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A B S T R A C T   

This study examines the impact of low-income assistance and electrification programs on a disadvantaged 
community in Southern California. An urban building energy model is paired with an AC power flow and electric 
distribution system degradation model to evaluate how the cost of energy, carbon emissions, and pollutant 
emissions change after applying building weatherization, energy efficiency, and electrification measures to the 
community. Results show that traditional weatherization and energy efficiency measures (upgrading lighting and 
appliances, improving insulation to current building code standards) are the most cost-effective, reducing the 
cost of energy and carbon emissions by 10–20 % for the current community. Heat pump water heaters offer a 40 
% average reduction in carbon emissions and almost 50 % decrease in criteria pollutant emissions, but at a cost 
increase of 17–22 %. Appliance electrification also reduces carbon emissions 5–10 % but increases cost by 7 % to 
25 %. For reducing carbon, government programs that support building electrification are most cost-effective 
when they combine switching from natural gas to electricity with high efficiency system. Electrifying hot 
water and appliances effectively reduces emissions but must be paired with improved low-income assistance 
programs to prevent increased energy burden for low-income families. The urban building energy model and 
electrical distribution simulations used in this study can be replicated in other low-income communities.   

1. Introduction 

Low-income and disadvantaged families are more likely to live in less 
energy efficient buildings [1], are less likely to have energy efficient 
appliances [2,3], and experience an energy burden1 that is two to three 
times higher than average [4]. These challenges can reduce family 
health, safety, and security [5–7]. 

Low-income energy assistance programs designed to address these 
challenges through utility bill support, building weatherization, and 
energy efficiency have existed for decades. In California, 27 % of resi
dential utility customers income qualify for assistance through these 
programs [8]. These programs operate amid a backdrop of aggressive 
environmental goals and shifting building performance standards. For 
example, California has aggressive state-wide carbon emissions reduc
tion and renewable energy goals [9,10], is looking to decarbonize all 

buildings [11,12], and regularly updates the state-wide “Title 24’’ 
building energy efficiency code to support State energy and environ
mental goals. California’s most populated regions also have the worst air 
quality in the United States [13,14]. 

Prior analyses focused on single-family buildings have shown that 
building weatherization, energy efficiency, and electrification can 
reduce annual energy costs for low-income families across the U.S. by, 
on average, $670 [15], and up to $400 for Californians [16]. Simulation 
results suggest that these measures could reduce primary energy use by 
up to 30 % [15], and improve air quality [17,18]. 

A critical tool in evaluating the impacts of building measures is the 
physics-based building energy model (BEM). The value of this tool is 
evident in Wilson et al. [15,16] and Wei et al. [19]. Both authors use 
BEMs to evaluate cost-effective weatherization, energy efficiency, and 
electrification measures. Primary differences are that the study by Wil
son et al. spans the United States using the ResStock™ model [20], while 
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1 Energy burden is the percentage of household income used on energy costs. 
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that by Wei et al. focuses on climate zones in California, includes 
renewable generation, and considers low-cost paths to zero net energy. 
Other examples include the examination of energy efficiency, weather
ization, electrification, and onsite renewable generation to a community 
in Denver, CO [21], the effect of building electrification on the Texas 
electric grid [22], passive cooling measures for multifamily buildings in 
India [23,24], and numerous other studies focused on different facets of 
energy efficiency, weatherization, and electrification applied to BEMs 
[25–27]. 

A relatively new approach for moving beyond a single building to 
multiple buildings is urban building energy modeling (UBEM). UBEMs 
can capture areas ranging from a single city block to an entire city [28]. 
Examples of UBEM efforts using custom physical BEMs are presented in 
the literature [29–31]. Many efforts rely upon the EnergyPlus™ BEM 
engine [32] paired with U.S. Department of Energy (DOE) reference 
BEMs [33,34]. One common approach to UBEM involves the develop
ment of “archetypes” where buildings are clustered based of type, ge
ometry, and other factors. Each cluster is then simulated using a single 
composite BEM, reducing total BEM simulations to improve model 
scalability. Examples of this approach are found in [35–41]. A second 
approach relies upon a fusion of BEMs and machine learning. Highly 
detailed BEMs are used to train machine learning tools, which then 
predict energy loads for unmodeled buildings [42–45]. A third method 
involves developing BEMs for each individual building in an area of 
interest. Examples of this method include the CityBES [46–49] and 
URBANopt™ [50–55] tools. 

