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Figure 1: An urban building energy model showing the energy use intensity of the
building stock. This model is the baseline results from a case study of Oshkosh,
Wisconsin.
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Abstract

Communities around the world are striving to meet aggressive emissions reduction
targets in a short time frame. This paper lays out a six-step process using urban build-
ing energy modeling to identify a combination of building energy efficiency upgrades
and renewable energy deployment strategies that meet emissions goals. The process
involves key decision makers in each municipality working with an energy modeling
consultant to build up a model of their building stock and simulate various scenarios
to meet the desired emissions reduction goals. Through a case study of Oshkosh,
Wisconsin, the six-step process is tested, and a concrete action plan to meet their
80% emissions reduction goals by 2050 is presented. The final recommended solu-
tion involves upgrading all residences in Oshkosh to ENERGY STAR certified home
standards, installing cold climate heat pumps to displace fossil-fuel based heating,
and deploying photovoltaics over an area equivalent to 50% of all rooftops. To aid
in the final step of the process, implementation, the city-wide strategies were broken
down into actions individual homeowners could take and what the cost and payback
periods for these actions would be. In order to meet global emissions reduction goals,
the six-step process presented in this paper will need to be carried out in communi-
ties around the world. The approach has been shown to be flexible and applicable
to anywhere with emissions goals and access to building footprint and characteristic
data.
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Chapter 1

Introduction

According to the Intergovernmental Panel on Climate Change (IPCC), global

temperature rise must be kept under 1.5°C to limit the most catastrophic impacts

of climate change [2]. To meet this challenge, the nations of the world will need to

reach net zero emissions by 2050 and can only release 500 Gt of carbon dioxide from

now until then [3]. Cities around the world have set aggressive emissions reduction

targets aligning with the IPCC’s findings, but few have crafted implementation plans

to meet these targets [4]. With buildings accounting for approximately 40% of global

greenhouse gas emissions, cutting emissions from the building stock is critical to

meeting these emissions reduction goals [5]. Consequently, all new buildings from

2030 onward will need to be built to be very energy efficient and use renewables to

offset any remaining emissions [6]. Yet focusing only on new buildings alone will not

be enough. Most of today’s buildings will still be in use in 2050, necessitating the

retrofit of much of the existing building stock [7]. Current retrofitting rates hover at

around one percent a year but will need to reach five percent a year by 2030 to put all

existing buildings on a path to net zero by 2050 [8]. The central question is thus how

to spur an increase in retrofits around the world to meet emissions reduction goals.

Building-level energy simulations were designed to study the energy savings from

energy efficiency upgrades on homes and are well-suited for the kinds of analyses

needed to bring buildings toward net zero [9]. However, creating energy models

building-by-building is too time and labor-intensive to drive retrofit adoption to the
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requisite five percent level. To drive widespread adoption, these retrofits will need

to be designed and modeled en-masse. Urban Building Energy Models (UBEMs) are

designed for exactly this purpose.

UBEMs are a bottom-up, physics-based tool developed to simulate the energy

use of buildings at the city scale. UBEMs can be used in multiple scenarios such as

designing new neighborhoods, developing building-grid integration plans, providing

building-level energy upgrade recommendations, and identifying carbon reduction

plans at the building-stock level [10]. The lattermost use case is most relevant to

municipalities. Policymakers can collaborate with an energy modeling consultant to

create an UBEM and study the effects of implementing different energy efficiency

measures across a city [8]. By predicting the resulting emissions reductions from the

different measures, the team can find pathways to get from their baseline to their

targeted emissions levels.

Building efficiency alone is not enough to reach the emissions reductions called

for by many governments. Replacing heating systems with fossil fuel-free alterna-

tives such as heat pumps and providing carbon-free electricity will also be required.

Through an UBEM, policymakers can identify the most cost-effective combination

of building energy efficiency upgrades, heating systems, and renewable energy de-

ployment [11]. They can then leverage this knowledge to craft implementation plans

and policies to support the necessary strategies. UBEMs have already been success-

fully developed to carry out these kinds of studies for cities in different countries and

climate zones around the world [12].

Creating UBEMs to identify and test building upgrade strategies has traditionally

been reserved for large cities. These cities have the resources to gather, clean, and

streamline the input data and to hire experts to tailor the UBEM to their city. For

widespread adoption, every town needs to be able to create an UBEM and use it to

convince homeowners to conduct certain retrofits. Recent advances in big data and

computational tools such as UBEM.io are now making this possible [13]. UBEM.io

is a web app that streamlines the integration of widely available shapefiles with a

building template library to create an UBEM. It enables any municipality to quickly
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and cheaply assemble an uncalibrated UBEM to guide their development of emissions

reduction strategies [13]. This makes data-driven decision making for urban energy

use issues much more accessible.

This paper lays out an innovative framework for communities around the world

to use uncalibrated UBEMs to develop retrofitting programs to set and meet their

emissions reduction goals. Furthermore, the author identifies ways to communicate

the scenarios to government stakeholders and the retrofit requirements to individual

homeowners to create the buy-in needed to increase retrofit adoption rates. Through

a case study of Oshkosh, Wisconsin, a small American city with 13,100 buildings and

66,000 residents, the author shows how this approach is scalable and accessible to

any community with building geometry and tax assessor data. In the U.S. alone, the

approach used for Oshkosh opens the door to addressing emissions reductions in the

179 million housing units outside of major cities [14].

The paper is organized as follows: Chapter 2 presents the framework for commu-

nities to use an UBEM for emissions reduction planning; Chapter 3 discusses how this

framework was applied to Oshkosh; Chapter 4 focuses on the takeaways for future

studies in other communities, and Chapter 5 covers how these efforts can inform a

community’s policies to meet their emissions goals.
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Chapter 2

Methods

The emissions reduction goals, local climate, building construction, and require-

ments of communities around the world vary widely. Yet despite their differences,

every community, from a small farming town to a big metropolis, can follow the six

step framework outlined in Figure 2.1. This framework lays out the necessary steps

for communities to meet their greenhouse gas emissions reduction goals and help

mitigate global climate change.

