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ABSTRACT

Carbon emissions are driving the planet out of its delicate Goldilocks balance. Evidence
and the call-to-action date back to 1896 with Swedish scientist Svante Arrhenius and his seminal
paper that first predicted the effect of carbon dioxide on the global temperatures. With the
Intergovernmental Panel on Climate Change (IPCC) goal of global net zero emissions by 2050,
the urgency is stronger than ever. An ever-growing number of municipalities are setting pledges
to do their part, often without a concrete plan. With buildings accounting for 40% of total global
emissions, building retrofits are a key component to these pathways to zero carbon. Urban building
energy modeling (UBEM) research efforts have developed physics-based decision-making tools
to define city-scale technology pathways to reach climate goals. However, a crucial question in
making these pathways actionable has been largely neglected: how much does it really cost? The
scarcity of contemporary cost data and methods for cost prediction at the urban scale makes this
question difficult, and further questions around equitable incentive programs nearly impossible to
answer. This work demonstrates the concept and relevance of implementing a dynamic cost model
in the UBEM context. Several cost models are applied to a case study of 13,000 residences in
Oshkosh, WI to predict costs for homeowners to retrofit their homes with three different upgrade
packages. A willingness to pay analysis is then performed with upfront cost predictions from
different models, illustrating the impact a more robust cost model may have in providing more
realistic predictions of an upgrade strategy’s techno-economic success. Through its compatibility
with existing UBEM frameworks and local input costs, the dynamic building upgrade cost model
hosts the potential to further support municipalities in developing economically feasible building
retrofit strategies for decarbonization pathways.
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1. Introduction

Carbon emissions are driving this planet we call home out of its delicate Goldilocks
balance. This is nothing new, with evidence and calls to action around climate change dating back
to 1896 with Swedish scientist Svante Arrhenius and his seminal paper that first predicted the
effect of carbon dioxide on the global temperatures (Arrhenius, 1896). The Intergovernmental
Panel on Climate Change (IPCC) has set forth that the global temperature rise must be kept under
1.5°C to limit the most catastrophic impacts of climate change (Calvin et al., 2023). In order to
reach this goal, the world as a collective must reach net zero emissions by 2050 (International
Energy Agency, 2022).

An ever-growing number of municipalities across the globe are setting pledges to do their
part to achieve net zero carbon emissions; however, the pathways set forth by these municipalities
to achieve these goals are not always as concrete. With buildings accounting for 40% of total
global carbon emissions, building retrofits are a critical component in the pathway to net zero
emissions (International Energy Agency, 2023). Building retrofit measures generally fall into three
categories: envelope, equipment, and photovoltaics (Less et al., 2021). Within each category, a
wide range of upgrades exist from simple energy conservation measures to deeply intensive
upgrades that can take months to complete. For example, for envelope upgrades, there is simple
weatherization—such as air sealing, weatherstripping, simple storm window installation —and
there is full deep energy retrofit (DER) of the envelope, such as adding continuous external
insulation to the whole facade.

Building energy modelling has long been used as a tool to evaluate energy performance at
the individual building-level scale and optimize combinations of building retrofit measures for
optimal energy and carbon emission reductions. On the state and national scale, the ResStock
analysis tool by the National Renewable Energy Laboratory (NREL) has been used to define
decarbonization technology pathways for residential sector in the U.S. (Berrill et al., 2022). Energy
modeling at city-scale in the form urban building energy models (UBEMs) is becoming more
valuable than ever to assist in developing technology pathways to assist municipalities in achieving
their ambitious decarbonization goals (IISD, 2019). An eight-step simulation-based framework

developed by Berzolla et al. involves the development of a baseline UBEM and applying packages
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of energy efficiency upgrades to buildings of different archetypes. The method allows for
municipal policy makers to explore technology pathways that will reduce annual carbon emissions
in existing buildings (Z. Berzolla, Ang, et al., 2023).

In this way, the development of technological pathways to building decarbonization at all
scales are relatively well defined; however, a crucial question in making these pathways actionable
has been largely neglected: how much does it really cost? Cost of building upgrades play a
significant role in the adoption of building retrofit strategies. With upfront costs of a deep energy
retrofit being upwards of $50,000 per home, a homeowner’s willingness to pay becomes largely
dependent on the total cost of the project compared to income and a variety of other factors (Cluett
& Amann, 2014). At a building level analysis, costs of upgrades are analyzed by contractors and
firms using privately maintained databases or for-purchase services, such as RSMeans by Gordian,
a database service that provides current construction costs with material, labor and/or equipment
prices and at the unit, assembly or square foot level of detail for 970 U.S. locations nationwide
(Gordian, 2020; Sigrist et al., 2019). At the national and state scale, costs from the NREL
Residential Energy Measures Data Base (REMDB) are considered in ResStock analysis tool
(Berrill et al., 2022). The NREL Residential Energy Measures Data Base (REMDB) was
developed to provide a national unified public database of residential building retrofit measures
and associated costs based on the 2014 Building America House Simulation Protocols (Wilson et
al., 2014). As the only database of its kind, the NREL REMDB is the current industry standard;
however, its age and use of national average costs makes it only applicable for national and state
scale models. The scarcity of contemporary cost data and methods for cost prediction at the urban
scale makes the question, “How much does it really cost?” difficult to answer, and further
questions around equitable incentive programs nearly impossible.

When it comes to incorporating a cost parameter into an UBEM analysis framework to
optimize for the most cost-effective, feasible pathway to net zero building carbon emissions, many
approaches fall short. In a review of the 2023 International Conference Proceedings of Building
Simulation 2023, 18th Conference of the International Building Performance Simulation
Association (IBPSA), 16 papers discussed urban building energy modeling in some capacity, none
of which included a cost element as a parameter in the UBEM framework (Lara Arambula,
Carnieletto, and Pasut 2023; Auf Hamada, Raslan, and Hong 2023; Li, Wang, and Xu 2023; Song
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et al. 2023; Park et al. 2023; Zhao and Mo 2023; Fennell et al. 2023; Kourgiozou et al. 2023; Piro,
Ballarini, and Corrado 2023; Cruz, Bastos, and Caldas 2023; Geagea and Saleh 2023; Pan, Yu,
and Zhou 2023; Rachman et al. 2023; Ju and Moura 2023; Shen et al. 2023; Lin et al. 2023). In
Cruz et. al., the authors mention cost in the future work section: “to better understand each design
solution’s feasibility, the cost should be integrated into the optimization process” (Cruz et al.,
2023). A few papers include a statement acknowledging the importance of economics in grounding
the feasibility of the technology pathways set forth leveraging an UBEM framework; however,
even in these cases, no concrete parameters of the cost of upgrades are included (Calvin et al.,
2023; Lara Arambula et al., 2023; Park et al., 2023). Expanding the review, only one paper
concerning UBEMs from the 2022 Conference Proceedings for the Building Performance Analysis
Conference and SimBuild, a U.S. based IBPSA conference, includes cost as a qualitative,
subjective parameter in the modeling framework, stating “a detailed cost assessment was not a
scope of work for the case study presented, and the cost metrics provided for a typically
quantitative column are reduced to a subjective scale” (Baliga & Gilles, 2022).