The impacts of building electrification extend beyond individual 
buildings to electrical infrastructure. Prior work has shown that building 
electrification will likely require expansion and upgrade of the electric 
generation, transmission, and distribution systems [21,22,56–58]. 
Recent efforts have accounted for infrastructure impacts designing 
buildings for a new community [55] or when examining the electrifi
cation of existing buildings [21]. These efforts have primarily been 
focused on evaluating distribution circuit voltage levels and quantifying 
the extent and duration of infrastructure overloads. Doulbeday et al. 
considers the cost of infrastructure when designing a new community 
[55]. Infrastructure upgrade costs, however, have typically not been 
accounted for. 

The current BEM and UBEM literature also typically does not 
adequately address or include low-income energy assistance program 
evaluation or impacts. Literature on this topic typically focuses on 
evaluating the costs and benefits of federal weatherization programs [6, 
7,59], changes in program policy, the impacts of these programs on 
low-income families [60,61], and estimates on how to maximize pro
gram benefits [62]. Two articles from Bradshaw et al. used BEMs to 
evaluate the impact of low-income assistance program measures on 
building loads, utility bill cost, and carbon emissions [63,64]. 

This work adds to the existing literature by using a UBEM for the 

disadvantaged Oak View community located in Huntington Beach, 
California, to address three questions:  

1. What suite of weatherization, energy efficiency, and electrification 
measures leads to lowest cost of energy, carbon emissions, and 
pollutant emissions?  

2. To what extent do current low-income energy assistance programs 
support clean energy technology adoption?  

3. How do clean energy technologies affect the cost of maintaining local 
energy infrastructure? 

The approach uses a combination of an URBANopt model of the 
community building infrastructure paired with an OpenDSS AC power 
flow (ACPF) and degradation model for the local electric distribution 
grid. Building measures and technologies considered in this work 
include lighting, appliance, and plug load efficiency, envelope upgrades, 
space heating, and water heating measures. The economic analysis in
cludes support from low-income energy assistance programs and po
tential electric infrastructure upgrades. This work does not consider 
space cooling systems or onsite generation. 

2. The Oak View Community 

The Oak View Community is home to approximately 8000 residents 
[65]. It consists of a commercial and industrial sector surrounded by 
residential areas and is ranked in the 73rd percentile of environmentally 
challenged census tracts in California, primarily due to high levels of 
diesel particulate matter, traffic, toxic releases, and proximity to haz
ardous waste handling sites [66]. Social factors that also contribute to 
this ranking include low educational levels, high housing burden, and 
high poverty rates. According to American Community Survey Data 
[67], 53 % of Oak View households have incomes of 45 % or less than 
the local county average, and 73 % have incomes below 66 % of the 
average.2 

This study focuses on a section of the Oak View community, depicted 
in Fig. 1, comprising 286 residential and 31 commercial, industrial, and 
educational buildings. Residential buildings predominantly use natural 
gas for heating and domestic hot water, except for the five largest multi- 
family residential buildings, which use electric resistive heating systems. 
Only six residential and approximately half of non-residential buildings 
have central air conditioning. Most buildings were constructed before 
1975. Many nonresidential buildings have undergone major renovations 

Nomenclature 

AC ALTERNATING current 
ACPF AC power flow 
AFUE annual fuel utilization efficiency 
BEM building energy model 
CARE California alternative rate for energy 
CO carbon monoxide 
CO2e equivalent carbon dioxide emissions 
ERWH electric resistive water heater 
ESA energy savings assistance 
DEER database for energy efficiency resources 
DHW domestic hot water 
EPA environmental protection agency 

FFA finished floor area 
HVAC heating, ventilation, and air conditioning 
LIHEAP low-income home energy assistance program 
LIWP low income weatherization program 
NOx oxides of nitrogen, including nitric oxide (NO) and 

nitrogen dioxide (NO2) 
SCE Southern California edison 
SCG Southern California gas 
SDK software development kit 
TDV time-dependent valuation 
UBEM urban building energy model 
UEF uniform energy factor 
UHC unburned hydrocarbons 
WAP weatherization assistance program  

2 Poverty limits are adjusted based on average local incomes. According to 
the American Community Survey [67] the average Orange County, CA house
hold income for a family of three was $100,455, or 450 % the federal poverty 
level. 
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sometime in the past 20 years. 
The Oak View community receives electricity and natural gas utility 

service from Southern California Edison (SCE) and Southern California 
Gas (SCG or SoCalGas), respectively. The right subfigure in Fig. 1 shows 
the applicable electric and natural gas utility rates [68,69]. Nonresi
dential electric rates vary based on peak annual electricity demand, with 
customers below 20 kW assigned to TOU-GS-1 and all others assigned to 
TOU-8. 