2.1 Step 1: Data Availability

The first step for any community looking to meet their emissions reduction goals

is understanding the data they already have. Key data includes information on the

building stock (e.g. tax assessor data, Geographic Information System (GIS) build-

ing footprints, energy use data, and emissions data), the current baseline emissions,

and emissions reduction goals. To start off a municipality should conduct a carbon

accounting to quantify current building-related carbon dioxide emissions. This is

normally calculated using city-wide energy utility bills (e.g. gas and electricity) and

carbon factors for these sources. The former can be provided by the local utility

without infringing on individual’s data privacy.
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Figure 2.1: Six steps to meeting a community’s emissions reduction goals.

2.2 Step 2: Scoping Consultation

The scoping consultation with the stakeholders and an energy modeling consul-

tant is where the team formulates a series of questions they want to explore. These

questions will vary but will generally fall into two categories: how to set emissions re-

duction goals or how to reach previously-determined emissions reduction goals. Many

cities around the world have already set ambitious emissions reduction goals to align

with Paris Agreement emissions reduction targets [4]. For communities that have

yet to set emissions reduction goals, they can use an UBEM to identify technically

feasible targets that are informed by global emissions reduction goals. In either sce-

nario, once the key building-retrofit related questions have been identified, the local

government stakeholders can work with consultants to transform these questions into

strategies that can be studied with an UBEM. A case study of this framework ap-

plied to Oshkosh, Wisconsin, USA is provided in Chapter 3. At this stage, the team

is ready to define the scope of the study - e.g. what building types to include - as well

establish the boundary conditions - e.g. how the carbon emissions of the local power

grid are going to evolve over the coming decades.

2.3 Step 3: Baseline Model

To create the baseline model, the consultant will draw on the input data identified

in Section 2.1. GIS data such as shapefiles, geoJSONs, or CityGML is widely available
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and captures the geometry of the world’s buildings in two or three-dimensional form

[15]. These datasets are often maintained by city or state agencies but can also

be retrieved from crowd-sourced collections such as OpenStreetMap [16]. If none of

these data sources are available, it is infeasible to build an UBEM. To build the two-

and-a-half-dimension block models used for energy simulations in UBEMs, additional

non-geometric data is often required. At a minimum the building height or number

of stories, the window to wall ratio, building use type, and construction properties

must be specified or inferred [17]. Much of this information is found in tax assessor

databases.

The non-geometric data, especially construction properties and usage schedules,

has typically been the chokepoint in creating UBEMs [18]. Leveraging this data

can require hundreds of hours of data pre-processing [18]. The use of standard-

ized archetypes describing representative building construction and use properties

has helped streamline this process [19]. Archetypes are created by segmenting the

existing building stock based on climate zone, heating systems, construction year,

and/or use type [20]. Creating archetypes used to require expert knowledge of the

local building stock and a substantial amount of time, limiting the ability for small

towns to afford UBEMs. The author used archetypal, a Python based conversion

script developed by Letellier-Duchesne and Leroy that converts EnergyPlus models

into an archetype library, a step that dramatically reduces the time required for creat-

ing an archetype [21]. Using this software, the author leveraged Department of Energy

(DOE) EnergyPlus prototype building models to create a library of archetypes for

different building ages, use types, and U.S. climate zones. [22][1]. The same approach

can be used to create archetype libraries outside of the U.S. as well. For example,

archetyping projects such as the TABULA initiative, which covers the building stock

of 21 countries in Europe, are well suited for creating UBEM archetypes [23]. Cru-

cially, these archetypes only need to be created once for each region and then they can

be accessed and used by all communities. If standardized upgrades are co-developed,

such as in the TABULA initiative, the process for studying upgrades becomes even

easier.
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Alternatively, many governments and NGOs such as the U.S. DOE, the Passivhaus

Institut, and the International Living Future Institute offer prescriptive programs that

detail required energy efficiency upgrades to meet certification standards [24][25][26].

These standards can be used to create a suite of upgraded building archetypes ap-

plicable across many different areas. Using these standards, the consultant can sim-

ulate retrofits in an UBEM without requiring the time or effort of developing one-off

strategies. This greatly reduces study costs and opens UBEMs to every community.

Uncalibrated UBEMs have been shown to yield close results (less than 20% error in

energy use intensity) compared to actual energy use at the building stock level [27].

Thus, the predicted emissions from an uncalibrated UBEM should align with the

emissions inventory data collected in Section 2.1. If the UBEM results are more than

20% off from the baseline inventory, then the emissions factor assumptions, building

footprints, and templates need to be revisited.

2.4 Step 4: Scenario Development

Scenario development is where the energy modeling consultant carries out the

urban-scale energy analysis. There are myriad tools to run an urban building energy

model. For stock-level analysis, physics-based models that use a building energy

modeling software such as EnergyPlus are most common and are more accurate than

other model types such as regression-based statistical or reduced order models [28].

Through simulations, the consultant can study different building upgrade strategies

to identify the best-performing options. Rapid iteration in this stage is critical. The

author used the Urban Modeling Interface (UMI) to run the case study UBEMs

[17]. UMI is a versatile tool for urban-scale simulations and its Shoeboxer algorithm

speeds up the simulation time for large-scale energy models [29]. Using UMI, teams

can simulate the energy use of tens of thousands of buildings in a day.
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2.5 Step 5: Recommendations

From the options studied in Step 4, the team can narrow their recommended

approach down to a handful of impactful upgrade strategies. This is a crucial step as

too many options can overwhelm decision makers and lead to unproductive meetings.

The consultant then takes these final strategies and meets with the local government

representatives to present the proposed strategies.

2.6 Step 6: Implementation

With approval from the key decision makers, the sixth and final step of implemen-

tation can proceed. This is where the municipality must take the lead in gathering

partner organizations to communicate the study results within the community and

create a streamlined process for homeowners to carry out the necessary upgrades. To

meet emissions reduction goals, local leaders will need to convince as many home-

owners as possible to carry out the proposed upgrades. Consequently, it is critical to

frame the benefits and costs of the upgrade packages for the individual homeowner

and convince them to invest in their home.