Progress towards city-level decarbonization goals depends on each household’s decision
to act. Without reliable individual building cost estimates, technological pathways to
decarbonization are ships dead in the water unless they are applied in tandem with a financial
model. The resulting technoeconomic UBEM has the potential to become a powerful decision-
making tool for policy makers and city officials to deploy limited funds towards incentive
programs in an effective manner. Generating a cost estimate tailored to the physical characteristics
of each home with a dynamic cost model offers a significant opportunity to provide detailed insight
into potential impact of incentives in removing financial barriers to retrofit adoption.

Previous work by Berzolla et. al. characterized a static cost model for a series of building
upgrade packages proposed for urban decarbonization pathways (Z. Berzolla, Ang, et al., 2023;
Gordian, 2020). For this static cost model, upgrade costs are calculated for two typical buildings
of the same size, one pre-1980 and one post-1980, based on values from the NREL REMDB
database and RSMeans (Gordian, 2020; NREL REMDB, 2018). This static set of costs was then
applied to all residential buildings city-wide. While a static model such as this one may provide an
estimate at the overall magnitude of capital required to retrofit the building stock at the city level,
an individual homeowner’s willingness to pay for a building retrofit crucially depends on their
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particular upfront costs along with household income, education, concern for the environment and
other factors (Z. Berzolla, Meng, et al., 2023). Without cost predictions tailored to the specific
building characteristics for each homeowner for their local urban setting, predictions of the
homeowner’s willingness to pay for a given set of upgrades is highly inaccurate.

This work demonstrates the concept of implementing a dynamic cost model in the urban
building energy modeling context and its potential impact on carbon reduction pathways. In
Section 2, we first define a dynamic cost model and outline our proposed approach. This includes
the definition of more involved cost model component for complex upgrades, including
photovoltaics and heat pumps. We then apply different cost model approaches to estimate upgrade
package costs for an existing UBEM of 13,000 residential homes in Oshkosh, WI. These includes
three dynamic models using different cost inputs—area-based, area-age based, and inputs sourced
solely from the NREL REMDB—and a static model. Finally, we analyze the impact of these cost
predictions on individual homeowners’ willingness to pay to illustrate the potential impact a

dynamic cost model may have on a city’s carbon emission reduction pathway.
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2. Methodology

We begin with a brief description of the urban building energy model (UBEM) process
(Reinhart & Cerezo Davila, 2016). In the UBEM process, the details of each real building are
simplified to a 2.5-dimensional model. Buildings are then grouped into archetypes based on similar
construction sets and program type. For example, all single-family homes may be grouped into
archetypes based on the year they were built. This categorization operates under the assumption
that buildings constructed in eras aligning with local building code are likely to still share similar
characteristics for wall construction and thus thermal performance. Each archetype is then layered
with the inputs required for the physics-based calculations performed by energy modeling engine,
Energy Plus™. These inputs include building construction sets, schedules, occupancy, equipment
and lighting power densities, infiltration, water usage, and other values. Archetypes may be linked
to Department of Energy Prototype Building Models that are linked to national and international
building standard evolutions, such as ASHRAE Standard 90.1 and IECC, or by custom templates
developed from local knowledge (ASHRAE, 2022; International Code Council, 2021; U.S.
Department of Energy, 2024b). With the goal to integrate a dynamic cost model into this UBEM
framework, the following cost model approaches are developed and analyzed within this world of
2.5-D modeling.

In developing technology pathways for building retrofits, building-level characteristics are
used to model the carbon emissions reduction potential for different retrofit upgrade packages
(Ang et al., 2023). In this process, energy consumption and potential energy savings are calculated
for each building based on archetype templates, then summed to calculate the total energy usage
and carbon emissions of the city. To be actionable, these upgrades must have costs associated with
them. The static cost model approach accompanying previous work by Berzolla calculates upgrade
costs for typical buildings in each archetype and assigns these as fixed unit costs to all buildings
of a given archetype. While useful for quick city-wide cost estimates, this “one size fits all”
approach fails to capture the nuances at the building level that cause significant variations in costs
between homes of varying dimensions. We propose a dynamic approach to calculate a tailored

cost for each building-based building components and metrics, as shown in Figure 2.1.
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Figure 2.1 Comparison of static and dynamic cost model approaches.
The dynamic approach calculates a tailored cost for each building based on information extracted from
the urban building energy model, whereas a static approach applies a single cost to each archetype.

2.1.Definition of the Dynamic Building Upgrade Cost Model

In the proposed dynamic building upgrade cost model, the costs for each building upgrade are
divided into building-component level cost elements, defined by the equations below. By using
the same building component characteristics used in UBEM-level upgrade energy simulations, this
framework can be integrated into an existing UBEM workflow.

Input costs can be sourced from any available data source. This enables urban scale building
retrofit cost analysis informed by relevant regional cost inputs available, preferably with
installation, labor, and other soft costs included. The few building upgrade cost databases currently
available—the National Renewable Energy Laboratory (NREL) Residential Energy Measures
Database (REMDB) and RSMeans by Gordian (Gordian, 2020; NREL REMDB, 2018)—are tied
to cost per unit of upgrade material or building metric, such as dollars per square foot of insulation
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or dollars per kBtu for heat pumps. While these sources have limitations for urban-level analyses
since they pertain to national averages—which we will discuss in detail in Section 4—they set the
industry standard for how input costs are structured for professional building-level construction
cost estimation. Thus, we use this structure to inform the structure of the dynamic cost model
defined below.

For upgrade costs related to total conditioned floor area, such as a lighting upgrade with

cost inputs given in dollars per square foot living area, a floor cost component is included:

Cfloor = Lsfla * Abuilding
Where:
*  Cripor is floor area cost in dollars ($)

e Csf1q cost per unit area of upgrade material ($/m?)

e Apyilaing is total conditioned floor area of the building (m?)

