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Abstract: As the concentration of greenhouse gases (GHGs) in the atmosphere increases, the concerns
about carbon emissions are growing. Several net-zero initiatives are taking place around the globe
to achieve a balance between the GHGs put into the atmosphere and those taken out. While most
efforts present a sectorized approach, this paper describes the importance of integrating information
across different sectors for effective modeling of carbon emissions and holistic reduction opportunity
analysis. Using the Idaho National Laboratory (INL) campus as a test case, this work provides a
web-based tool for INL stakeholders to use when engaging in strategic planning to achieve carbon
emissions reduction. This net-zero engineering support tool (NEST) uses historical data as founda-
tional information for applying the modeling framework. Prediction of CO2 emissions throughout
project completion integrates various approaches and schedules aimed at energy conservation, fleet
decarbonization, and other GHG reduction activities. Using NEST, stakeholders can visualize carbon
emissions, electricity consumption, and costs for decision making when planning the pathway for
reaching carbon net zero. The INL’s initiative to transition into an EV fleet was used to demonstrate
the developed framework and the advantages of using NEST. It was shown that electrifying different
fossil-fueled campus vehicles before 2030 with aggressive replacement schedules require high annual
capital expenditure (CAPEX), which may not be available. The tool allows decision makers to test
different replacement schedules and prioritize those that yield CAPEX below a certain threshold while
meeting target milestones. While the demonstration focused on vehicle electrification, the developed
framework lays the foundation for further quantitative analysis of other GHG reduction activities.

Keywords: net zero; decarbonization; digital engineering; sustainability; smart cities; systems
of systems; digital twin; digital thread; model-based systems engineering; data integration; data
forecasting; data visualization

1. Introduction
1.1. Background

An increase in the presence of atmospheric gases contributes to the warming of the
planet by trapping heat in the atmosphere. Carbon dioxide is the main contributor to
greenhouse gas (GHG) emissions at 79%, followed by methane and nitrous oxide at 11%
and 7%, respectively [1]. With that in mind, an increasing number of countries around the
world are seeking to reach net-zero emissions. That is, achieving a balance between the
GHGs put into the atmosphere and those taken out [2]. In the U.S., building operations
contribute to about 30% of GHG emissions and transportation generates about 27% [3].
Oftentimes, city planners and national level leaders address the net-zero problem in a
fragmented approach, with efforts for improving emissions that focus on individual sectors
(e.g., energy, buildings, mobility) [4]. While this fragmented approach can help move
individual sectors towards their net zero objectives, integrated city-wide solutions can
result in a greater impact [4]. Cities are complex systems of infrastructure sectors, which
are comprised of multiple interacting subsystems. While each of the city subsystems may
have a preference to operate as independently as possible from the other subsystems,
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collaboration is often needed to achieve common objectives. In order to achieve net-zero
objectives, digital tools will be needed to help visualize vast amounts of multi-disciplinary
data, and identify opportunities at the intersections between subsystems [5]. Such tools will
assist planners in determining the best-integrated approach to designing and managing
city subsystems to meet net-zero (NZ) goals.

An NZ-focused approach to the smart city [6] concept includes all infrastructure as-
pects of cities, not just buildings. For instance, particular interest in using electricity as an
alternative vehicle fuel has grown in recent years. Although electric vehicles (EVs) mitigate
transportation GHG emissions, they increase electricity consumption [6], which may in-
crease GHG emissions in the energy production sector. Unregulated charging behaviors
can increase the peak load of the power grid and charging costs while decreasing system
reliability [7]. Therefore, achieving NZ emissions will involve the simultaneous transforma-
tion of several, interconnected infrastructure systems from transport and housing to energy
and manufacturing. A few examples of infrastructure integration to achieve net-zero goals
include using geothermal energy as a heat source for building cooling and heating [8],
using extracted thermal energy from PV cells for water or air heating [9], using thermal
energy from the sun for water heating [10], using biogas from building waste to fuel solid
oxide fuel cells [11], and using wind energy to fuel water desalination systems [12].

Existing tools provide a standard dashboard with minimal visualization and input
customization. The net zero engineering support tool (NEST) is a novel tool because the
traditionally siloed resources are linked directly to a data warehouse, unique to INL, which
then outputs usable information for visualization. By digitizing this process, there is a near
real-time update capability.

