Institute, 1998). b: Consists of a ducted outside air intake connected directly to the return plenum 
of the central HVAC system that ensures adequate ventilation when the central system is not calling 
for heating or cooling [36]. c: The energy factor (EF) indicates a water heater’s overall energy efficiency 
according to the amount of hot water produced per unit of fuel consumed over a typical day [37]. 

As shown in Table 3, the main EEMs were improved in envelope measures and HVAC 
systems (GSHPs). In addition, air sealing measures and insulation installation followed the 

Figure 4. Planning characteristics of building A. Source: Butler et al. [36].

Table 4. Building A (Nest Cottage) Specifications. Data from Butler et al. [36].

Measures Nest Cottage

Foundation Basement

Foundation insulation R-10 (exterior drainage mat)

Wall construction 2 × 6

Wall insulation R-20 (open cell spray foam)

Ceiling construction Cathedral attic

Ceiling insulation R-26 (open cell spray foam)

Window ratings U-0.35, SHGC-0.31

Infiltration ACH50 ≤ 5

Heating efficiency 5.5 COP at full load and 6.3 COP at part load

Cooling efficiency 16 EER at full load and 18.6 EER at part load a

Ventilation Central fan integrated supply b that meet ASHRAE
62.2 ventilation rates when outside air ventilation is used

Hot water efficiency 0.67 EF c, gas storage water heater

Lighting 20% incandescent, 80% CFL

Appliances ENERGY STAR
a: For water loop applications per AHRI/ISO 13256-1 [36] (Air-Conditioning, Heating, and Refrigeration Institute,
1998). b: Consists of a ducted outside air intake connected directly to the return plenum of the central HVAC
system that ensures adequate ventilation when the central system is not calling for heating or cooling [36]. c: The
energy factor (EF) indicates a water heater’s overall energy efficiency according to the amount of hot water
produced per unit of fuel consumed over a typical day [37].

4.2. Building B: Zero Energy Ready Home by DOE (2014)

The Proud Green Home is the first DOE Zero Energy Ready Home certified by the
Georgia Department of Energy in 2014. The building is a 261 m2 (2809 SF) single-family
house, constructed in 2013. Figure 5 summarizes the planning characteristics of building B.
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Building B meets the requirements of EarthCraft, the EPA’s Indoor airPlus, the EPA’s
WaterSense guidelines on the hot water distribution criteria, high insulation level (beyond
the 2012 IECC), and efficient lighting/construction/window performance. As a result, the
building improved energy savings by 60% when compared to a conventional building in
Georgia that meets the 2009 IECC [35]. Table 5 details building B’s specifications.

Table 5. Building B (Zero Energy Ready Home) specifications. Source: DOE (2014) [35].

Measures Building B

Wall
insulation

Above-grade, 2 × 6 advanced frame
R-20 open cell spray foam plus R-6.6 rigid foam, fiber cement, and corrugated siding

Roof
insulation

ENERGY STAR 24-gauge aluminum standing seam metal roof
R-32 open cell spray foam plus R-5 rigid foam, sealed attic

Window ratings Coated aluminum clad, dual pane, low-E, U-0.29, SHGC-0.20

Infiltration 0.21 ACH50
a

HVAC system
Heating efficiency
Cooling efficiency

Mini-split heat pump with 1 exterior unit, 3 interior units ducted to rooms
8.20 HSPF (2.40 COP) b

14.30 SEER (12.51 EER) b

Ventilation 90% efficient energy/heat recovery ventilators (ERV)

Hot water efficiency Solar thermal, with 80-gallon tank and electric backup, 0.95 efficient

Lighting 63% LED and 32% CFL, with lighting controls

Appliances ENERGY STAR
a: Air changes per hour at 50 Pascals pressure (ACH50) [35]; b: the heating/cooling requirements meet the
ENERGY STAR Version 3 [40].