A well-publicized demonstration project and streamlined financing and implemen-

tation process can make a big difference in this stage. Nolan et al. showed that mes-

sages about neighbors’ energy conservation behavior spurred people to conserve more

energy than other emotional or economic arguments [30]. Jachimowicz et al. showed

that people will save energy if they think other people in their area care about saving

energy [31]. Furthermore, Alcott and Rogers showed that long-term reductions in

energy consumption require repeated communication efforts in order to create lasting

change [32]. Thus to catalyze homeowner action, governments need to widely publi-

cize their programs and show that members of the community are retrofitting their

homes. Establishing social norms that upgrading a home to be more energy efficient

is both desirable and necessary to community goals should spur further uptake of the

retrofit program [33].
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Finally, implementation needs to be accessible to all. This is where straight-

forward financing options through local banks or on-bill financing in collaboration

with the local utility can make a big difference. If homeowners have easy access to

capital and quick payback periods, they will be more inclined to carry out retrofits

[34][35]. Ultimately, successfully encouraging widespread program adoption will re-

quire a multi-pronged approach that makes building upgrades a simple and financially

attractive process.

18



Chapter 3

Results

The author tested the above described emissions reduction framework in the town

of Oshkosh, Wisconsin. Oshkosh is a midwestern U.S. city with 66,000 residents in

climate zone 6A. In many respects it is typical of any small American city, with an

actively-engaged volunteer sustainability advisory board and a small paid planning

department that is also tasked with keeping track of emissions targets. Like most

other communities, Oshkosh does not have the resources to commission a consultant

to build a traditional UBEM model from the ground up. Yet using the aforementioned

six-step process, the author was able to easily create and use an Oshkosh UBEM in a

matter of tens of hours, a timeframe that would make the cost of hiring a consultant

feasible.

3.1 Step 1: Oshkosh Data Availability

The author found that Oshkosh has access to all the necessary data to build

an UBEM. Their planning department has a GIS shapefile with building footprints

for the entire city and tax assessor data with building use type and age. Through

ICLEI – Local Governments for Sustainability (a coalition of over 1,700 city and

state governments around the world), Oshkosh conducted a baseline greenhouse gas

emissions inventory using 2007 measured gas and electricity consumption data from

the local utility [36]. In 2016, Oshkosh and ICLEI used the 2007 emissions inventory
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to inform a series of emissions reduction targets: 25% by 2025, 40% by 2035, and 80%

by 2050, as shown in Figure 3.1 [37]. Additionally, the author was able to obtain 2019

electricity and natural gas data from the local utility to create an updated baseline.

As seen in Figure 3.1, this data showed that there was a substantial increase in

emissions from 2007 to 2019.

Figure 3.1: Note that because emissions increased substantially from 2007 to 2019,
achieving Oshkosh’s goals became much harder. The 25% reduction target for 2025
is instead 41%, the 40% target for 2035 is 53%, and the 80% by 2050 is 84%.
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Figure 3.2: Overview of Oshkosh. Using tax assessor data and GIS footprints, the
buildings in Oshkosh are categorized by age and use-type. Orange buildings are pre-
1980 single family homes, green are post-1980 SFHs, grey are post-2004 SFHs, and
yellow are commercial buildings. A few commercial buildings are included to account
for shading while most commercial and industrial buildings (including a large number
downtown owned by the University of Wisconsin) are excluded.
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3.2 Step 2: Scoping Consultation

With the baseline data in place, the author met with Oshkosh city planners. The

team developed a list of questions that the stakeholders in Oshkosh wanted to explore.

The questions and their refinements in scope for the study are detailed in Table 3.1.

Table 3.1: Case study questions developed by Oshkosh stakeholders (initial) and
revised by the author to reflect current UBEM capabilities (revised).
Initial Questions Revised Questions
What area(s) in Oshkosh need to be ad-
dressed first?

What building types in Oshkosh need to
be addressed first?

What is the most cost effective retrofit
that can reduce CO2 emissions?

What is the most cost effective retrofit
to reduce CO2 emissions for residential
properties?

Life cycle emissions: how does
retrofitting old commercial buildings
compare to new commercial buildings?

Should Oshkosh retrofit old buildings or
construct new ones? How do their life-
cycle emissions compare?

Should oshkosh install photovoltaic
(PV), wind, or both?

What renewable energy resources should
Oshkosh use to power the community?

To be conservative, in this study the team assumed the emissions for electricity

purchased from the power grid would remain constant. The grid emissions used for

the study are thus based on the 2019 emissions factor (1.19 lbs. CO2/kWh) from the

local utility, Wisconsin Public Service [38]. The author also assumed that all new

buildings built in Oshkosh will not impact emissions – i.e. all new buildings will have

net zero carbon emissions. Through this consultation, the city narrowed the scope of

the study to only residential buildings as single family residences are the predominant

building type in Oshkosh.

3.3 Step 3: Baseline Oshkosh Model

With the study scope defined the author used the UBEM.io web app to create the

baseline model. UBEM.io is designed to streamline the creation of UBEMs from GIS

data [13]. It currently outputs UMI files but support for additional UBEM simulation

tools are planned for the future [13]. Creating the Oshkosh UBEM involved some pre-
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processing, namely removing the geometry for all auxiliary structures such as garages

and sheds (a process automated using GIS software) and matching the non-geometric

properties to the geometry. The latter task can be time intensive, as there is often a

mismatch between the two datasets [18]. However, this is strictly the responsibility

of a municipality’s GIS department and the author believes it will become more

streamlined as conventions are established and best modeling practices are enforced.

The final UBEM shown in Figure 3.2 included 13,101 single family homes. The

study included 16 commercial buildings only insofar as they shade other buildings and

affect their energy use. Oshkosh was broken down into three archetypes for energy

simulations (shown in Figure 3.2): pre-1980 single family home (SFH), post-1980

SFH, and new SFH (anything built after 2004, of which there were only five in the

dataset). Each building in the city was modeled using the DOE’s age-appropriate

residential prototype buildings with characteristics documented in Table 3.2 [1].

Table 3.2: Oshkosh baseline building archetype characteristics. These values are
based on the U.S. DOE residential prototype buildings [1].
Arche-
type

Furnace
Effi-
ciency

Equip-
ment
Power
Density

Lighting
Power
Density

Infil-
tration

Wall
Insu-
lation

Attic
Insu-
lation

Floor
Insu-
lation

Window
Conduc-
tivity

(W/m2) (ACH) (m2K/W) (W/m2K)

Pre-
1980

80% 2.6 2.6 0.75 0.53 6.34 None 1.99

Post-
1980

80% 2.6 2.6 0.75 2.29 6.34 0.70 1.99

New 95% 2.5 1.5 0.20 4.4 8.63 0.70 1.99

The author used UMI to simulate the full model of Oshkosh in about five hours on

a standard Windows desktop with 8 cores and 32 GB of RAM. The author used 2019

utility data on the aggregate gas and electricity consumption of Oshkosh residences

to validate the baseline model results. After calculating the emissions associated with

this measured energy use data, the results were compared to the emissions from the

UBEM simulation and found to be within 1% of the measured data, as shown in

Figure 3.3. This showed that using DOE templates to create archetypes predicts the
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energy use and emissions of Oshkosh’s buildings well.