1.2. Literature Review

The literature shows several initiatives focused on the digitization of NZ effort at the
individual sector level. The net-zero America (NZA) study uses a systems approach to
define a pathway to reach NZ by 2050 by modeling the energy system infrastructure [13].
The NZA study indicates that the Biden administration’s NZ by 2050 goal will not be met
without a combination of clean energy hubs and infrastructure improvement. A process for
understanding the importance of NZ initiatives and increasing the rate of acceptance of NZ
technologies are outlined by Moghadassi et al. (2021) [14]. Though this research outlines
the importance of standardized practices, there is a lack of emphasis placed on digitization
and the incorporation of the Internet of Things (IoT), which provides a unique platform for
easily sharing data and best practices.

O’Flynn et al. (2021) use a Science-Based Targets Initiative (SBTi) to feasibly construct
potential pathways for a UK university to achieve carbon NZ by 2030 [15]. Though this
study uses emissions data and various carbon-reducing methods to achieve carbon NZ,
there is a lack of digital visualization of campus maps and progress. Ghalebani and Das
(2017) used a model-based framework to optimize incentive programs to promote net-zero
energy buildings (NZEBs) by developing a mixed integer program that outputs which
incentive program would provide the best return on investment based on the commercial
building type [16]. An NZEB ensures an optimized building performance that considers
uncertainties associated with electricity consumption and production [17]. Energy systems
with higher values of uncertainty consume more electricity sourced from fossil fuels, which
increases carbon emissions. Researchers in New Zealand have initiated the development of
zero carbon building practices to achieve carbon NZ by 2050 [18]. Though standardized
practices are beneficial going forward, this study lacks a systematic process for addressing
existing buildings that significantly contribute to emissions.

Digital twins (DTs) have been used as an approach to identify existing system elements
(buildings, vehicles, generation facilities, etc.) that require modifications to reach NZ [19].
These DTs help the stakeholder decide what internal components should be replaced to
improve efficiency and move toward an NZEB. Existing DT platforms, such as Twinview,
store DTs and their associated systems data to be viewed on a single dashboard [20]. This
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DT warehouse minimizes GHG emissions during building modification by minimizing
modification construction time and maximizing operational performance. Shubbar et al.
(2021) use Integrated Environmental Solutions Virtual Environmental software modeling to
analyze the current energy performance and emissions of a single industrial building in the
UK. This methodology incorporates data and digital visualization; however, it is limited to
a single building [21]. Though DTs are beneficial for identifying system improvement, there
is a lack of visualized relationship between current electricity consumption data, emissions
data, and the associated facilities. An integrated approach would provide decision makers
with a holistic perspective for construction planning. NEST is a part of a bigger ecosystem,
powered by its back-end capabilities: primarily predictive models fueled by the data-science
approach to the diverse data sources, aggregated in one warehouse.

1.3. Idaho National Laboratory Initiative

INL set a goal to achieve NZ emissions by 2031 by eliminating or offsetting all of the
GHG emissions from its 357 buildings, 605 vehicles, and approximately 5400 employees
spread over its roughly 900-square-mile campus. INL will eliminate emissions by replacing
older technologies with newer or cleaner technologies [22]. Achieving NZ does not mean
INL will not produce any GHG emissions, but any GHGs produced will be offset by
carbon-capture technologies. Among other methods, INL shall reduce its reliance on grid
power, receiving electricity obtained by the burning of fossil fuels and replacing them
with its own GHG emission-free power. It is important to understand the GHG reduction
potential (GHGRP) of every activity in synergy with the others to avoid oversizing the
carbon sequestration and green power generation facilities. Every activity implemented to
eliminate a CO2e source has a certain CO2e footprint associated with new materials mining
and manufacturing, good transportation, installation and construction, decommissioning,
and utilization. Therefore, it is important to size and scope these activities in such a way
that minimizes cost and CO2e overhead.

Though INL may expand initiatives in the future to include waste NZ or water NZ,
this paper is focused on the current initiative defined by INL’s NZ program.