The main utilized EEMs in building B included HVAC systems with heat recovery
ventilator (HRV), solar thermal water heater, and improved air sealing. Mini-split heat
pumps (with variable speed compressors and fans) were used to cover a total 6.5 kW
(22,179 Btu/h) heating load of the building. Moreover, with the air sealing value of
0.21ACH50, energy recovery ventilators (ERVs) were required to exchange heat, fresh air,
and humidity in the building. Further, a solar thermal heater was utilized to provide 100%
of the building’s hot water demand.
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4.3. Building C: Typical Building in the Serenbe Community (2020)

For the purpose of this study, building C with 228 m2 (2454 SF) was selected as an
average size building in Serenbe and a basis of design to estimate the community’s energy
performance. To do so, energy analysis was conducted to (1) calibrate the simulated utility
electrical use with a base level of PV coverage (10% of the roof space) to create a base case
model; (2) improve EEMs in the base case and determine EEM generated savings; and
(3) increase PV coverage to 25% of the roof space with improved EEMs to calculate an
NZC level. The building used double-glazing windows, LED lighting (50% of the total
light bulbs), a geothermal (heating/cooling) system, high-standard construction materials
and insulation (Earth Craft Certified), and domestic hot water (standalone gas boiler). The
building’s baseline, with 12 PV solar panels (4.7 kW) on the roof, is shown in Figure 6.
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Figure 6. Building C in the Serenbe Community. (a) Front view (southwest); (b) roof view (PV covers
10% of the roof space). Source: modified from Google Maps 2021.

Four batteries are installed in building C. Each battery has a total energy capacity of
13.5 kWh with 11.4 kWh of usable energy [41].

4.3.1. Measured Data plus Produced Solar PV (Base Case)

Building C is a single-family detached house. The building was constructed in 2016
and is EarthCraft certified. Table 6 shows the planning characteristics of building C.

Table 6. Planning characteristics of building C. Source: architectural drawing [42].

Building Characteristics
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Site Atlanta, GA, climate zone IECC 3A (mixed-humid)
Construction year Completed 2016

Total area 228 m2 (2454 SF)
Type/stories Single family, 2 stories and 1 basement

Zones 3—basement, main floor, upper floor
Wall construction 2 × 6

Wall insulation R-19 (open cell spray foam)
Ceiling construction Cathedral attic

Ceiling insulation R-30 (open cell spray foam) underside the attic
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Figure 7 shows the daily electrical performance in building C from 1 January 2020 to
30 December 2020.
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Figure 7. (a) Daily electrical use (utility electricity data plus PV generation) in building C from
1 January 2020 to 30 December 2020. (b) Daily utility electricity supplied and solar PV generation
(from the City Utility Power) in building C from 1 January 2020 to 30 December 2020.

The analysis showed that the rooftop PV systems provided 26% of the total electricity use
in building C (17,641 kWh) in 2020. Figure 7b shows six dates with unusual energy peak loads
that have occurred due to the occupant using a pottery kiln during the COVID-19 pandemic.

4.3.2. Improved EEM Simulations

Buildings A and B showed that with improving EEMs in HVAC systems, building
air sealing, lighting, and window glazing, energy savings could improve by 30% to 60%
when compared to a similar construction that meets the 2009 IECC. These parameters were
improved in building C to evaluate the energy savings, as shown in Figure 8.
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Table 7 presents specifications for the calibrated base case and improved EEMs used
in the simulations in building C.

Table 7. Specification for building C and the improved EEMs used in the simulation.