3. Approach and methodology 

This study uses a UBEM developed in [70] and an ACPF and elec
trical degradation models described in [70,71]. These models are used to 
evaluate the impact of energy efficiency, electrification, and weatheri
zation measures on the Oak View community. The overall approach is 
summarized in Fig. 2. URBANopt is first used to simulate current energy 
use for all buildings, establishing baseline energy use. Then, this UBEM 
is used to simulate different clean energy technologies applied across the 
community. URBANopt outputs are fed into the ACPF to calculate dis
tribution circuit voltages and ampacities. Circuit ampacities are then 
used to predict electric circuit component degradation. All results are 
then used to evaluate the total cost of energy (utility bills, equipment 
cost, and assistance funds), carbon emissions, and pollutant emissions 
for Oak View. Fig. 3 shows a diagram of model inputs, data flows be
tween models, and model outputs. [70]. 

3.1. Urban building energy modeling & URBANopt 

The Oak View UBEM is developed using the URBANopt software 
development kit (SDK) [50,72]. This SDK automates the construction 
and simulation of physics-based building energy models for multiple 
buildings. It is built on open-source tools EnergyPlus and OpenStudio® 
and offers various BEM workflows for residential and non-residential 
buildings [51,52,73,74]. The URBANopt SDK allows for the integra
tion of clean energy technologies into individual buildings using Ener
gyPlus and OpenStudio measures. URBANopt also facilitates integration 
with other tools for analysis of electric vehicle integration, district en
ergy systems, distributed energy resources, and electric distribution 
infrastructure. 

The development of the Oak View UBEM “Baseline Model” 

mentioned in Fig. 2 is described in [70]. This model estimates how en
ergy is used in the community today prior to the application of any clean 
energy measures. The bottom-up model was built by tuning individual 
BEMs using data from site visits, BEM simulation standards [75], survey 
data [76–78], and real utility energy use data. We used site visits to 
establish the condition of current Oak View buildings and current 
building energy systems. Using this information, we used BEM standards 
to develop bottom up building energy loads. These loads were compared 
against real utility energy use data from Oak View. Differences in pre
dicted versus actual loads were resolved using Federal building energy 
survey data. High level BEM parameters used in the modeling are pro
vided in Table 1. On an aggregated basis, annual residential electricity 
and natural gas predictions from the model were within 3 % of actual 
use, while monthly energy use was predicted to be within 10 %. 
Non-residential building energy data was tuned using commercial 
building energy use survey data [77]. 

In the Oak View UBEM, specific measures are applied based on 
building type (residential or non-residential) and existing systems. The 
community consists of three major building classifications: 1) residential 
buildings with natural gas appliances, domestic hot water (DHW), and 
space heating; 2) electrified residential buildings with standard appli
ances and electric resistive heating; and 3) non-residential buildings 
with natural gas for space heating and DHW. Fig. 1 shows the location 
and footprint of these different buildings. The clean energy technology 
and weatherization measures considered in this work are grouped into 
four categories: 1) lighting, appliance, and plug load improvements; 2) 
space heating; 3) water heating; and 4) envelope retrofits. Envelope 
retrofits include retrofitting Oak View buildings to meet building energy 
code standards, and the application of a novel cool coating [79]. Table 2 
summarizes the building measures. Detailed technical and cost infor
mation can be found in supplemental material. The analysis does not 
include space cooling technologies due to high installation costs and 
limited support from low-income assistance programs (discussed further 
in Section 3.3). 

3.2. ACPF and infrastructure degradation 

The Oak View ACPF model was developed using the ACPF simulator 
OpenDSS [80]. OpenDSS can resolve three-phase voltage and current 
through distribution power lines and transformers. The distribution 

Fig. 1. Layout of the Oak View community, including building types, outlines, location, and applicable utility rates.  
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system topology was developed in two steps. First, SCE circuit maps 
were used to outline electrical distribution circuits [81,82]. Second, site 
visits were used to verify infrastructure and building connections. The 
topology of the ACPF model is shown in Fig. 4. Prior work has shown 
that all electrical distribution equipment is properly sized to meet cur
rent Oak View loads [70]. 