1.4. Systems Engineering Approach

Approaching the INL NZ initiative with a systems engineering approach allows for the
recognition of autonomous participants within a system working toward both independent
and shared goals [23]. In this scenario, the individual buildings are the autonomous systems.
A state of the art representation of these complex systems is achieved by using DTs.

Applying a systems thinking approach to the complex challenge of NZ emission
can provide an integrated solution to achieving target emissions. Systems engineering is
defined by the International Council on Systems Engineering (INCOSE) as “a transdisci-
plinary and integrative approach to enable the successful realization, use, and retirement
of engineered systems, using systems principles and concepts, and scientific, technologi-
cal, and management methods.” INL as a holistic complex of buildings, vehicles, and a
nation-leading nuclear energy production research facility poses a unique showcase to
demonstrating a systems engineering approach to the NZ challenge.

1.5. Scope and Objectives

This work aims to provide a comprehensive visualization and data processing web-
based tool for INL stakeholders to use when engaging in strategic planning to achieve
carbon emissions reduction. Traditional methodologies for NZ achievement planning lack
the variable customization and mapping integration our tool provides. Using NEST allows
INL stakeholders to adjust project schedules on an as-needed basis to feasibly achieve the
NZ initiative.

The remainder of this paper proceeds as follows: Section 2 describes the multi-level
framework used to integrate and visualize existing data used to predict future CO2e
emissions; Section 3 provides the results obtained when applying the framework to INL’s
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EV fleet transition; Section 4 concludes with a discussion on current achievements and
ideas for future research directions.

2. Methodology

The INL NZ strategy team is seeking tools to visualize the impact of actions taken to
reduce GHG emissions and exactly measure their aggregated impact. NEST shall provide
guidance towards sizing and scheduling of clean power generation facilities (e.g., electricity
and hydrogen) and carbon capture facilities meant to offset unavoidable emissions; as well
as a means to verify that the NZ goal is achieved by 2031. A systems engineering approach
was used to identify stakeholder requirements to build NEST, which are defined and used
as a foundation for functionality requirements, and thus, component determination.

2.1. Data Ingress: Digital Thread

A digital thread is a framework that demonstrates communication between tradition-
ally independent systems [24]. Because INL is a large institution that expands into several
domains, relevant data to the NZ strategy team were stored in four different systems:
(1) Microsoft (MS) Excel, (2) P6 (Schedules), (3) SkySpark (Energy Usage), and (4) iMap
(GIS Data). The Excel spreadsheets are manually updated monthly to represent current
electricity and natural gas consumption and their associated, calculated CO2e emission
values. P6 is a project management software that is used to plan, manage, and maintain
intended, active, and completed projects. INL’s use of P6 was to identify NZ-relevant
projects and identify intermediate CO2e emissions offset milestones. SkySpark is a data
management system that automatically analyzes data. INL currently uses SkySpark as an
anomaly detection tool to predict when internal systems should be maintained. However,
future use of SkySpark is additionally intended to maintain real-time facility electricity
and natural gas consumption data using sensor technology. INL internally maintains
iMap, which is a geographic information system (GIS) that incorporates arcGIS building
visualization with raw consumption and emissions data. The data flow through the NEST
ecosystem is depicted in Figure 1.

Figure 1. Complete flow of information in the NZ ecosystem.
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Because of the multiple sources of siloed information, Deep Lynx is used as a data
warehouse. Deep Lynx was developed at INL to enable the collaboration of information
without source restriction. As seen in Figure 2, all original data are sent directly to Deep
Lynx where it is translated and stored as usable information. The data analysis code, written
in Python, then calls information out of Deep Lynx where it is then analyzed. The last step
in the digital thread is visualizing the interpreted raw data on NEST.
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visualization tool, NEST.

2.2. Data Processing

Once the data has been placed into Deep Lynx, a data egress adapter is used to
generate the forecasted data. The data can then be processed (e.g., the way it is described
in Section 3.2), and put back into Deep Lynx via a data ingress adapter. The format of the
processed data does not have to match the format of the incoming data. The Deep Lynx
data ontology is format agnostic and can store a variety of data types.