EEMs Base Case Improved EEMs

(1) Lighting 33 LED (50%) and 33 incandescent recessed lighting (50%) LED with linear control (100%)

Normalized power density (W/m2-100 lux) a 7.5 3.5

(2) Glazing Double Low E (e2 = 0.1) Clear 3mm/13mm Air SageGlass Climatop Grey No Tint

Solar heat gain coefficient (SHGC) 0.60 0.27

U-Value (W/m2-K) 1.8 0.7

(3) Air sealing

Constant rate (air change/hour—ac/h)
0.7 0.2

(4) HVAC GSHP, water source heat pump SM036-1VTC

Same as the one used in the
base case

Heating efficiency 4 COP (13.7 HSPF) [43]

Cooling efficiency 26 EER (30 SEER) [43]

Hot water efficiency Domestic with gas storage water heater

a: In the DesignBuilder, the maximum lighting gains are defined as W/m2-100lux, and the actual lighting energy
used for the zone in the simulation is based on this value plus floor area and illuminance requirements as
follows: Max Lighting power (W) = Lighting energy (W/m2-100lux) × Zone floor area (m2) × Zone Illuminance
requirement/100. Note: the templates in DesignBuilder were used and modified for the simulation base case and
improved EEMs.

4.4. Optimization Variables

The simulation was conducted to optimize (1) the loads (window, construction ma-
terial, air sealing); (2) the systems (HVAC, lighting); and (3) the renewable generations
(rooftop PV, solar field) to attain NZC. The primary EEMs that improved energy savings in
building C are summarized as follows:

4.4.1. Lighting

In building B, 63% LED technology with lighting controls was utilized, while in
building C, 50% LED and 50% incandescent lights were used. According to the DOE,
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residential LED lightings use 75% less energy than incandescent lighting and last 25 times
longer [44]. During the simulation analysis, LED with linear control lighting technology
was selected for all 66 lighting bulbs.

4.4.2. Window Glazing

Building B used coated aluminum-clad, dual pane, and low-E glazing windows. In
the simulation analysis, the closest glazing type to the ones measured in buildings A and B
(with SHGC-0.2-0.31) was selected with SHGC-0.27 in building C.

4.4.3. Air Sealing

In building B, the above-grade 2 × 6 walls were constructed with advanced framing
techniques and were filled with R-20 open-cell spray foam. Moreover, the underside of
the roof deck was covered with the R-32 open-cell spray foam (0.21ACH50). The closest
parameters selected for building C resulted in air sealing of 0.2ACH50.

4.4.4. HVAC Systems

An important energy measure in both buildings A and B was the use of ground
source heat pumps (GSHPs). Building C, also used a GSHP with a 13.7 heating seasonal
performance factor (HSPF) and 30 seasonal energy efficiency ratio (SEER). As the current
HVAC system is highly efficient, the same efficiency rate was used for the simulation. The
SEER rating of the GSHP is improving steadily [45]. It is expected that with the updated
efficiency rate for newer systems, the savings in source energy and CO2 emissions increase
above the estimated levels.

Moreover, it is recommended that the gas district water heater be shifted to a solar
thermal water heater. According to the IEA, energy-related building codes and retrofits
need to be adjusted with renewables, where buildings with available roof space and solar
insulation get equipped with solar thermal water heaters as they are energy efficient and
cost effective [12].

4.5. Results from Energy Analysis of Building C

Building C is typical of other buildings that will be built in Serenbe. To analyze
the energy performance of this building, calibration analysis was conducted using total
building electrical use (utility electricity data and PV generation) versus the simulated
model in 2020, as shown in Figure 9a. The “calibrated simulation” acts as a base case for
all simulation analyses, and “total building energy use” is the baseline that represents the
actual energy use of buildings C. Two scenarios were analyzed and compared with the
baseline: (1) improved EEMs, and (2) improved EEMs plus increased PV coverage from
10% (24 m2/258 SF) to 25% (58 m2/624 SF) of the roof space, as shown in Figure 9b–d.

Figure 9a–d summarize the monthly energy consumption of building C in each sce-
nario. In the base building, the solar PVs provide 26% of the building’s total electrical use
and make the building NZ26%(ASHRAE). The results showed that improving EEMs could
reduce the building’s annual energy use by 34% (Figure 9b). The existing rooftop PV (10%
of the roof space) could cover 46% of the rest of the energy demand and help the building
become 46% net zero (Figure 9c). With increasing rooftop PV to 25% of the roof space,
the building would generate 80% of its total energy from the solar system and become
80% net zero (Figure 9d). The NZX%(ORG) value would be reported once the measured data
are available, and the rating would be based on the measured utility use and renewable
generations. Table 8 summarizes the percentage of total energy covered by renewables and
utility energy savings in each scenario.
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Table 8. Comparative analysis of the measured baseline and two simulated scenarios in building C
in 2020.