The roof area cost component encompasses upgrades concerning the roof and attic areas,

such as attic insulation and photovoltaic array installation. In the 2.5-D modeling context, this is:

Abuilding

Croof = Gy * F

Where:
e Croof is roof area cost in dollars ($)

« C, is cost per unit area of upgrade material ($/m?)
 Apuitaing 18 total conditioned floor area of the building (m?)
o F is the number of floors
A footprint cost is calculated similarly for building footprint upgrades, such as slab insulation:
Abuilding
Cfootprint = Cf * T

Where:
o Cpoprine 1s footprint area cost in dollars ($)

« Cr is cost per unit area of upgrade material ($/m?)
e Apyilaing is total conditioned floor area of the building (m?)
o F is the number of floors
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For upgrades concerning envelope, such as improvements to wall insulation, an envelope

cost component is determined as follows:

Where:

WWR

Cenvelope =Ce*xP*H=(1 _W

Cenvelopels €nvelope area cost in dollars ($)

C, is cost per unit area of upgrade material ($/m?)
P is perimeter of the building (m)

H i1s height of the building (m)

WWR is window-to-wall ratio (%)

For window upgrades, a window area cost component is calculated as:

Where:

WWR
100

Cwindgow = Cy * (P * H * )

Crindow 18 window area cost in dollars ($)

Cw is cost per unit area of upgrade material ($/m?)
P is perimeter of the building (m)

H is height of the building (m)

WWR is window-to-wall ratio (%)

For upgrades that have a single fixed unit cost per installation, such as the upgrade to an

ENERGY STAR appliance (i.e. one-time purchase of the appliance) or other fixed cost elements

for other upgrade installations, the unit costs are summed for all upgrades applied to the building:

Where:

n
Cunit = z (Cy)
i=1

C, represents the unit cost for an individual upgrade.

n is the total number of upgrades for each building.
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For heat pump installations, additional considerations, such as building age, number of
rooms, and peak heating load may be required for more accurate cost predictions. For the clarity
and cohesiveness of the dynamic model definition here, we discuss in more detail the different
model approaches for cost predictions specifically regarding air source heat pumps in Section 2.2,

and refer to this cost component as Cppq¢ pump here.

For each upgrade, a cost for each of the above components is calculated, with any irrelevant
cost components equal to zero. For example, as in the case of the NREL REMDB heat pump
model, there is a fixed unit cost, a peak heating load cost component, and a number of rooms
component. These would all be calculated using the respective source cost inputs, with all other
cost components being equal to zero. Summing the cost components over all the upgrades, we

achieve a prediction of the total cost of the upgrade package for the given building:

Cfloor + Croof + Cfootprint + Cenvelope + Cwindow + Cunit + C*)

n
Cbuilding =

=1

Where:
o  Cpuitaing represents the total cost for an individual building.
« nis the total number of upgrades for each building.
* Crioorr Croof» Crootprints Cenvelopes Cwindows Cunit are the
respective cost components for each upgrade.
« C, represents the respective cost for complex upgrades, such

as air source heat pumps and photovoltaics.

Summing the individual building costs over all buildings in the city,
k

Total C 0St ity = Z(Cbuilding)
i=1

Where:
o Cpuitaing represents the total cost for each building.

« ks the total number of buildings in the city.
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2.2.Modeling Complex Upgrade Costs: Photovoltaics
The cost of photovoltaics (PV) has extensively been studied by researchers at NREL with a

quarterly benchmark report on cost trends in the solar industry (NREL, 2024). The benchmark
considers both system hardware costs and soft costs, such as labor, permitting, and overhead costs
to determine cost in dollars per watt of residential and commercial PV systems. In the dynamic
cost models, we utilize the 2021 benchmark of $3.03 per watt for residential PV systems. Thus,

the resulting cost component is:
Cpy = Ccapacity * Eloaa
Where:
o Cpy is PV system cost in dollars ($)
o Ccapacity cOSt per unit capacity of the system ($/W)

o Ej 44 1s total electrical load of the building (kWh)

2.3.Modeling Complex Upgrade Costs: Heat Pumps
Electric heat pumps are a hot topic in current efforts toward building decarbonization. The

appeal of energy savings from deep building retrofit fagade upgrades pales in comparison to the
sexy, modern heat pump. It is an easier sell to any homeowner to install a heat pump in a day rather
than face the dreaded disruption and displacement required for the walls of their home to be ripped
open and stuffed with more insulation. Furthermore, the visibility of a mini-split heat pump is a
point of pride to any homeowner, much like photovoltaics. Not only are they easier to install than
upgrading facades, but they are also a high-impact, purchasable item that governments can easily
incentivize. Objectively necessary for the full decarbonization of the heating and cooling loads of
the building sector, the allocation of $169 million by U.S. Department of Energy million to
expedite the manufacturing of electric heat pumps is no surprise (Amarnath, 2023). In the words
of U.S. Secretary of Energy Jennifer Granholm, “Since 2011, DOE’s Better Buildings Initiative
has helped paved the way for cost-effective energy efficiency and decarbonization solutions across
America’s building sector. Our new Commercial Building Heat Pump Accelerator builds on more
than a decade of public-private partnerships to get cutting edge clean technologies from lab to
market, helping to slash harmful carbon emissions throughout our economy” (U.S. Department of

Energy, 2024a). With this attitude by the current federal administration, it is clear heat pumps will
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continue to be key players in urban decarbonization pathways. Energy initiatives across the U.S.
are responding accordingly by rolling out resources to educate homeowners on why a heat pump
is right for them and accompanying incentive and rebate programs (Efficiency Vermont, 2024a;
MassCEC, 2021; MassSave, 2024; Northeastern Energy Partnership, 2023). In the urban building
energy modeling context, a study by Ang et. al. proposing retrofit scenarios in eight-cities across
the globe includes heat pumps in three of eight scenarios (Ang et al., 2023).

However, the cost of heat pumps remains a major barrier to adoption. Despite the multi-
million-dollar initiatives being devoted to improving the “cost-effectiveness” of equipment and
incentivize homeowners to buy heat pumps, it is a significant investment for the majority of
homeowners. Additionally, whether a homeowner qualifies for incentives and rebates is another
significant factor in the willingness of a homeowner to invest in such an expensive upgrade.
According to a survey and analysis by Purdy in 2022, heat pump installations in the U.S. costs
between $3,500 and $20,000, depending on the size of their home, with an average cost of about
$14,000, even after rebates (Purdy, 2022). The average cost of a heat pump in a Massachusetts
single-family home was at the higher end of this spectrum at $18,400, according data collected as
part of the Massachusetts Clean Energy Center’s (MassCEC) Whole-Home Heat Pump (WHHP)
Pilot, which ran from May 2019 through June 2021, (MassCEC, 2021). Based on the study by
Purdy, costs vary greatly depending on location, size of the home, number of zones, age of the
home, prior system, existing ductwork, and if a need for an electrical upgrade. With such a wide
range of costs and so many contributing variables, it is unclear how much capital it would take to
implement the heat pumps alone required for decarbonization pathways.