2.3. Data Egress: Net-Zero Engineering Support Tool (NEST)

NEST is intended to provide the INL NZ strategy team with visualized data to de-
termine the best path forward to achieve the set INL NZ initiative. The data are pulled
from Deep Lynx and visualized using standard JavaScript graphing libraries. NEST is
categorized as a progressive web app because of the full browser compatibility, app-like
interface, and its connectivity independence [25].

A brief description of the purpose behind the development of this tool is provided in
the top left corner of the NEST home screen. Below this description are the different areas
of the INL campus.

NEST provides a digital approach to iterative visualization and planning on the path
to NZ emissions. An integrated design process (IDP) relies on a collaboration of disciplines
to define a pathway to achieve socially and environmentally sustainable assets (e.g., build-
ings, vehicles, generating facilities, landfills) [26]. The integration of project schedules,
energy consumption, and direct and indirect GHG emissions with a GIS visualization of
consumption and emissions creates an interactive application. Figure 3 provides a look at a
sample interface mock-up.

Data are also used to determine the largest contributors to both electricity consumption
and GHG emissions. Figure 3 displays building shapes that are colored red, orange,
or green depending on the building having values in the high, average, or good thresholds,
respectively. This heat map feature is overlaid on the GIS map. The INL NZ strategy team
may use this function in NEST to define which buildings should be targeted first for the
largest impact on CO2e emissions.

Sensors for real-time monitoring of electricity consumption have been installed on
some building meters at INL, but not all. Building real-time sensor data will be displayed
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in NEST to the right side of the map when the user clicks their mouse on the building of
interest, as seen in Figure 4. Additionally, INL plans to install sensors on natural gas meters
in the near future. Monitoring natural gas consumption is imperative when accounting for
all contributors to CO2e emissions.

Figure 3. Real-time electricity consumption (color-coded) data overlaid with GIS data.

Figure 4. Skyspark provides real-time electricity consumption from sensors installed on electric
meters. Graphs generated from this real-time data are seen in the NEST tool on the right side of the
map after a building is selected.

Figure 5 shows the Gantt chart stored in P6 for projects related to the specified building.
Gantt charts are used to show project activity progress throughout a project lifecycle. NEST
provides an interactive version of these previously inaccessible Gantt charts.

Gantt charts are commonly used in project management to estimate the completion
time and needed resources. However, NZ adds another dimensional variable, avoided or
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sequestered CO2. Thus, all key performance indicators (KPIs) should be functions of three
variables: (1) time; (2) cost; (3) offset CO2e emissions.

Figure 5. Gantt chart sourced from P6 used to visualize progress toward NZ initiative goal.

Initially, historical data were used to model existing electricity consumption, consump-
tion cost, and associated CO2e emissions. Figure 6 shows the CO2e and electrical usage
historical data for the Research and Education Campus (REC) at INL.

Figure 6. Graphical representation of historical electric usage at INL’s REC.

INL sustainability analysts provided the standardized methodology used to track
the consumption and emissions values needed for submission to the U.S. Environmental
Protection Agency on an annual basis. Total CO2e emissions are calculated by summing
converted CO2, CH4, and N2O emissions from kg/MWh to mt. Table 1 provides the
emission factors used to source data from the EPA eGRID site and used to calculate INL’s
GHG emissions. Converting emissions from vehicles uses a similar approach by using fuel
type to determine the conversion of gallons/year to total CO2e emissions by multiplying
how many miles each vehicle drove during a given time period. These metrics are important
to ensure a standardized practice is used to record accurate emissions. Accurate emission
calculations provide realistic data for decision-making when determining a pathway to NZ.

Table 1. EPA-defined emission factors used to calculate GHG emissions reported at INL.

Name Coefficient (kg/MWh)

eGRID Subregion Annual CO2 Output Emission Rate 272.141
eGRID Subregion Annual CH4 Output Emission Rate 0.025
eGRID Subregion Annual N2O Output Emission Rate 0.004
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3. Results

In the early adoption stage, DT usage is presently limited. Therefore, NEST is expected
to act as a showcase for different groups willing to join the NZ initiative, and demonstrate
the benefits of consolidated data storage. This centralized repository will foster collabo-
ration between different groups within INL, as well as its partners. It is also important
to note that because NEST is developed concurrently with progress toward achieving the
carbon NZ initiative, direct impacts associated with NEST integration are not obvious.
Emergent aspects of using NEST are more easily identified when expected consumption
and emissions offset values are modeled against the actual values.