Scenarios Electricity Use (kWh) Percentage of Electric
Power Covered by PV (NZ)

Utility Energy Savings
Compared to the Baseline

Baseline: Utility electricity use and PV 17,641 26% __

1—Improved EEMs and existing PV
(10%) simulation 10,789 46% 65%

2—Improved EEMs and increased PV
(25%) simulation 10,769 80% 88%

By analyzing building C, it is inferred that by retrofitting buildings with improved
EEMs and rooftop solar PV systems (25% of the roof space), the building’s utility electrical
use could reach zero in some months. It could be concluded that achieving NZ at the
community level needs (1) improvement in energy efficiency to minimize energy demand;
(2) solar generation at the building level; and (3) an optimized NZ path for the community to
achieve its objectives. Since Serenbe is at 30% completed construction (2020), using building
C as a basis of design for the other 70% would further increase energy savings at the
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community level. Reducing energy use by around 34% in a community of 1800 dwellings
allows for smaller size renewable power systems. Energy performance and savings in three
energy-efficient buildings in the Serenbe community are summarized in Table 9.

Table 9. Energy analysis of the three types of energy-efficient, single-family buildings in Serenbe.

Buildings in Serenbe
Community

(Detached Single-Family)
Construction
Completed

Year of
Analysis

Area
(m2)

PV
(kW)

Calculation
Tools Result Type of

Analysis

A—Nest Cottages 2011 2012 157
(1690 SF) __

Building Energy
Optimization

(BEopt)

Met the goal of 30%
above the BA
benchmark.

Calculated
method.

B—DOE Zero Energy
Ready Home 2013 2014 261

(2800 SF) 10 __

-60% less energy use
compared to a similar
building with the
2009 IECC.
-Home Energy Rating
System (HERS) Index
of -10, NZ home.

Measured
utility data.

C—Building C 2016 2021 228
(2454 SF) 4.7 DesignBuilder v7

EnergyPlus 9.4

34% energy savings
with improved EEMs.
88% savings with
increased solar PV on
the roof.

Comparative
analysis of the
measured
baseline data
with simulated
models.

As shown in Table 8, all three buildings improved their energy savings when compared
to conventional buildings in Georgia. However, the analyses for buildings A and B were
conducted only one year after the buildings’ construction in 2012 and 2014, respectively.
Moreover, the saving results in building A were reported on the basis of calculated methods
rather than measured data. Therefore, updated reports on the total electrical use (utility
energy data and PV generation) are needed to be available for all buildings for the researcher
to quantify and verify the projects’ NZ progress.

4.6. Community Energy Analysis

The Serenbe community mandated EarthCraft certification for all buildings, use of
geothermal for all new construction built after 2011, and rooftop PV systems for all buildings
that are constructed after 2022. Figure 10 shows the total electrical use of the existing
600 buildings (residential and commercial) and the current solar PV generation (19 buildings
with rooftop PVs) in the Serenbe community in 2020.
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To improve the NZC, Serenbe needs to further reduce fossil-fuel-based energy use and
increase renewable generation. Community design guidelines were previously developed
by the authors to accelerate achieving NZC targets through improved EEMs, electrification,
and renewables in power systems, buildings, and transport sectors (PBT) [15]. Applying
these methods to the Serenbe community will reduce peak loads, where renewable technolo-
gies could generate the rest of the energy demand. Figure 11 highlights the parameters in
PBT sectors in Serenbe that need to be improved or included to speed up the community’s
NZC achievements.
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Figure 11. Energy parameters in power systems, buildings, and transport sectors in the Serenbe
community that accelerate the community’s NZC achievements. Note: (P) community power
production through renewable sources; (B) energy use in buildings; (T) energy use in transportation.
Source: modified from Moghaddasi et al. [15].