In the context of the proposed dynamic cost model defined in Section 2.1, a more involved
approach is needed to predict the cost component for the complex upgrade of heat pump
installations. We examine a small set of real project installation cost data for 160 homes in
Massachusetts collected through the Mass Save® whole-home heat pump installation rebate
program and compare the performance of four different models in predicting the installation costs
for heat pumps in Massachusetts. The static heat pump model is simply the average cost for

installations in the state of Massachusetts and is incorporated into the cost model as fixed unit cost.
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The area-based heat pump model utilizes the estimated cost per sq. ft. conditioned floor area,
according to the MassCEC WHHP Pilot (MassCEC, 2021).

The Mass Save® real heat pump project cost data includes basic information about the
home, including age, total conditioned floor area, previous system information, design heating
load, and detailed information on the number and type of units installed. Costs are reported as sub
costs, including system hardware (i.e. material and equipment costs) and soft costs (i.e. labor and
administrative costs). A distribution of total project costs normalized by conditioned floor area and
sorted by total material and equipment costs, with a break down by sub cost, is shown in Figure
2.2. Material and equipment costs per square foot vary significantly from project to project,
ranging from less than 5 dollars per square foot to 20 dollars per square foot of conditioned floor
area. Soft costs, largely labor and removal of the previous system, vary widely project to project.

Heat Pump Installation Real Project Costs
(160 Massachusetts homes)

Cost ($/sq ft)

0 20 40 60 80 100 120 140 160

Project
System Hardware Soft Costs
Materials & Equipment Labor Admin
B Heat Pump Equipment Installation Labor Permitting
B Ductwork B Removal of Previous Heating System Tax
I Other Parts + Equipment I Electrician [ Other

Figure 2.2. Breakdown of real heat pump installation project costs in Massachusetts.
Total cost of installations for 160 homes in Massachusetts are divided into sub costs, categorized as
Materials & Equipment, Labor, and Administrative Costs. Each column corresponds to a single installation
project. Costs are normalized by the total conditioned floor area and then sorted by total equipment costs.
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The variation in this visualization indicates that more is at play in determining project costs
than just square footage, requiring a more detailed dynamic cost model component than a simple
area-based approach. For all features in the dataset, feature importance in determining Total
Installed Project Cost was analyzed using a Gradient Boosted Trees (GBT) approach, as described
by Adler and Painsky (Adler & Painsky, 2021). Results of this analysis are shown in Figure 2.3,
along with a visualization of the impact of key features on cost—total conditioned floor area, peak

load, and year built.

- 30
Total conditioned floor area
Peak Building Heat Load - 25
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Number of Outdoor Units o
Housing Type 15 ¢
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Electrical Upgrade Required
I 1 T 1 1 1 0
0 5 10 15 20 25
Feature Importance Score
Total Project Cost for Heat Pumps by Floor Area, Age, and Peak Heating Load
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Figure 2.3. Factors influencing heat pump installation costs.
Results from a feature importance analysis using the gradient boosted trees (GBT) machine learning method
on a dataset of 160 heat pump installations in Massachusetts. Key features include floor area, year built, and
peak load. Total costs are plotted with these key data features considered.
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With peak building heat load being directly correlated to the climate and all homes being

in the same climate, we perform a simple linear regression to between Total Estimated Project

Cost and two parameters: total conditioned floor area and year built. This serves as the proposed

area-age-based heat pump model, with the resulting cost component being:

Cashp,area—age = 4134.77 + 4631 * Yo40 + 7.73 * Apyitging
Where:

® Cheat pump 18 air source heat pump system cost in dollars (§)

® Y,g4e 1s the age of the building in (years)

* Apyiaing is total conditioned floor area of the building (m?)

For the NREL REMDB model, costs are determined using the NREL REMDB (NREL

REMDB, 2018). Costs in the database are based on previous system, unit type and efficiency

rating, peak heating load, and zones hosting units. The REMDB also includes cost estimates for

removal of systems. Based on the previous system information on type and whether the system

was removed as part of the project, this cost component is also included. The installed system

information available in the dataset allowed for the unit type and the efficiency ratings of seasonal

energy efficiency ratio (SEER) and heating seasonal performance factor (HSPF) to be determined

referencing the Northeast Efficiency Partnership (NEEP) Cold Climate Air Source Heat Pump List

(NEEP, 2023). This can be translated into an equation for the heat pump cost component as:

Cashp,nrel = Cremoval + Czone * U + Cload * Kheating load

Where:

Cheat pump 18 air source heat pump system cost in dollars ($)
Cremovar 18 the fixed unit cost for removal of previous system ($)
C,one 18 the cost per unit needed for each zone ($/zone unit)

U is the number of zones

Cioaq 18 the cost per unit heating design capacity ($/kBtu)

Kheating 10aa 18 the heating design capacity for the building (kBtu)
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Table 1. Summary of Heat Pump Cost Models

Heat Pump Cost Component Equation Data
Model Cheat pump Source
. MassCEC
Static $18,400 WHHP Pilot
MassCEC
Area-based 120 = Abuilding WHHP Pilot
M
Area-Age based 4134.77 + 46.31 * Yage + 7.73 % Abuilding ass
Save®
NREL REMDB Cremoval + Czone * U + Cload * Kheating load RNE};/ng

Each of these three heat pump models, summarized in Table 1, are then applied to the
sample of projects to assess performance in cost prediction. The mean absolute percentage error

between predicted costs and real costs is calculated as a metric of performance. Each of these
models is then used to inform the Cjpq¢ pump C0st component in the dynamic building upgrade

cost model outlined in Section 2.1, resulting in three dynamic cost models and applied to an

existing UBEM, as described in the next section.
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2.4.Upgrade Cost Model Comparisons for Building Upgrades in Oshkosh, W1

To compare the predictions of the cost model approaches defined above, we consider an existing
UBEM of 12,300 residential homes in Oshkosh, WI developed in previous work by Berzolla (Z.
M. Berzolla, 2021). Berzolla defines three packages of building upgrades for this urban scale
analysis: Energy Efficiency; Energy Efficiency and Heat Pump Installation, and Energy Efficiency,
Heat Pump Installation, and Photovoltaics. We apply the four defined cost models —static, NREL
REMDB area-based, area-age based —to each of these package as outlined below.