With a thus “validated" baseline model, the author focused on how to meet

Oshkosh’s emissions reduction goals. It is worthwhile noting that in Figure 3.3 the

2019 baseline emissions data represents a 16% increase in emissions from Oshkosh’s

2007 baseline. While this is in line with Oshkosh’s Milestone 2 reports of rising city-

wide emissions, it is nonetheless concerning [37]. Beyond showing emissions growth

of over 1% a year, it also makes reaching Oshkosh’s emissions reduction targets that

much harder. It is also key to note in Figure 3.3 that natural gas is the predominant

source of residential emissions. Consequently, even if the electric grid decarbonizes,

Oshkosh will not be able to meet its emissions goals without transitioning away from

fossil fuels for heating and hot water.

Figure 3.3: Baseline Oshkosh-wide emissions from simulations compared to measured
utility data. Note that pre-1980 single family homes are the biggest contributors to
Oshkosh’s emissions. In this study, due to the lack of additional data, all on-site
combustion of fossil fuels is assumed to be natural gas.

3.4 Step 4: Scenario Development

Accounting for 99% of all homes in Oshkosh, the pre- and post-1980 single family

homes became the focus of the investigation. The energy efficiency upgrade strate-

gies investigated are based on the DOE’s ENERGY STAR certified home program

[22]. This nationwide program defines prescriptive insulation and airtightness goals
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by climate zone for new construction that greatly decrease a building’s energy con-

sumption but do not rise to passive house standards. This means homes could be

further upgraded if desired, but the goal is to use strategies that are low-cost and

scalable. The insulation upgrades (listed in Table 3.3) generally require a layer of con-

tinuous external insulation that would coincide with siding replacement and adding

insulation in wall cavities if they are un-insulated. They further specify air sealing all

cracks, adding further insulation in the roof, and installing some underfloor insulation

between the basement and first floor. The program also requires all lighting to be

LEDs and all appliances to be ENERGY STAR certified. Finally, the furnace needs

to be upgraded to an ENERGY STAR certified 95%+ efficient condensing unit when

the current one wears out.

After simulating upgrades to all the pre- and post-1980 homes in Oshkosh to the

ENERGY STAR standard through the UBEM, there was a 31% emissions reduction

potential from the baseline. With the emissions growth from the 2007 baseline, the

ENERGY STAR upgrades by themselves are not enough to meet even the 2025 goals.

The author thus looked for additional means to reduce emissions across Oshkosh’s

buildings.

Table 3.3: Oshkosh upgrade requirements by archetype. Note the windows were not
upgraded because their payback period is lengthy.
Arche-
type

Furnace
Effi-
ciency

Equip-
ment
Power
Density

Lighting
Power
Density

Infil-
tration

Wall
Insu-
lation

Attic
Insu-
lation

Floor
Insu-
lation

Window
Conduc-
tivity

(W/m2) (ACH) (m2K/W) (W/m2K)

Pre-
1980
SFH

95% 2.50 1.50 0.15 4.40 8.63 5.28 1.99

Post-
1980
SFH

95% 2.50 1.50 0.15 4.40 8.63 5.28 1.99

Electrifying the heating system using a cold climate heat pump in addition to the

energy efficiency upgrade package enables Oshkosh to achieve additional emissions

reductions. In this scenario, when the existing gas furnace wears out, it is replaced
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by a cold climate air source heat pump. Air source heat pumps are highly efficient

at supplying heating and cooling using only electricity and cold climate versions can

efficiently supply heating at outside air temperatures down to −20 °F (−29 °C) [39].

This scenario is focused on moving away from on-site combustion of fossil fuels, a step

to eliminate the natural gas consumption in Figure 3.3 that will be required to meet

stringent emissions targets. A big challenge with air source heat pumps is that their

emissions reduction potential is tied to the carbon-intensity of their electricity supply.

Even with the higher-than average grid emissions in Oshkosh today (25% above the

national average), electrified heating leads to a 28% additional reduction in emissions

from the energy efficiency scenario [40]. Through a combination of energy efficiency

and heat electrification upgrades across all single-family homes, Oshkosh can reduce

its emissions 59%. This is enough to meet Oshkosh’s 2025 and 2035 emissions goals.

However it would be infeasible to renovate enough of Oshkosh’s homes in time to

meet the 2025 targets. In light of this, the 2025 goal is infeasible, the study focused

in on Oshkosh’s 2035 and 2050 goals.

While the energy efficiency and heat electrification scenario achieves Oshkosh’s

2035 goal, meeting the 2050 goal will require further emissions reductions. To that

end, the team studied rooftop photovoltaic (PV) deployment on Oshkosh homes.

The approach used in Oshkosh (and that should be replicated elsewhere) is to reduce

energy consumption as much as possible through energy efficiency and heat pump

upgrades and then supplement with renewables for the remaining emissions reductions

needed. It would take PV covering the equivalent of 50% of Oshkosh’s rooftop area

to achieve the additional emissions reductions to meet Oshkosh’s 2050 goal. This

translates to approximately 130 MW of installed PV capacity. This PV could be

installed on a mixture of rooftops and fields but either way it will need to be a

substantial investment. At the current residential cost of $2,710/kW of PV installed,

the total cost would be $260 million after the 26% federal tax credit [41]. Given the PV

capacity Oshkosh requires, it would be feasible to aggregate residential installations

at the commercial scale of hundreds of kWs. Through aggregation, the installed price

of PV systems in Oshkosh could approach today’s commercial cost $1,720/kW [41].
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This 37% savings per kW would mean the total PV capacity Oshkosh requires would

only cost $165 million after the federal investment tax credit.

Figure 3.4: The three strategies for Oshkosh to meet its emissions reduction goals. It
is only through a combination of all three (energy efficiency, heat electrification, and
photovoltaics) that Oshkosh can meet its 2050 goal.