The community energy analysis was conducted on a square meter basis, as shown in
Figure 12: (a) improved EEMs and PV (25%) simulation Vs. measured baseline, base case
calibrated model with extending building C to the Serenbe scale (600 buildings) and use
of the total community electrical use (utility energy use and PV generation); (b) improved
EEM simulation; (c) improved EEMs and increased rooftop PV (10% of the roof space) in
all buildings; and (d) improved EEMs and increased rooftop PV (25% of the roof space) in
all buildings.

In Serenbe (2020), 19 buildings with PV rooftops provided 16% of the total electrical use
of the entire community, which verifies an NZC16%(ASHRAE) for base Serenbe. Figure 12
shows 34% community energy saving as a result of improving EEMs compared to the
baseline (measured data). The results show that the community could either become
46% NZC and increase its utility energy savings by 65% by retrofitting the existing buildings
with rooftop PV (10% of roof space), or it could become 80% NZC and increase its utility
energy savings by 88% by covering 25% of roof spaces with rooftop PV systems in all
600 buildings. Once the data are obtained and made publicly available, the NZCX%(ORG)
value should be reported.
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Figure 12. Systematic energy analysis for the Serenbe community to become NZC. (a) Calibrated base
case vs. measured baseline (utility and PV generation). (b) Improved EEM simulation vs. measured
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By reducing the total community’s utility energy use (≈30–50%), a community power
production system could generate the rest of the energy demand (≈50–80%) from renew-
ables. Building C showed that 12 rooftop PV systems (4.7 kW) provided 26% of the total
electricity use of the building. Considering the Serenbe’s area, density, and available vacant
land, a solar field would be a potential solution to generate on-site energy.

5. Community Solar and Economic Analysis

According to IEA, as of 2021, on-site solar PVs are installed on 25 million rooftops
worldwide and are projected to increase to 100 million by 2030 and 240 million by 2050 [12].
Community solar projects have become increasingly affordable in the USA over the past
years. Reduction in the cost of PV systems, the availability of consumer-friendly finance
options, and increased consumer demand are the credited reasons. This presents an oppor-
tunity for multifamily houses or other structures to obtain solar-ready roofs. The National
Renewable Energy Laboratory (NREL) predicts that appropriate and supportive regulatory
frameworks set up by federal, state, or local governments could result in significant uptake
of community solar to potentially cover all homes and businesses [46].

According to Feldman et al., it is estimated that 49% of households are unable to
install PV systems when accounting for renters, inability to access roofs in high rises and
multi-unit houses, or insufficient roof space [46]. It is also estimated that 48% of businesses
cannot accommodate PV systems due to similar exclusions as in the household sector such
as insufficient roof space to install a PV system with an adequate capacity that meets the
energy needs of the business. By catering to customers who meet the criterion, the share
of community solar could reach between 32% and 49% of the distributed PV market [46].
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This would imply an additional deployment of 5.5–11.0 GW of solar PV, representing USD
8.2–16.3 billion in added investment [46].

Savings to investment ratio (SIR) is a metric that is often used to investigate projects’
affordability [47]. The metric captures the ability to recover one’s investment in solar on the
basis of the utility bill savings resulting from the solar energy generated by a given solar
energy system. After conducting a SIR analysis for all 50 states with the assumption that
individual residential PV systems cost between USD 3.00 to USD 3.50 per watt and have
a life span between 25 to 35 years, NREL recommended a shift to solar as a cost-effective
option for households in 12 to 25 states [48]. In contrast to individual solar, community
solar projects are more significant, benefiting from the wholesale pricing and reducing the
cost of commercial solar (USD 1.91 per wattAC) or utility solar (USD 1.35 per wattAC) [49].
At that level, community solar projects will be a financially viable option in every state
except Alaska [48].