NEST is intended to supply INL NZ decision makers with insight towards minimizing
or eliminating direct emissions. Direct emissions are those associated with INL operations.
Alternatively, indirect emissions are those associated with INL employee work such as
travel. At present, the INL fleet operations team has collected the most comprehensive
data on fleet decarbonization. Therefore, the EV fleet transition will be used as a primary
example to demonstrate the advantages to NEST.

EV integration mitigates transportation GHG emissions, but increases electricity con-
sumption [6]. The data for individual vehicles, their fuel usage, and associated GHG
emissions are stored in P6. So, the first step in the digital thread paradigm is to write a data
ingress adapter to the data source (P6) and put it in a format suitable for further processing.
The output of this parsing is a consolidated table containing data for all types of vehicles,
and for all years in one table. This table contains cumulative data for all vehicles, all fuel
types, and all years in a flattened format. We then apply the carrying procedure [27] and
create several tables, each of which is a function of one argument (e.g., year) with others
fixed to extract specific data grouped by year, vehicle type, fuel usage, etc.

3.1. Data Forecasting

Various trends can be extracted from the consolidated table. An important trend is the
number of vehicles operating in each fleet per year. In addition to fleet decarbonization, INL
continues to grow, and so should its fleet. The autoregressive moving average (ARIMA),
which models the next step in the sequence as a linear function of the observations and
residual errors at prior time steps, was used to predict the number of each type of vehicle in
the next 10 years, as shown by the orange line in Figure 7b. At the same, time each vehicle
may travel a different number of miles in a year affecting its annual carbon footprint, where
current fossil fuel usage per vehicle per year was converted to miles traveled annually;
these data were extrapolated in the same manner as the number of vehicles, as seen in
Figure 7c.

A similar approach enables us to highlight different aspects of the model and analyze
trends associated with the consumption of only one fuel type. Conversely, once NEST
expands to the building level, the same approach will be used to segregate out specific types
of buildings (e.g., office vs. research), different activities (e.g., heating, lighting replacement),
and specific fuels (e.g., natural gas, electricity). Understanding and ranging of the “worst
offenders" helps us to inform the stakeholders about an optimal replacement schedule.
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Figure 7. NEST simulation results. Only one vehicle type is shown for compactness.Figure 7. NEST simulation results. Only one vehicle type is shown for compactness.

3.2. Replacement Schedule

Within the framework of NEST, the stakeholders are able to select the start and end date
of each decarbonization project (e.g., electrification of a particular vehicle type), as shown
in Figure 7a. Once the project begins, a linear rate of replacement of fossil-powered vehicles
by EVs is assumed, as shown in Figure 7b. This model is justified by the findings in [28].
The vehicle replacement schedule affects the rate at which direct GHG emissions are
eliminated and replaced by indirect emissions arising from the use of electricity purchased
from the Northwest Power Pool (NWPP) electricity exchange. At present, each megawatt
hour (MWh) produced by NWPP generation facilities emits 275 kg of CO2e [29]. (The
NWPP has its own plan to decarbonize the generating facilities [30]; therefore, the numbers
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presented here represent the worst possible scenario. In reality, indirect GHG emissions
will be less than those currently predicted by NEST.)

Annual capital expenditure (CAPEX) is calculated as the number of vehicles of each
type replaced this calendar year, weighed by their average price, and then summed over all
vehicle types, as shown in Figure 8. Therefore, aggressive replacement schedules require
high annual CAPEX, which may not be available. If the annual CAPEX is the driving
limitation of the replacement schedule, the NEST simulation engine is capable of running
Monte-Carlo-type simulations by proposing random schedules and selecting only those
that yield CAPEX to be below the threshold.

Version December 16, 2022 submitted to Sustainability 11 of 14
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NEST allows stakeholders to find the schedule that best fits their budget and enables
the fastest decarbonization. At the same time, they will be able to see the impact of
each scenario.