The existing static cost model deployed by Berzolla defines upgrades for a typical 220 m?
home in Oshkosh, WI, considering different insulation approaches for pre- and post-1980
constructions (Z. Berzolla, Meng, et al., 2023). Costs are applied to all pre- and post-1980
buildings, respectively, agnostic to building size or dimensions. The Energy Efficiency package
includes air sealing, LED lighting, Energy Star appliances, and insulation separately defined
insulation upgrades for pre- and post-1980 constructions. The typical pre-1980 construction in
Oshkosh is assumed to have empty wall cavities; thus, the insulation upgrade definition includes
blown-in cellulose as well as a 2inch (5cm) layer of polystyrene foam board (XPS). For the typical
post-1980 construction, a simple addition of a continuous XPS insulation layer is proposed. The
cost for each upgrade package is calculated using RSMeans 2020 data and the NREL REMDB,
described in Table 2 (Gordian, 2020; NREL REMDB, 2018). For the heat pump costs in the Energy
Efficiency and Heat Pump Installation package, we use the static heat pump model to for a more
accurate comparison with heat pump cost components of other models are Massachusetts-based.

Table 2. Summary of static model cost inputs for Oshkosh, WI.

Pre-1980 Post-1980

Package Upgrades (USD) (USD) Source
Air Sealing $925 $925 RSMeans 2020
Insulation $13,897 $12,334 RSMeans 2020
Energy C g
Efficiency LED Lighting $200 $200 NREL REMDB
ENERGY STAR Appliances
(Includes refrigerator, dishwasher, $1,650 $1,650 NREL REMDB
and washing machine)
. MassCEC
Heat Pump | Air Source Heat Pump $18,400 $18,400 WEHEP
NREL Solar
Photovoltaics | Photovoltaics $17,137 $17,137 Market Analysis
2021
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For the dynamic models, we apply the proposed dynamic model framework with the same
cost inputs as the static model translated into dynamic components for consistency in this initial
test. Insulation and air-sealing costs per unit area of material are outlined in Table 3. Equipment
and lighting cost inputs are included in Table 4. For equipment, we apply the same inputs used by
Berzolla in the static model as unit costs for ENERGY STAR appliances based on the NREL
Residential Energy Measures Database (REMDB) (NREL REMDB, 2018). For lighting, a floor
area cost component is assigned based on the NREL REMDB upgrade to LED lighting with a 1.5
LPD.

Table 3. Dynamic Model Cost Inputs for Weatherization (Insulation and Air-Sealing)

Upgrade Envelope Cost Roof Cost Footprint Cost
($/m?) ($/m?) ($/m?)
Cellulose-Wall $90.00 0 0
XPS-Wall $71.12 0 0
Cellulose-Attic 0 $16.24 0
XPS-Floor 0 0 $17.12
Air Sealing $4.20 0 0
Source RSMeans 2020 RSMeans 2020 RSMeans 2020

Table 4. Dynamic Model Inputs for Lighting/Equipment

Upgrade Unit Cost Floor Area Cost

(8USD) ($/m?)
Lighting Replacement with 100% LED 0 $0.90
ENERGY STAR Refrigerator $510 0
ENERGY STAR Dishwasher $405 0
ENERGY STAR Washing Machine $735 0
ENERGY STAR Dryer $760 0

Source NREL REMDB NREL REMDB

The heat pump cost components for each of the dynamic models utilize those with
corresponding names defined in Section 2.3— static, NREL REMDB area-based, area-age based.
Photovoltaic upgrades included in the FEnergy Efficiency, Heat Pump Installation, and
Photovoltaics package utilize the NREL solar market benchmark for 2021, as described in Section

2.2 (NREL, 2024). A summary of the four cost models is included in Table 5.
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Table 5. Summary of Building Upgrade Cost Models for Oshkosh, W1

Cost Predictions

Model (by upgrade type) Input Data Source
Energy Efficiency Heat Pump Photovoltaics
(EE) (HP) (PV)
Type pre-1980 post-1980
US-national costs:
Static 316,672 315,109 318400 $17.137 NREL REMDB
unit unit uni uni RSMeans (2020)
Dynamic
$2,410 $2,410
unit cost unit cost
2 2 $630
$90.42/m $33.37/m unit
envelope area  envelope area NREL Us ;
-national costs:
NREL 2 2 $85/kBtuh Solar na
REMDB $6.89/m $6.89/m load Market NREL REMDB
based roof area roof area Analysis
$13.64/m> $13.64/m> $1800 2021
floor area floor area per zone
$16.14/m? $16.14/m>
footprint area  footprint area
$2,410 $2,410
unit cost unit cost
$90/m> $71/m> US-national costs:
envelope area  envelope area NREL NREL REMDB
5 5 $120/ 2 Solar RSMeans (2020)
Area $16.24/m $16.24/m m il
based roof area roof area floor area AnZ}; seis MA regional costs:
5 5 Y MassCEC ASHP
$5.10/m $5.10/m Pilot
floor area floor area
$17.12/m*  $17.12/m?
footprint area  footprint area
US- national costs:
Linear regression NREL NREL REMDB
Area- with two Solar RSMeans (2020)
Age (Same inputs as area-based) parameters. Market
based age and area Analysis ~ MA regional costs:
2021 Mass Save®
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We then conduct a willingness to pay analysis based on the model developed by Berzolla
and De Simone et. al. to explore the impact various cost prediction approaches may have on the
economic feasibility of different upgrade packages (Z. Berzolla et al., 2024). This methodology
was based on a survey conducted by Berzolla et. al. on 1,000 homeowners in the Northeastern U.S
identifying key factors influencing a homeowner’s decision to upgrade (Z. Berzolla, Meng, et al.,
2023). Key factors found in this survey include the upfront cost, income, and concern about
emissions from their home. The willingness to pay model developed by Berzolla and De Simone
stochastically determines if the homeowner for a given home in the Oshkosh UBEM will
“upgrade” or “not upgrade”, based on the upfront cost of the upgrade package, their income
determined by census block, and a stochastically assigned concern factor (Z. Berzolla et al., 2024).
The resulting carbon emissions reduction potential of each upgrade package is also determined,
based on the homes that “upgrade”. With upfront costs being a key factor, we compare the
willingness to pay predictions corresponding with the upfront costs predicted for each of the three

upgrade packages by the four cost models.
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3. Results

3.1. Evaluating Heat Pump Cost Models for Realistic Cost Prediction

Costs predicted by each model are plotted against real project costs for the Mass Save®

program dataset, with ideal case indicated as the identity line in Figure 3.1. Mean absolute

percentage error (MAPE) is used as an indicator of performance, with a higher percentage

indicating higher accuracy. The sum of predicted costs sample-wide from each model are

displayed in Figure 3.2, we see that the area-age based model has the highest accuracy of the

models tested.
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Figure 3.1. Comparison of different heat pump cost models in predicting realistic costs.
Predicted and real costs are compared, with the red line indicating an ideal agreement. The mean
absolute percentage error (MAPE) is shown as a metric of model performance. NREL REMDB
predictions are adjusted with an inflation factor of 1.3.