6. Results and Discussion

This paper estimated the potential for electricity generation and saving for the Serenbe
case study. The area of the typical building C in Serenbe is 228 m2 (2454 SF) with a pitch
roof surface area of 193 m2 (2077 SF). According to NREL, 25% of the total rooftop area in
residential is suitable for PV [48], which provides 58 m2 (624 SF) of PV per house (with
average size) in Serenbe. Atlanta has a solar irradiance of 4.75 KWh/m2/day [50,51].
Assuming a panel efficiency of 19%, common for home solar installations, solar panel
installations in Serenbe can produce an average of 0.95 kWh/m2/day or around 16.7 MWh
per house per year when it is fully developed [52]. Given the average retail price of
electricity in Georgia of 9.93c per KWh and average CO2 emission of 725 g/kWh [53], this
would imply an annual saving of $871 in electricity cost and six tonnes of CO2 per building
in Serenbe. As Table 10 shows, Serenbe (1800 buildings) would generate a total of 16 GWh
of electricity per year with an estimated CO2 saving of 11.5 k tonnes (equivalent to the
annual emission of 829 vehicles) [54].

Table 10. Savings from the community solar (Serenbe).

Number of Dwellings Average Area of Solar
PV (Hectare)

Annual Electricity
Generations (GWh)

Annual Electricity
Savings ($)

Annual CO2 Savings
(Tonnes)

600 (2020) 3.5 (9acre) 5 ≈522 k 3.8 k

1800 (eventual) 10.4 (30acre) 16 ≈1.6 million 11.5 k

Note: 1-gigawatt hour (GWh) = 106 kWh.

Higher availability of roof area combined with higher efficiency panels could push this
number higher. Table 11 shows three scenarios for community solar: (1) all 1800 buildings
install rooftop PV; (2) half of the buildings (900) install rooftop PV and include 5 ha (13 acres)
of the solar field; and (3) 20% of the buildings (360) install rooftop PV and include 8 ha
(20 acres) of the solar field.

Table 11. Optimized community solar solution for Serenbe.

Percentage of Buildings
with Rooftop PV (25%)

in a Community of
1800 Buildings

Average Area of
the Solar Field

(Hectare)

Total Area of the
Solar Panel

(Hectare)

Cost
Total Installation Cost

(Million USD)PV on the Roof
(Million USD)

Solar Field
(Million USD)

(1) 100% -

10.44 (30 acres)

11.8 - 11.8

(2) 50% 5 (13 acres) 5.9 3.7 9.6

(3) 20% 8 (20 acres) 2.4 6 8.3

It was assumed that the cost of rooftop PV is USD 3 per Watt and that of the solar field
is USD 1.90 per watt. With 19% PV efficiency and solar irradiance of 4.75 KWh/m2/day
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or 4.75/24 KWh/m2/h, the cost of rooftop PV was calculated to be USD 3 × 4.75/24
× 0.19 × 1000/m2 or USD 112.8/m2. Similarly, the cost of the solar field will be USD
1.90 × 4.75/24 × 0.19 × 1000/m2 or USD 71.5/m2. The total installation cost was calcu-
lated for the three scenarios described above, as illustrated in Table 11. As the Serenbe
community is composed of five separate hamlets, the solar field could be distributed either
in one or multiple locations depending on the available vacant land. Table 11 compares
the price of three scenarios, and given the lower cost of scenario 3 (29% less than scenario
1 and 13% less than scenario 2), it shows a preference for a solar field and retrofitting
20% of the buildings (360 buildings) with rooftop PVs. Moreover, scenario 3 is a more
practical solution due to the limitations in rooftop PV installations (i.e., design, orientation,
space, accessibility).