An alternative strategy to installing local PV would be to procure the necessary

carbon-free energy through a power purchase agreement for local off-site renewable

generation such as wind, utility-scale solar, or biogas.
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Figure 3.5: Overview of Oshkosh energy use intensity (kWh/m2) simulation results.
The large map shows the energy efficiency and heat electrification scenario. The
inset neighborhood shows the three major scenarios studied and is representative of
the results for the rest of Oshkosh.

3.5 Step 5: Recommendations to Oshkosh

While there are multiple pathways to achieve Oshkosh’s emissions reduction goals,

it is important to present a simple set of the best options to the city’s stakeholders

in Step 5. The final combination of strategies presented to Oshkosh are shown in

Figure 3.4. The author focused in on the energy efficiency and heat electrification

upgrade to meet Oshkosh’s 2035 goal and the energy efficiency, heat electrification,

and photovoltaics scenario to meet Oshkosh’s 2050 goal. These strategies empower

Oshkosh to take charge of achieving its goals without relying on broader efforts to

decarbonize the grid. Achieving the 2035 goal on-time would require an average

of 7.5% of Oshkosh’s homes be retrofitted to the ENERGY STAR standard with

heat pumps each year for the next 13.5 years. While this goal is possible, current
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retrofitting rates hover around 1% a year, making it unlikely [7].

The 2050 goal is the ultimate objective. If the Oshkosh-wide retrofitting rate

reaches 5% before 2035, the rest of Oshkosh can easily be fully retrofitted to ENERGY

STAR standards with a heat pump by 2050. Installing 130 MW of PV across Oshkosh

is sizeable but not out of the question given the timeline, as less than 5 MW would

need to be installed each year for the next 28 years. The key for Oshkosh will thus be

motivating homeowners to partake in these upgrades. The answers to the questions

asked by Oshkosh stakeholders (Table 3.4) sum up the results of the study. A clear

takeaway is that Oshkosh can meet its emissions reduction goals through retrofits

and photovoltaics alone. Finally, while new construction will also need to be built to

zero carbon standards, it does not make sense to knock down an otherwise functional

home to reach emissions goals.

Table 3.4: Case study questions and their answers based on simulation results.
Questions Answers
What building types in Oshkosh need to
be addressed first?

Pre-1980 single family homes.

What is the most cost effective retrofit
to reduce CO2 emissions for residential
properties?

A combination of energy efficiency up-
grades to the ENERGY STAR standard
and cold climate heat pumps.

Should Oshkosh retrofit older buildings
or construct new ones? How do their
lifecycle emissions compare?

Retrofits have lower lifecycle emissions.
Since Oshkosh’s goals can be achieved by
retrofitting, this should be the city’s fo-
cus.

What renewable energy resources should
Oshkosh use to power the community?

Oshkosh has the rooftop area to deploy
enough PV to meet its goals when build-
ings are also retrofitted to be more effi-
cient and use heat pumps. Purchasing
off-site renewables is also a possibility.
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3.6 Step 6: Implementation From A Homeowners

Perspective

Persuading homeowners to upgrade their homes will require a combination of

economic and social capital. On the economic side, the author calculated the costs,

savings, and payback periods for the different upgrade packages that each homeowner

can choose from. These “back of the envelope” calculations are meant to show home-

owners that their individual contribution matters and makes economic sense. For the

energy efficiency upgrade, pre-1980 homeowners would need to spend, on average,

$10,250 on upgrades. The improved insulation, infiltration, and lower equipment en-

ergy use leads to lower energy bills, resulting in a payback time of ten years. Post-1980

homeowners would only need to spend $8,700 and would have a five-and-a-half-year

payback period. These slow payback periods could be improved through additional

utility, state, or federal incentives for energy efficiency upgrades.

To meet Oshkosh’s emissions goals, homeowners will also need to install heat

pumps and photovoltaics. If Oshkosh can aggregate installation of its PV systems at

the commercial scale, the systems would, on average, cost each homeowner $12,600.

When combined with the energy efficiency upgrades, the package would have a pay-

back time of 7.5 years for a post-1980 home and 10 years for a pre-1980 home. Ad-

ditionally, the use of fossil fuels for heating will need to be replaced with electric

heat pumps. These heat pumps should be installed when the existing furnace reaches

the end of its life. The costs of heat pumps is rapidly dropping and their premium

over existing high-efficiency furnaces is relatively insignificant. When accounting for

the additional benefit of heat pumps providing cooling in the summer, they can be

cheaper than purchasing a separate heating and cooling system. The combined en-

ergy efficiency, heat pump, and PV upgrade would have a payback time of 10.5 years

for post-1980 homes and 15 years for pre-1980 homes. The current high cost of elec-

tricity compared to the cost of natural gas in Oshkosh leads to the slow payback

period for heat electrification. That being said, the cost of electricity from PV over

its lifetime is often lower than the cost of retail electricity and it is fixed, unlike the
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cost of natural gas. Therefore, the heat electrification upgrade will likely perform

better financially in the future. Furthermore, the costs of upgrades and PV systems

are expected to drop precipitously as they become more widespread. Finally, at the

community level it is critical that the installation of PV panels is tied to the instal-

lation of heat pumps. If PV adoption is high yet heating systems still burn fossil

fuels, there will be a substantial mismatch in electricity supply and demand on the

grid. Additionally, emissions from electricity consumption will drop but the overall

emissions will remain high because of the onsite combustion.

On the social capital side, the city can make it very clear: achieving Oshkosh’s

emissions reduction targets requires buy-in from every homeowner. Then, through

a few targeted demonstration projects that implement the recommended upgrades,

Oshkosh can build up the social norms that will encourage all residents to pursue these

necessary upgrades. Through open houses and community aggregation programs,

Oshkosh can encourage all residents to contribute to meeting the city-wide emissions

reduction goals through their individual actions.
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Chapter 4

Discussion

The case study of Oshkosh, WI highlighted a few key takeaways for applying the

six step process in other municipalities. First, the goals need to be clearly set upfront

to guide all decision making. Achieving these goals is the ultimate arbiter of success.

Second, the boundary conditions must be agreed upon at the outset of the study.