4. Discussion

The same type of analysis that has been demonstrated here for the vehicles can be
carried out for buildings to study the impact of various activities scheduled to reduce
passive energy loads, such as heating/ventilation/air conditioning and lighting (INL’s
primary mission is scientific research; therefore, there is no plan to eliminate electrical
loads arising from experiments. The Microreactor AGile Non-nuclear Experimental Testbed
(MAGNET) at INL consumes 0.25 MW). The same approach that is vetted on fleet elec-
trification can then yield the amount of electrical load to support INL operations. Since
complete decarbonization of NWPP will not happen before INL’s target date of 2031 [30],
INL will use these simulation results to properly size its own carbon-neutral electricity
generation facilities and carbon capture facilities.

Carbon-free energy sources are an electricity supply that produces little to no GHG
emissions. Though photovoltaics (PVs) enable clean energy consumption at a reasonable
cost, the intermittence of solar energy creates a need for an alternative electricity supply.
However, advanced nuclear reactors that are being designed at INL [31] and commercial
companies [32] are aimed to bridge the gap between baseload generation and demand.

The uncertainty associated with electricity generation indicates an emissions gap that
should be taken into consideration. An emissions gap is the difference between actual
emissions and intended emissions after offset processes are implemented [33]. Until a single
company (e.g., INL), a conglomerate of companies, or a whole industry completely switches
to carbon-neutral sources, for them to claim NZ they will have to purchase carbon credits.
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Carbon credits are certificates that represent how many metric tons of GHG that have been
removed from the atmosphere [34]. Using an integrated information tool, such as NEST,
the stakeholders can make decisions using a holistic, systems approach to assess the balance
between the purchase of carbon credits and activities directed towards the construction of
carbon-free energy sources at any given moment considering the economic situation.

Future work can expand this research by developing an interactive map that demon-
strates the impact on CO2e emissions and electricity consumption if further urban or
campus development is planned. An integrated information visualization tool, such as
NEST, is especially applicable for universities, city planners, and utility companies. Uni-
versities demonstrating a desire to decrease carbon emissions can use a tool such as NEST
to define which buildings should be targeted first for the largest impact on carbon emis-
sions. Utility companies integrating NEST can take consumer end-users into consideration
and holistically address the utility death spiral [35]. The utility death spiral indicates a
decline in end-user electricity demand from the utility because end-users are investing in
distributed energy resources (DERs). When end-users purchase less electricity from the
utility, the utility recoups lost revenue by increasing electricity prices, which encourages
more end-users to invest in DERs. Utility companies may use NEST to visualize electricity
consumption or production hot spots and address them accordingly.

At present, NEST provides a forecasting capability that defines the direction for INL’s
NZ team. As the initiative’s scheduled deadline of 2031 approaches, there will be more
retrospective data available to compare the predicted model to the “as-built" results.

5. Conclusions

This work presented a tool developed at INL, NEST, which provides a holistic visual-
ization of integrated data and prediction capability needed for achieving NZ goals across
different sectors more efficiently. A framework for data ingress, processing, and egress
was established, as well as posterior data forecasting and visualization. This is a novel
framework that improves the decision-making capability of stakeholders because of the
near real-time visualization updates when the siloed data are adjusted. The data include
project type (i.e., improvement vs. replacement), schedules, costs, energy consumption,
and direct and indirect GHG emissions. The INL’s initiative to transition into an EV fleet
was used as a test case to demonstrate the developed framework and the advantages of
using NEST. Actual and predicted CO2 emissions were provided for different types of
vehicles. Electrification schedules were analyzed by obtaining CAPEX quantities. By testing
different replacement schedules, decision makers can prioritize those that yield CAPEX
below a certain threshold, while meeting target milestones. The customized map visualiza-
tion of NEST is beneficial for relating raw data with initiative priorities. In this way, NEST
empowers INL decision makers with the necessary information to collaborate in achieving
optimized planning. Expanding this capability to include both static and dynamic data will
enhance the tool’s robustness.

The framework established by NEST can be used in contexts other than INL. As more
organizations and companies implement an NZ initiative, using a dashboard that displays
collected and traditionally siloed data improve decision-making capabilities. NEST demon-
strates a successful process of developing an integrative tool. Though other companies
offer access to a dashboard that is customized based on stakeholder values, NEST provides
INL stakeholders with a customizable tool that also has the capability to expand with other
INL initiatives.
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