NZCX%(ORG) Projections in Serenbe 2020

The results from energy analyses show that for Serenbe to become NZC, total peak
loads need to be balanced with on-site renewable supplies. The analyses showed that with
improved EEMs and increased PV systems on the roof, both building C and the community
of 600 buildings could reduce their utility energy use by around 65–90%. Moreover, it was
calculated that by providing a 7ha (17 acres) solar field, only 33% of the 600 buildings need
to be covered with rooftop PVs for Serenbe to become NZC80%(AHRAE). As an outcome of
this solution, the installation cost could be reduced by $2.9 million compared to if all the
600 buildings have rooftop PV systems.

Moreover, with Serenbe generating from on-site sources; calculating site energy in
quantifying its NZC practices; and allowing for combustion fuels, the NZ definition by the
EPA, NBI, AIA, ASHRAE, and IESNA organizations could be selected by the project. In
this paper, it was assumed that Serenbe uses ASHRAE’s NZ. Figure 13 summarizes the
process of becoming NZC80%(ASHRAE) in the Serenbe community in 2020.
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Regarding transportation energy use, various mix-use options are accessible through
pedestrian networks, including restaurants, cafés, community centers, stores, groceries,
health centers, spa centers, and schools. Moreover, electric golf carts are used for in-place
transportation. Yet, further improvements are needed, including:

1. Providing solutions that reduce trip distances.

# integration of mixes of use daily requirements (i.e., groceries, cultural center,
library).

2. Encouraging pedestrian movement.
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# comprehensive path system and sidewalks;
# remote parking lots for the gasoline-powered vehicles at the site boundary;
# parking enforcement.

3. Promoting alternative electric vehicles.

# solar-powered charging stations in individual buildings;
# electric fuel stations;
# autonomous electric shuttles [55].

Buildings in Serenbe are EarthCraft certified with a geothermal system (heating and
cooling) and district hot water. Facilities are partially equipped with rooftop PVs, efficient
lighting/HVAC systems/windows/appliances, and improved constructed standards. To
accelerate achieving NZC, Serenbe needs to further (1) improve EEMs (i.e., retrofit existing
buildings with LED lighting technology and mandate it for the new construction); (2) use
solar thermal water heaters and electrified end uses and stoves; (3) incorporate renewable
energy power sources and renewable infrastructure systems; (4) promote/mandate electric
vehicles and boost pedestrian/biking networks for in-place transportation; and (5) provide
remote parking lots at the site boundary and alternative electric vehicles (i.e., autonomous
shuttles) for between-place transportation.

7. Conclusions

This paper presents a reorganized Net Zero concept through a systematic methodology
that combines measured data and simulated models. The NZX%(ORG) is a straightforward
concept that is based on (1) measuring the baseline to the project’s initial NZ; (2) conducting
different approaches/simulations to create a projected NZX%(ORG); and (3) publishing
the measured NZX%(ORG) with supporting data after a year of metering. This is a very
simple process defined by this paper, providing a proposed number that accelerates the
optimization approach and enabling the selection of high-value EEM or generation. Once
measured data exist, NZX%(ORG) defines the current status of renewable content, which
helps a community decide on their next steps to reduce using non-renewable energy. To
test the validity of this proposal, it was applied to a monitored case study of the Serenbe
community and a single-family building in Serenbe. The results from the analysis showed
that by improving energy efficiency and increasing rooftop solar PV systems, the project
could save around 65–90% in utility energy use compared to the baseline–total electrical
use (utility electricity use and PV generation) in 2020. The EEMs with the highest impacts
on energy savings included GSHP, lighting, building air sealing, and window glazing.

The analysis provided guidance on the specific improvements to implement and
serves to encourage achieving higher levels of NZ. Assuming Serenbe uses ASHRAE’s NZ
definition, the base community (2020) with a measured NZC16%(ASHRAE) was projected to
achieve 80% renewable power. After a year of recording measured power from utility bills,
if Serenbe achieved a measured 72% savings from the measures and then added 28% off-site
renewable power, their rating would become NZ100%(ASHRAE). However, considering the
availability of vacant land in Serenbe and economic point of view, combined rooftop PV
systems with a solar field were concluded as a practical solution.