Results from the ACPF model simulations of hourly-resolved annual 

dynamic operation of the electric infrastructure are used to evaluate the 
degradation of distribution transformers and cables [71]. The trans
formers are modeled using an IEEE empirical thermal model [83]. The 
cable degradation model developed in [71] is integrated with a 
steady-state cable energy balance [84] and experimental cable insu
lation degradation model [85]. According to [85], the primary form of 
cable degradation is from the thermal aging of insulation material on the 

Fig. 2. Urban energy modeling approach used in the analysis, which includes community-level building energy modeling using URBANopt, and electrical distri
bution system analysis through OpenDSS. 

Fig. 3. Diagram of information flow between model components from model inputs to outputs.  

Table 1 
High level BEM parameters used to simulate different building types Fig. 1.   

Building template 
Residential Educational Nonrefrigerated warehouse Service Office Retail other than mall 

Vintage / Title 24 Code Pre-1985 2003 2003 2003 2003 2003 
Wall assembly insulation (m2 K/W / ft2 ◦F h/Btu) 1.395 / 7.92 1.937 / 11.31 0.618 / 3.51 0.618 / 3.51 1.937 / 11.31 0.618 / 3.51 
Wall radiative properties (Fraction) Solar absorptance: 0.7, thermal absorptance: 0.9, visible absorptance: 0.7 
Roof assembly insulation (m2 K/W / ft2 ◦F h/Btu) 2.581 / 14.67 1.937 / 11.31 2.497 / 14.18 2.258 / 12.82 1.937 / 11.31 2.258 / 12.82 
Roof radiative properties (Fraction) Solar absorptance: 0.7, thermal absorptance: 0.9, visible absorptance: 0.7 
Window U-factor (W/m2 K / Btu/h ft2 ◦F) 7 / 1.233 4.37 / 0.77 7 / 1.233 7 / 1.233 4.37 / 0.77 4.37 / 0.77 
Window solar heat gain coefficient (Fraction) 0.82 0.61 0.82 0.61 0.61 0.61 
Window visible transmittance (Fraction) 0.25 0.25 0.25 0.25 0.25 0.25 
Gas space heater efficiency (AFUE %) Gas furnace: 0.80, Gas boiler = 0.78, Electric Baseboard = 1.00 
DHW efficiency (UEF %) Gas tank: 0.6, Electric resistive tank: 0.8 
Cooling system coefficient of performance Buildings with cooling systems: 2.8  
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cable exterior. The cable energy balance is used to predict cable tem
perature dynamics, which are then used to predict cable degradation. 
Degradation results for both transformers and cables are then used to 
predict whether equipment replacement is necessary. At replacement, 
the component size is optimized to achieve minimum net present value 
cost over the next 30 years. Complete details of the degradation models 
and infrastructure optimization model are discussed in Wang et al. [71]. 
Based on communication with SCE and prior analysis, we assumed that 
each distribution transformer start with 15 years of useful life left, and 
that all cables have no thermal degradation. 

3.3. Low-Income energy assistance programs 

The combined goals of Federal and California State low-income en
ergy assistance programs are to reduce energy burden, improve health 
and safety, and reduce greenhouse gas emissions. Assistance programs 
provide reduced utility rates, and weatherization and energy efficiency 
upgrades. Both SCE and SCG offer discounted rates to households with 
incomes at or below 200 % of federal poverty limits [86,87]. These rates, 
known as California Alternative Rates for Energy (CARE) rates, reduce 
utility electricity rates by ~30 %, and gas rates by ~20 %. 

Table 2 
Summary of clean energy technologies considered for each of the building classifications.  

Measure 
category 

Residential Already electrified residential Nonresidential 

Lighting, 
appliance, and 
plug load  

• Replacement of compact fluorescent lighting (55 
lumens/watt) to LED lighting (80 lumens per watt)  

• Upgrade appliances to ENERGY STAR® or high 
efficiency models (refrigerators, cook tops/ranges, 
dishwashers, clothes washers & dryers, smart power 
strips)  

• Electrification of gas appliances  
• Electrification of gas appliances using ENERGY 

STAR® appliances  

• Replacement of compact fluorescent lighting (55 
lumens/watt) to LED lighting (80 lumens per watt)  

• Upgrade appliances to ENERGY STAR® or high 
efficiency models (refrigerators, cook tops/ranges, 
dishwashers, clothes washers & dryers, smart power 
strips)  