Sample-Wide Totals of Heat Pump Cost Model Predictions

Real

Total Cost ($ Millions)
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Costs

I Area-based NREL (w/inflation)

Figure 3.2 Sample-wide totals for heat pump cost model predictions.
The sum of predictions across the sample of 160 homes is shown for each of the four
heat pump cost models. The real costs are included as a red dashed line for reference.
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Figure 3.3. Model predictions for heat pump project costs for residences in Massachusetts.
Each model is used to predict the total installed cost of heat pump for each residence in the Mass
Save® dataset. The costs are plotted by total conditioned floor area to show that how the model
predictions do not fully capture the real distribution of costs included for reference.
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In Figure 3.3, the predictions for each project are plotted by total conditioned floor area of the
home. Real costs are included as a reference to ground truth. The area-based model, linear by
square foot, does not reflect the variation observed in the real project costs. Predictions with the
NREL REMDB model host a more realistic variation in costs, though the vertical spread of the
distribution does not match that of real project costs. As expected, the scatter of area-age based

model cost predictions aligns most closely with that of real project costs.

3.2. Enhancing Willingness-to-Pay Predictions with Cost Models in Oshkosh, WI
City-wide total costs predicted in Oshkosh for the three upgrade packages defined in Section

2.3 are shown in Figure 3.4. For the Energy Efficiency Package, the static model shows the highest
cost prediction for the city and the NREL REMDB model shows the lowest. The area-based and
area-age based models share the same approach for energy efficiency measures, and therefore
show no variation. When we look at packages with heat pump upgrade, we see that the dynamic
models surpass the static model city-wide predictions, with area-based model predictions yielding
the highest cost predictions. Photovoltaics show similar differences in the dynamic models because

the same cost model for photovoltaics is used across all dynamic models.
City-Wide Totals of Heat Pump Cost Model Predictions

800 ~
700 -
600 A

500 1 BN Static

NREL
I Area-age based
B Area-based

400 A

300 A

Total Cost ($ Millions)

200 ~

100 ~

0 .
Energy Efficiency EE + Heat Pump EE + HP +
(EE) (EE+HP) Photovoltaics
(EE+HP+PV)
Figure 3.4. A comparison of city-wide total cost predictions for three upgrade packages.
Packages include Energy Efficiency,; Energy Efficiency and Heat Pump Installation; and Energy Efficiency

and Heat Pump Installation. The area-based and area-age based models use the same approach for the
energy efficiency predictions, and all dynamic models use the same cost predictions for photovoltaics.
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Distributions of Predicted Package Costs in Oshkosh
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Figure 3.5. Distribution of upgrade package cost predictions across Oshkosh.
For energy efficiency, the area-based and area-age based models use identical approaches. The mean
averages of predicted costs are shown as vertical dashed bars. The static model prediction is included as
a reference to show the relative distributions of all models.
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Proportion of Homeowners Willing to Upgrade with Different Upfront Cost Prediction Models

Static 256% |} 22.1%

NREL REMDB 25.6% ] 17.2%
Area-age based 25.6% I 20.7%
Area-based 25.6% . 11.2%  22.1%

Rent Willing to upgrade to Energy Efficiency Only
enter
Willing to upgrade to Efficiency and Heat Pump

m Not willing to upgrade

m  Willing to upgrade to Efficiency, Heat Pump, and Photovoltaics
Figure 3.6. Impact of upfront cost model predictions on willingness to pay in Oshkosh.

The proportions of homeowners in Oshkosh willing to pay for upgrades are shown. The percentage of

renters, who can take no action and are excluded from these predictions, are shown in gray. The red shows

the percentage of homeowners not willing to upgrade at all. The percentage of homeowners willing to

upgrade their home with a given package are shown.

Table 5. Predicted Emissions Reductions Resulting from Different Cost Model Predictions

Cost Model Emissions Reductions Observed Post-Upgrade
(% of Baseline)

Static 61.3%

NREL REMDB 60.2%

Area-based model 60.0%

Area-age model 57.9%

For upgrade-level predictions, distributions of predicted costs per home vary among the
different dynamic models as expected. For the Energy Efficiency upgrade package, both area-
based and NREL REMDB models exhibit a higher mean predicted cost than the static model. For
Energy Efficiency and Heat Pump Installation package cost predictions, the area-based model
predictions hosts the highest mean cost and the NREL REMDB model hosts the lowest of the
dynamic models predictions. This is expected from the heat pump model results in Section 3.1.

When comparing willingness to pay predictions, a 10% decrease is observed between upfront
costs the static and area-based cost models in the proportion of homeowners willing to pay for of
the highest tier upgrade package, Energy Efficiency and Heat Pump Installation, and
Photovoltaics. The resulting impact on emissions of the city post upgrade adoption is
approximately 4% less emission reductions than anticipated with the static cost model predictions.
Further commentary on these results along with accompanying thoughts from the author are

included in detail in the next section.
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4. Discussion

As the results for the Oshkosh UBEM application in Section 2.3 suggest, the proposed
dynamic upgrade cost model has a clear impact on cost predictions for city-wide building upgrade
initiatives. Even in a town like Oshkosh, which embodies the essence of middle America with its
typical residential buildings, accounting for specific building characteristics in cost projections can
significantly influence the economic viability of proposed upgrade strategies. Through inaccurate
building upgrade cost predictions, the city runs the risk of greatly over- or under-estimating the
cost for given decarbonization pathways. For example, in the case of the Energy Efficiency
package, the difference between the static and the area-based cost model predictions is upwards
of $30 million of over-estimated costs. Money allocated for incentives towards these upgrades
could be better allocated through improved predictions. On the other end, using the static heat
pump model also has the potential to greatly underestimate cost. In the case of the Energy
Efficiency and Heat Pump package, a difference of almost $200 million is observed between static
and the more realistic area-age based model cost predications for city-wide upgrades. To put this
in perspective, the capital investment for a heat pump upgrade across all homes in a city could
exceed the $169 million heat pump technology initiative from the U.S. Department of Energy
(Amarnath, 2023). For a city that has limited resources to support these pathways, the difference
of a hundred million dollars of capital required to upgrade their residential building stock is
significant. This is also just one city with only 13,000 American residences. When this discrepancy
in cost predictions is scaled to the whole residential building stock of 144 million housing units,
the difference in predictions from different cost models becomes astronomical, at almost $2.2
trillion dollars of potential under-estimated costs (U.S. Census Bureau, 2024). While no claims
can be made on which cost may be more accurate due to the lack of real project data at the local
level, the magnitude of this difference further drives the issue that improved cost inputs at the
regional and local scale are vital to providing more realistic upfront cost predictions.