This includes what types of buildings to include, what emissions are counted, what

baseline data set is used, and what the assumption will be for emissions from the

power grid. All these factors can affect the outcome of the study. The grid emissions,

in particular, have an outsized impact on the results. Projections for nationwide grid

emissions vary widely and can change utility to utility. Current political events can

also sway projections. One useful resource for future studies is the NREL Cambium

dataset [42]. Using standard assumptions such as the ones found in Cambium are

helpful when comparing emissions reduction plans across communities.

Another key takeaway from the Oshkosh case study is that as the grid becomes

cleaner, certain strategies such as heat electrification make more sense. For instance,

if the grid emissions in Oshkosh had been more in line with the regional grid aver-

age of 1.68 lbs. CO2/MWh, heat electrification would not make sense as it would

increase emissions compared to a natural gas furnace. On the opposite end of the

spectrum, as the grid decarbonizes PV displaces fewer pounds of carbon dioxide per

kWh generated. Whereas PV can currently be used to “zero out" emissions from

fossil fuel consumption, a cleaner grid means a higher capacity of PV will need to be
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installed to achieve the same emissions reductions. The need to remove any on-site

fossil fuel emissions is precisely why heat electrification must be part of any long-term

retrofitting plan. Additionally, rooftop PV could potentially become (if it is not al-

ready) one of the cheapest sources of electricity, making it financially desirable from a

homeowner’s perspective. Furthermore, these distributed renewables will play a key

part in meeting utilities’ renewable energy goals.

The case study also highlighted how there are multiple ways to reduce Oshkosh’s

emissions. To capture the different combinations of photovoltaics and building up-

grades that can be used to meet Oshkosh’s emissions reduction goals, the author cre-

ated Figure 4.1. This graph highlights the emissions target frontier between building

retrofits and PV installations. For example, to meet the 2035 goal, if 25% of build-

ings have been retrofitted with the energy efficiency and heat electrification package,

Oshkosh will need to install 140 MW of PV. Looking at emissions reductions this

way provides stakeholders with more flexibility to meet their goals but could also

result in an over-installation of PV. For example, in Oshkosh only 130 MW of PV

is needed to meet the 2050 goal if 100% of buildings are retrofitted to the efficiency

and heat electrification standard. So if 140 MW is installed by 2035 because building

retrofits are lagging, there will be more PV than was necessary by 2050. Since energy

efficiency upgrades are usually cheaper than PV installations on a per kWh basis,

the total cost could be higher than necessary. Furthermore, in Figure 4.1 it is clear

why the additional cost of the heat electrification upgrades makes sense: Oshkosh

will require 40% less installed PV capacity to meet their 2050 goal than if they only

carry out energy efficiency retrofits.

As retrofit programs get underway, local governments can plot their progress each

year to track their success and adjust their implementation plans accordingly. An

example of this is shown in Figure 4.2. In Figure 4.2, the author assumed adoption

rates increase 1% every three years, rising to 5% by 2033. If the adoption rate remains

at 5%, all buildings in Oshkosh will be retrofitted by 2046, in time for the 2050 goal.

These adoption rates are an estimate and future work to better understand retrofit

adoptions rates is necessary. It is key to note that any combination of PV capacity and
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Figure 4.1: Emissions target frontier curves for Oshkosh, Wisconsin based on a grid
emissions factor of 1.19 lbs. CO2/MWh. Emissions reductions can come from a variety
of strategies, this graph shows different combinations of building upgrades and PV
deployment that will get Oshkosh to its goals. Anything above and to the right of a
target line means Oshkosh succeeds at meeting the goal.

building upgrades that falls above and to the right of the emissions target frontier

curves meets Oshkosh’s goals. While the actual numbers will change from place

to place, communities around the world are also likely to require a combination of

these strategies to meet their emissions goals. For these communities, Figure 4.2 can

lead to the most economic pathway to their emissions reduction goals. Finally, it is

important to recognize that as the emissions associated with grid electricity changes,

the emissions target curves in Figure 4.2 will shift. These curves will thus need to be

periodically updated to account for the most recent shifts in grid emissions.

Going forward, the author hopes to carry out a demonstration project of the pro-
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Figure 4.2: An example of using emissions target frontier curves to track progress
towards emissions goals in Oshkosh. The curves are based on today’s grid emissions
of 1.19 lbs. CO2/MWh. Any combination above and to the right of the relevant curves
meets Oshkosh’s emissions goals.

posed upgrade strategies in Oshkosh. Working in cooperation with the local weath-

erization organization and the city planning department, this project will upgrade a

handful of Oshkosh homes to the standards set forth in this paper. These homes will

serve as focal points for community action by showing residents the tangible steps they

can take to help the city meet its emissions goals. The other benefit of a demonstra-

tion project will be to measure the actual costs and savings of the proposed upgrades

for a real home in the community. The upgrade process will be extensively docu-

mented to benefit local contractors and other homeowners. Ultimately, the hope is

that this project will kickstart a community aggregation program for building retrofits

in Oshkosh.
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The city planning department can further play a critical role in driving retrofit

adoption rates. In discussions with planners in Oshkosh, they raised the potential

for using the permitting process to educate homeowners on retrofit options. Every

time a homeowner wants to do major work on their house, such as replacing siding,

they must get a permit from the city. By flagging all permit requests that have the

potential to include envelope upgrade measures, the planning department can ask

homeowners to consider installing additional insulation and an air, water, and vapor

barrier. By piggybacking off of existing work, the homeowners are educated about

their options and the costs and hurdles to implement the more invasive envelope

upgrades are greatly reduced. The short-term impact of educating owners every time

they file a permit also has the potential to have a big impact on adoption rates. This

voluntary education is a valid but temporary solution. The best way to ensure that

envelope upgrades are carried out is to codify low energy building standards in the

local building code. This way, whenever a building is upgraded, the codes will help

Oshkosh get closer to its emissions goals.