Reorganizing the NZC to an adaptable concept along with design guidelines enables
key stakeholders, including developers, engineers, and building and grid designers, to
accelerate achieving their projects’ NZ objectives. Analyzing the case study of Serenbe
showed that (1) the NZ energy practices can be quantified and verified at the community
scale; (2) savings in energy and CO2 emissions need foresight both in the early phase of
design and planning with careful implementation of the strategies; (3) documented annual
reports on the monitored hourly and monthly utility data is necessary to track the NZ
progress; and (4) the adaptable NZ is a practical concept that motivates stakeholders to take
the first steps and improve. This paper concludes that incorporating a community with
improved EEMs and renewables are key elements in optimizing energy use and achieving
NZC targets. The results from NZX%(ORG) present a promising plan that Serenbe can apply
and estimate its NZC by 2050, which is measurable, trackable, and adaptable to different
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regions and requirements. This paper conducted calculations on the basis of a monitored
case study analysis, measured utility electricity data and PV generation, and simulated
assumptions on a square meter basis.

The limits of this research are (1) access to the utility energy and PV generation
data; (2) sample size (one typical building) being relatively small; and (3) use of Typical
Meteorological Year (YMY) weather data versus actual data. One problematic difference in
NZ reporting is that some methods allow only on-site renewable generation and others
allow for off-site renewable generation. Since the primary intent of all NZ methods is to
reduce carbon in the atmosphere, it is recommended that all NZ processes allow both on-site
and off-site renewable generation as counting toward the net zero. This will (1) motivate a
higher use of solar and wind farms by a variety of communities that lack the land needed
for renewable generations and (2) accelerate achieving an NZ by enabling the growth
of off-site renewable power. Moreover, purchasing renewable energy will be important
for major cities since they lack the surface area to apply large wind or solar renewable
installations. For example, if Serenbe was located in NYC, the NZC80%(On&Off-SiteOK)
would have decreased to NZC46%(On-SiteOnly), unless it chooses an organization’s NZ
that allows the use of purchased off-site power, i.e., ASHRAE, NBI, or AIA (Table 3).
Ongoing metering of power used, purchased, and generated is another factor that must
be conducted in order to validate NZ achievements. In future research, (1) calculations in
the methodologies will be improved for a better simulation outcome, and (2) a significant
increase in the use of real data and continuous reporting will be promoted. If a system is
measured, it is controllable.
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Nomenclature

ACH50 air changes per hour at 50 Pascals pressure
AIA American Institute of Architects
BA Building America
CHP combined heat and power plant
CFIS central fan integrated supply
CFL compact fluorescent lamp
COP coefficient of performance
DGS Department of General Services
DOE Department of Energy
EEMs energy efficiency measures
EER energy efficiency ratio
EF energy factor
EIA Energy Information Administration
EPA Environmental Protection Agency
EPBD European Performance of Buildings Directive
ERV energy recovery ventilator
EU European Union
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GHG greenhouse gas
GSHP ground source heat pump
HRV heat recovery ventilator
HVAC heating, ventilation, and air conditioning
IEA International Energy Agency
IECC International Energy Code Council
IESNA Illumination Engineering Society of North America
ILFI International Living Future Institute
IPCC Intergovernmental Panel on Climate Change
LED light-emitting diode
NBI New Buildings Institute
NCTH new construction test house
NREL National Renewable Energy Laboratory
NZ net zero energy
NZB/NZEB/ZNEB/ZEB/NZE/ZE net zero energy building
NZC net zero energy community
NZE2050 net zero CO2 emissions by 2050
PV photovoltaic
RE renewable energy
REHVA Federation of European Ventilation and Air-Conditioning Associations
SEER seasonal energy efficiency ratio
SHGC solar heat gain coefficients
SIR savings to investment ratio
TMY typical meterological year
UNEP United Nations Environment Programme
USGBC Green Building Council
WMO World Meterologial Organization
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