This especially becomes important when we keep in mind who will be paying for these
upgrades: the homeowner. Our analysis using the Berzolla De Simone willingness to pay model in
Section 3.2 reveals a notable discrepancy in predictions of homeowners willing to invest in

upgrade packages featuring heat pumps. Employing the improved area-age based cost model, a
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10% decrease in the number of homeowners willing to invest in the Energy Efficiency, Heat Pump,
and Photovoltaics package is observed, as compared to predictions using from the static cost
model. Seemingly modest, this translates to approximately 1,000 households opting for the
medium tier Energy Efficiency and Heat Pump Installation upgrade package with a more accurate
upfront cost assessment. In the context of the city, the resulting impact is a 4% shortfall in projected
emissions reductions. These predictions assume all homeowners willing to pay follow through and
upgrade their homes. Keeping in mind the unpredictability in human nature, this may be an even
grosser underestimation, with even fewer homeowners following through with heat pump
installation projects. This means that, with more realistic cost predictions, an identified
technological pathway could yield potentially even less of an impact on the emissions reductions
expected. Further driving the issue that technological pathways are not sufficient on their own;
economic feasibility of upfront costs must also be considered in the development of
decarbonization pathways.

In a 2021 study by Less et. al. at the Lawrence Berkeley National Laboratory (LBNL)
Building Technologies Division, the costs of decarbonization measures were investigated for cost
drivers, energy savings potential, and potential for impact in the building decarbonization strategy
(Less et al., 2021). However, for a national study, the only data able to be acquired was a small
data set of real project data for 1,739 projects, from 15 states and 12 energy programs for a total
of 10,512 individual measures. Almost all project cost data acquired for the study fell under the
total cost category, with effectively no detail on labor and material breakdowns. The inaccessibility
of real project costs with detailed recording of sub costs and building-level characteristics poses a
significant challenge in weighing cost factors in the development of an improved cost model
approach for these upgrades. As we see in the breakdown of total project costs for the Mass Save
whole-home air source heat pump program data (Figure 2.2), both system hardware costs and soft
costs (i.e. labor and administration) vary significantly across projects, with no clear tie to any two
or three building metrics. While the LBNL study and this work start to unpack the complexity and
underlying factors that influence installation costs, data availability continues to be a challenge for
analysis in the area. Data collections must be ramped up significantly to provide the best-informed
guidance for deployment efforts, including strategic planning, policy development, and efficiency
program fund allocation.
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While efficiency programs may have a clear schedule of rebates they are willing to award
for given home renovations, the correlation between these costs and the actual costs needed to
incentivize homeowners to pursue home renovation projects is not always clear. Millions of dollars
are being devoted to rebate and incentive programs to encourage increased adoption of building
retrofits by homeowners. Current efficiency programs implement either a static cost approach or
simple dynamic approaches to quickly assign rebates and incentives for specific building retrofit
measures. For example, Efficiency Vermont offers up to 75% coverage of weatherization projects
completed by certified contractors for Vermont residents who qualify (Efficiency Vermont, 2024).
However, if a homeowner decides to complete do-it-yourself (DIY) weatherization measures, only
a static rebate of $100 is awarded (Efficiency Vermont, 2024). In comparison to costs estimated
by the area-based model, mean upfront costs of weatherization upgrades are in the range of $7000.
This is a significant investment for homeowners falling in low- and medium-income groups, even
with a discount of $100. While low-income groups may be eligible for further assistance by state
and federal level programs, many homeowners falling just above the threshold still face significant
upfront costs for these “low-cost” upgrades. When we consider higher cost upgrades, such as heat
pumps, this becomes even more of an issue, as we saw in the willingness to pay analysis for
Oshkosh in Section 3.2. When we consider incentives in Massachusetts for homeowners installing
air source heat pumps, Mass Save® provides a rebate of up $10,000 per home (MassSave, 2024).
This is either a static, fixed rebate of $10,000 when the heat pump is the sole source of heating and
cooling, or as a load-based cost of $1250 per ton of capacity (up to $10,000), for homeowners who
decide to simply supplement their existing system with a ASHP (MassSave, 2024). When
comparing this to real project installation costs from MassSave, costs can range up to $55,000 for
a single project. While the homeowner was willing to pay in the case of this real project, lower
income customers may not be willing to pay, even with the available incentives. By improving
upgrade cost predictions through dynamic models, such as the one proposed in this work, we
enable a more realistic understanding of the upfront costs homeowners are facing. This in turn
allows for better allocation of limited funds and the development of frameworks for equitable
incentive allocation, as discussed in work by De Simone (De Simone, 2024), and potential
financing strategies for low-income homeowners who face significant energy burden, as discussed
by Moore (Moore, 2024).
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While upfront cost are a significant barrier to adoption for many homeowners, it is only
one factor of many influencing a homeowner’s decision to act. In discussions with efficiency
programs, there is still a struggle in influencing homeowners to retrofit their homes, despite some
of them being free or minimal cost to qualifying residents. For example, the Vermont
Weatherization Assistance Program provides free weatherization services to residents who qualify
based on income threshold requirements. However, a small percentage of homeowners who
qualify are pursuing these free services. As found by Berzolla in the development of the willingness
to pay model, many other factors contribute, including concern for the environment, education,
energy burden, whether their neighbor has upgraded (Z. Berzolla, Meng, et al., 2023). The
confusion around the countless programs for rebates and incentives available and uncertainty
around which package of upgrades may be right for them also greatly influence a homeowner.
However, the field has struggled to provide a better answer than “it depends” when it comes to
answer the questions homeowners have around how much a given upgrade package may cost and
how long until energy savings from a given upgrade recoup the initial investment. A recent Green
Upgrade Calculator developed by the Rocky Mountain Institute (RMI) gets a step closer to helping
answer this question (Rocky Mountain Institute, 2024). The tool leverages the NREL REMDB and
RS Means input costs. With the availability of more robust models that capture the nuances of
building upgrade costs at the local and regional level, tools such as this one hosts the potential for
significant impact on improving retrofit adoption through improved homeowner education around
cost- and non-cost benefits of building upgrades.