Not studied here but relevant to municipalities going forward is how to best

align the increasing electrical demand from heat pumps and electric vehicles with

the variable production from renewables. The lack of low-cost storage necessitates

co-optimizing these developments to reduce the strain on the grid and maximize the

use of low-carbon energy sources. Demand-side management and other strategies will

be needed to avoid costly power grid infrastructure improvements. Energy efficiency

is once again crucial as it reduces overall energy demand to provide for future load

growth potential. This aspect of emissions reduction plans can be studied using a

buildings-to-grid UBEM and is worthy of a separate manuscript in and of itself.
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Chapter 5

Conclusion

This paper outlined a six step process for jurisdictions to meet their emissions re-

duction goals using Urban Building Energy Modeling (UBEM). This process involves

a collaboration between local stakeholders and an energy modeling consultant and

includes: determining data availability, holding a scoping consultation, developing

a baseline UBEM, identifying different upgrade scenarios, recommending the most

effective upgrades, and implementing the upgrades across a municipality. The author

has shown that this process works in a small midwestern city through the case study

of Oshkosh, Wisconsin. The required upgrades to meet Oshkosh’s emissions goals

are extensive but feasible given today’s technology. The six step process is repeat-

able and scalable to communities around the world looking to upgrade their buildings

and deploy renewable energy resources to meet their emissions reduction goals. The

necessary data is widely available and the major technical and cost barriers to build-

ing an UBEM have been overcome through advances such as UBEM.io, UMI, and

open-source GIS data.

The policy implications are clear: jurisdictions now have the capability to identify

science-backed strategies to meet their emissions reduction policy goals. These anal-

yses are low-cost and low effort, meaning they are accessible to diverse communities,

no matter the size. Furthermore, the case study of Oshkosh showed that city-wide

efforts to upgrade nearly every building will be necessary to meet common emissions

reduction targets. With 2050 getting closer every day, these retrofitting efforts will
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need to start sooner rather than later. The onus thus falls on local policymakers

to commission UBEM studies to guide their efforts. Policymakers can use UBEM

studies to design programs that implement the suggested strategies and drive retrofit

adoption rates by engaging residents. The sooner these programs are developed and

rolled out around the world, the more likely it is that emissions reduction goals can

be met and the worst impacts of climate change can be mitigated.

38



Bibliography

[1] U.S. Department of Energy. Residential Prototype
Building Models | Building Energy Codes Program.
https://www.energycodes.gov/development/residential/iecc_models, 2020.

[2] Myles Allen, Mustafa Babiker, Yang Chen, Michael Taylor, Petra Tschakert Aus-
tralia, Henri Waisman, Rachel Warren, Panmao Zhai, Kirsten Zickfeld, P Zhai,
H-o Pörtner, D Roberts, J Skea, PR Shukla, A Pirani, W Moufouma-Okia,
C Péan, R Pidcock, S Connors, JBR Matthews, Y Chen, X Zhou, Mi Gomis,
E Lonnoy, T Maycock, M Tignor, and T Waterfield. IPCC special report global
warming of 1.5C, summary for policymakers SPM. Technical report, Intergov-
ernmental Panel on Climate Change, 2018.

[3] Hal Harvey, Franklin M. Orr, and Clara Vondrich. A trillion tons. Daedalus,
142(1):8–25, 2013.

[4] E. Kosolapova. 77 Countries, 100+ Cities Commit to Net Zero Carbon Emissions
by 2050 at Climate Summit. http://sdg.iisd.org/news/77-countries-100-cities-
commit-to-net-zero-carbon-emissions-by-2050-at-climate-summit/.

[5] International Energy Agency. Energy Efficiency: Buildings - The
global exchange for energy efficiency policies, data and analysis;.
https://www.iea.org/topics/energyefficiency/buildings/, 2019.

[6] Dave Hewitt and Stacey Hobart. Net Zero by 2030: Where do we stand with the
policies, programs and projects necessary to achieve this goal? In 2012 ACEEE
Summer Study on Energy Efficiency in Buildings, pages 3–116–3–127, 2012.

[7] European Commission. Communication From The Commission to The Euro-
pean Parliament, The Council, The European Economic and Social Committee
and the Committee of the Regions. A Renovation Wave for Europe - green-
ing our buildings, creating jobs, improving lives. Technical Report Document
52020DC0662, European Commission, Brussels, Belgium, October 2020.

[8] Jared Langevin, Chioke B. Harris, and Janet L. Reyna. Assessing the Potential
to Reduce U.S. Building CO2 Emissions 80% by 2050. Joule, 3(10):2403–2424,
October 2019.

39



[9] D. Kolokotsa, D. Rovas, E. Kosmatopoulos, and K. Kalaitzakis. A roadmap
towards intelligent net zero- and positive-energy buildings. Solar Energy,
85(12):3067–3084, December 2011.

[10] Yu Qian Ang, Zachary Michael Berzolla, and Christoph F. Reinhart. From
concept to application: A review of use cases in urban building energy modeling.
Applied Energy, 279:115738, December 2020.

[11] Jonas Allegrini, Kristina Orehounig, Georgios Mavromatidis, Florian Ruesch,
Viktor Dorer, and Ralph Evins. A review of modelling approaches and tools
for the simulation of district-scale energy systems. Renewable and sustainable
energy reviews, 52, 2015.

[12] Carlos Cerezo Davila, Christoph F. Reinhart, and Jamie L. Bemis. Modeling
Boston: A workflow for the efficient generation and maintenance of urban build-
ing energy models from existing geospatial datasets. Energy, 117:237–250, De-
cember 2016.

[13] Yu Qian Ang, Samuel Letellier-Duchesne, Zachary Michael Berzolla, and
Christoph F Reinhart. UBEM.io: A web-based framework to rapidly generate
urban building energy models for scenario analysis. In Preparation, 2021.

[14] U.S. Census Bureau. A10057. Median Year Structure Built. ACS 2019 (5-Year
Estimates) (SE). Technical report, 2019.

[15] Yixing Chen, Tianzhen Hong, Xuan Luo, and Barry Hooper. Development of
city buildings dataset for urban building energy modeling. Energy and Buildings,
183:252–265, January 2019.

[16] Jan Schiefelbein, Jana Rudnick, Anna Scholl, Peter Remmen, Marcus Fuchs,
and Dirk Müller. Automated urban energy system modeling and thermal build-
ing simulation based on OpenStreetMap data sets. Building and Environment,
149:630–639, February 2019.

[17] Christoph F Reinhart, Timur Dogan, Alstan Jakubiec, Tarek Rakha, and An-
drew Sang. UMI-An Urban Simulation Environment for Building Energy Use,
Daylighting and Walkability. In 13th Conference of International Building Per-
formance Simulation Association, Chambery, Frannce, 2013.