An additional factor contributing to the lack of adoption rates is the availability of qualified
contractors to complete the work required for specific upgrade measures, especially in rural
regions. In a study by the National Renewable Energy Laboratory (NREL), the building industry
workforce faces challenges that extend beyond just gaps in technical skills; social and
environmental challenges are also at play (Truitt et al., 2022). In response to this issue, leading
efficiency programs are developing contractor networks with supporting training opportunities.
Notable examples include the Efficiency Vermont’s Energy Action Network (EAN) and the
Southern California Regional Energy Network (SoCalREN) (Efficiency Vermont, 2024b;
SoCalREN, 2024). In the case of SoCalREN, local programs in rural and hard to reach regions,
such as the High Sierra Energy Foundation (HSEF), have initiated a partnership that hosts local
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workforce development programs (High Sierra Energy Foundation, 2023). While these local and
regional initiatives are a great start, they are few and far between. Increased efforts are required
for the development of an effective workforce needed to complete the work necessary for
decarbonizing the building sector.

In the case of heat pumps, contractor behavior could be a driving factor in why homes with
similar characteristics in the same region still host vastly different installation costs, as shown in
Table 6. These factors could include learning curves of heat pump installers, influences rebate
programs have on contractors in sizing the heat pumps, as explored by Ontiveros (Ontiveros,
2024). In a study of heat pump sizing for project installations for MassCEC and Mass Save rebate
program customers, Ontiveros found that installers for Mass Save rebate customers generally
“over-size” heat pumps, whereas MassCEC installers generally “under-size” heat pumps. This
corresponds with the structure of each program, where Mass Save incentivizes full heating system
replacement and MassCEC allows homes to keep their backup heat (Ontiveros, 2024). While
oversizing could have its benefits for central ducted variable capacity (VC) systems by increasing
the efficiency of the system by as much as 43%, as explored by Cummings et. al., the system size
is a significant driver in the upfront cost (Cummings & Withers, 2014). Additional factors
influencing cost variations between similar projects could also include technical skill gaps, such
as whether the electrical upgrade needed in some projects needs to be outsourced due to lack of
electrical training, which increases costs. The income status of the customer, value of the home,
the distance from the installer’s office or main roads, or the need for other special equipment to
address a more complex home geometry, may also have influences on costs.

While the area-age based model offers a significant improvement over simple dollars per
square foot estimations, it still greatly underestimates the real cost of some installations, as in the
case of Building A (Table 6). This underestimation could potentially extend to other complex
upgrades as well. As in the case of this study, the lack of available of real project cost data limited
facade upgrade cost estimations to an area-based in this dynamic cost model. However, as we saw
with heat pump installations, the development of a more robust cost models could be possible with
access to more real project data. Thus, more-detailed real project cost data and potentially
additional residential data (e.g. additional GIS data or real estate databases) that can be integrated
into the UBEM framework is required to further improve upgrade cost model predictions.
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Table 6. Comparison of real project costs between similar residences in Massachusetts.

Building Characteristics Building A Building B
Total conditioned floor area 146 m’ 180 m’
Estimated year of construction Before 1900 1910-1919
Housing Type Attached;illllﬁie—family Attached;illllﬁie—family
Cost Model Predictions
Static $18,400 $18,400
NREL REMDB $7,080 $8,880
Area-based $17,520 $21,600
Area-age based $32,206 $25,927
Real Cost $48,000 $18,200

This analysis only scratches the surface of providing more realistic predictions for building
upgrade costs at the urban level. While a dynamic approach such as the one proposed in this paper
has the potential to provide more realistic cost predictions than static models, the accuracy of these
predictions to real costs is only as good as the input costs. Ultimately, we live in an economics
driven world; costs of material, labor, and equipment are constantly changing with the ebb and
flow of their relative economic markets. Renewable energy generation, including wind, solar,
geothermal, and hydropower and battery storage technology costs are addressed at commercial
and residential scales through the NREL Annual Technology Baseline (ATB) (NREL ATB, 2021).
The residential PV market is even more thoroughly studied by ongoing research efforts by the
Solar Market Research & Analysis group at NREL, providing quarterly market reports of the solar
industry (NREL, 2024). This type of ongoing market analysis efforts should be extended to other
technologies that are key in the building decarbonization efforts like heat pumps. Only with these
market-informed input costs and a deeper understanding of the behavioral economic drivers behind
building renovation projects do such cost model predictions become meaningful. Only then can
the dynamic upgrade cost model approach infuse the well-established methods of physics-based
urban building energy modeling with economics-based costs, thus empowering cities with techno-

economically feasible building decarbonization pathways.
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5. Conclusion

While urban building energy modeling research efforts have developed robust, physics-based
simulation frameworks to define city-scale technology pathways toward climate goals, a crucial
question in making these pathways actionable has been largely neglected: how much does it really
cost? The scarcity of contemporary source data available and currently available methods for cost
estimation at the urban scale makes this question difficult; further questions around equitable
incentive programs are nearly impossible to answer.

In this study, several approaches to integrating upfront costs into the urban building energy
modeling (UBEM) framework are compared. The dynamic upgrade cost model proposed provides
the mechanism for more realistic predictions of upgrade costs, which directly impacts predictions
on homeowner adoption of different building upgrade packages. These improved cost predictions
around building upgrade strategies for decarbonization efforts have the potential to inform
effective fund allocation for more equitable incentive programs and financing strategies for low-
income homeowners, such as methods developed by De Simone and Moore (De Simone, 2024;
Moore, 2024). Furthermore, by integrating this dynamic upgrade cost model with accelerated
energy simulation techniques for urban scale UBEM analyses, such as methods developed by Le
Hong and Wolk, upgrade pathways to decarbonization can be optimized for both technical and
economic feasibility (Le Hong & Wolk, 2024). In this way, the dynamic approach to cost modeling
for building upgrades is a key component in supporting municipalities to develop equitable,
economically feasible strategies for decarbonizing their building stock.

However, a key point this work illustrates is the real project cost data and further work
needed to provide localized, market-informed input costs that make such cost model predictions
meaningful. Only then can the dynamic upgrade cost model approach infuse the well-established
methods of physics-based urban building energy modeling with economics-based cost predictions,
thus empowering cities to achieve their climate goals with techno-economically feasible building

decarbonization pathways.
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