[18] Joshua New, Eric Garrison, Brett Bass, and Tianjing Guo. Urban-scale En-
ergy Modeling: Scaling Beyond Tax Assessor Data | ORNL. In Proceedings of
the ASHRAE/IBPSA-USA 2020 Building Performance Analysis Conference &
SimBuild (BPACS), Chicago, IL, September 2020. ASHRAE/IBPSA-USA.

[19] Carlos Cerezo, Timur Dogan, and Christoph Reinhart. Towards standarized
building properties template files for early design energy model generation. 2014
ASHRAE/IBPSA-USA Building Simulation Conference, pages 25–32, 2014.

40



[20] E Mata, A. Sasic Kalagasidis, and F. Johnsson. Building-stock aggregation
through archetype buildings: France, Germany, Spain and the UK - ScienceDi-
rect. Building and Environment, 81:270–282, 2014.

[21] Samuel Letellier-Duchesne and Louis Leroy. Archetypal: A Python package for
collecting, simulating, converting and analyzing building archetypes. Journal of
Open Source Software, 5(50):1833, June 2020.

[22] U.S. Department of Energy. Certified Homes Program Requirements | ENERGY
STAR. https://www.energystar.gov/partner_resources/residential_new/homes
_prog_reqs/national_page, 2020.

[23] Niall P. Buckley, Christoph Reinhart, Zachary Michael Berzolla, and Gerald
Mills. Using Urban Building Energy Modelling to Support the New EU Green
Deal: Case study of Dublin Ireland. Energy and Buildings, Under Review, 2021.

[24] A. Herk and T. Beggs. Community-Wide Zero Energy Ready Home Standard.
Technical Report NREL/SR-5500-64820; DOE/GO-102016-4744, National Re-
newable Energy Lab. (NREL), Golden, CO (United States), February 2016.

[25] Wolfgang Feist, Jürgen Schnieders, Viktor Dorer, and Anne Haas. Re-inventing
air heating: Convenient and comfortable within the frame of the Passive House
concept. Energy and Buildings, 37(11):1186–1203, November 2005.

[26] Ibrahim Hegazy, Wael Seddik, and Hossam Ibrahim. The living building: Inte-
grating the built environment with nature evaluating the Bibliotheca of Alexan-
dria according to the challenge imperatives. International Journal of Low-Carbon
Technologies, 12(3):244–255, September 2017.

[27] Christoph F. Reinhart and Carlos Cerezo Davila. Urban building energy mod-
eling – A review of a nascent field. Building and Environment, 97:196–202,
February 2016.

[28] Tianzhen Hong, Yixing Chen, Xuan Luo, Na Luo, and Sang Hoon Lee. Ten ques-
tions on urban building energy modeling. Building and Environment, 168:106508,
January 2020.

[29] Timur Dogan and Christoph Reinhart. Shoeboxer: An algorithm for abstracted
rapid multi-zone urban building energy model generation and simulation. Energy
and Buildings, 2017.

[30] Jessica Nolan, Paul Schultz, Robert Cialdini, Noah Goldstein, and Vladas Griske-
vicius. Normative Social Influence Is Underdetected. Personality & social psy-
chology bulletin, 34:913–23, August 2008.

[31] Jon M. Jachimowicz, Oliver P. Hauser, Julia D. O’Brien, Erin Sherman, and
Adam D. Galinsky. The critical role of second-order normative beliefs in pre-
dicting energy conservation. Nature Human Behaviour, 2(10):757–764, October
2018.

41



[32] Hunt Allcott and Todd Rogers. The Short-Run and Long-Run Effects of Behav-
ioral Interventions: Experimental Evidence from Energy Conservation. American
Economic Review, 104(10):3003–3037, 2014.

[33] P. Wesley Schultz, Jessica M. Nolan, Robert B. Cialdini, Noah J. Goldstein, and
Vladas Griskevicius. The constructive, destructive, and reconstructive power of
social norms. Psychological Science, 18(5):429–434, May 2007.

[34] Joachim Schleich, Corinne Faure, and Thomas Meissner. Adoption of retrofit
measures among homeowners in EU countries: The effects of access to capital
and debt aversion. Energy Policy, 149:112025, February 2021.

[35] Matthew Collins and John Curtis. Rental tenants’ willingness-to-pay for im-
proved energy efficiency and payback periods for landlords. Energy Efficiency,
11(8):2033–2056, December 2018.

[36] Oshkosh Sustainability Advisory Board. ICLEI Milestone 1: Oshkosh, Wisconsin
Greenhouse Gas Emissions Analysis. Technical report, Oshkosh Sustainability
Advisory Board, May 2013.

[37] East Central Wisconsin Regional Planning Commmission. ICLEI Milestone 2:
Set A Reduction Target Oshkosh, Wisconsin. Technical report, Oshkosh Sus-
tainability Advisory Board, March 2016.

[38] WEC Energy Group. 2019 Corporate Responsibility Report: Sustainable
Progress for an Enduring Enterprise. Technical report, 2020.

[39] R. K. Johnson. Measured Performance of a Low Temperature Air Source
Heat Pump. Technical Report NREL/SR–5500-56393, DOE/GO–102013-3788,
1260317, National Renewable Energy Laboratory, September 2013.

[40] U.S. Environmental Protection Agency. Power Profiler | Emissions
& Generation Resource Integrated Database (eGRID) | US EPA.
https://www.epa.gov/egrid/power-profiler#/MROE, 2021.

[41] National Renewable Energy Laboratory. Solar Installed System Cost Analysis
| Solar Research | NREL. https://www.nrel.gov/solar/solar-installed-system-
cost.html, 2021.

[42] Pieter Gagnon, Will Frazier, Elaine Hale, and Wesley Cole. Cambium Docu-
mentation: Version 2020. Technical Report NREL/TP–6A20-78239, 1734551,
MainId:32156, National Renewable Energy Laboratory, November 2020.

42


	Introduction
	Methods
	Step 1: Data Availability
	Step 2: Scoping Consultation
	Step 3: Baseline Model
	Step 4: Scenario Development
	Step 5: Recommendations
	Step 6: Implementation

	Results
	Step 1: Oshkosh Data Availability
	Step 2: Scoping Consultation 
	Step 3: Baseline Oshkosh Model
	Step 4: Scenario Development
	Step 5: Recommendations to Oshkosh
	Step 6: Implementation From A Homeowners Perspective

	Discussion
	Conclusion