• Replacement of linear fluorescent 
lighting (88 lumens/watt) to linear 
LED lighting (130 lumens per watt)  

• Deployment of smart power strips 

Space heating  • Upgrade to a condensing gas furnace  
• Electrification of space heating with electric 

baseboard heaters  

• n/a  • Upgrade to a condensing heating 
system  

• Electrification of space heating with 
electric baseboard heaters 

Water heating 
(DHW)  

• Upgrade to a condensing gas water heater  
• Electrification of DHW with an electric resistive 

water heater (ERWH)a  

• Electrification of DHW with a heat pump water 
heater (HPWH - uniform energy factor = 3.75)  

• Upgrade to a HPWH (uniform energy factor = 3.75)  • Upgrade to a condensing gas water 
heater  

• Electrification of DHW with an ERWH  
• Electrification of DHW with a HPWH 

(uniform energy factor = 3.75) 
Envelopeb  • Upgrade wall insulation to Title 24 mandatory levels  

• Upgrade wall insulation to Title 24 recommended levels  
• Upgrade roof insulation to Title 24 mandatory levels  
• Upgrade roof insulation to Title 24 recommended levels  
• Upgrade windows to Title 24 mandatory levels  
• Apply a novel cool coating to the building exterior  

• Upgrade wall insulation to Title 24 
mandatory levels  

• Upgrade roof insulation to Title 24 
mandatory levels  

• Reduce space infiltration 30 %  
• Apply a novel cool coating to the 

building exterior  

a Results show that ERWH are inferior to HPWHs in terms of total cost, carbon emissions, and pollutant emissions. However, ERWH installation costs are lower than 
HPWHs, are allowed under Title 24 building code, and are found inside the Oak View community. 

b Envelope measures initially included residential unit sealing. However, simulation results predicted that sealing increased both cost and energy use. Further 
investigation found a mismatch between the procedural BEM generation process and the standard building sealing measure, producing this erroneous result. This issue 
was not addressed since prior studies have thoroughly examined building sealing, showing that reducing infiltration reduces heating load at rates comparable to 
improved attic and roof insulation [19,49]. As a result, effort was directed elsewhere. 

Fig. 4. Oak View Community electric distribution circuit topology.  
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Four weatherization and energy efficiency programs are considered 
in this work: the U.S. DOE Weatherization Assistance Program (WAP), 
the U.S. Department of Health and Human Services Low Income Home 
Energy Assistance Program (LIHEAP), the California Department of 
Community Services and Development Low-Income Weatherization 
Program (LIWP), and SCE and SCG Energy Savings Assistance Programs 
(ESA). At the time of this work, WAP, LIHEAP, and SCG ESA funds 
designated for use in Orange County were administered by the local non- 
profit organization Community Action Partnership—Orange County 
(CAPOC). A list of potential building and appliance improvements was 
provided to us by the CAPOC construction manager. Measures available 
through the LIWP and SCE ESA programs are listed online [88,89]. 
These programs support weatherization measures that meet mandatory 
Title 24 building energy efficiency standards, replacement of most major 
in-unit residential appliances with ENERGY STAR or other high effi
ciency models, and the repair and replacement of heating, cooling, and 
DHW systems. LIWP also supports electrification measures. These pro
grams do not currently support weatherization measures beyond 
mandatory Title 24 standards, high efficiency cooking equipment, the 
novel cool coating, or shared laundry machines. 

The application of these programs in multi-family buildings depends 
upon the income levels of all tenants. Low-income occupants have access 
to specific measures within their units, including lighting, appliances, 
and in-unit heating equipment. Whole building weatherization and 
shared energy systems are available when 60 % or more of the occupants 
qualify as low-income. Common area measures (i.e., lighting and 
laundry facilities) are provided when 80 % or more of the tenants are 
low income. Permanent building upgrades are restricted to properties 
committed to providing low-income housing. 

Household income eligibility for these programs ranges from below 
200 % to 300 % of federal poverty limits. Due to limited income data, a 
cutoff of 200 % was applied to all programs. The number of eligible 
families was estimated using American Community Survey data. For 
privacy reasons, the allocation of these families to buildings was done 
randomly. No further information on this allocation is provided to 
prevent any accidental overlap between modeled and actual family 
locations. 

Low-income assistance programs require measures that reduce en
ergy burden and increase health and safety [89,90].Typically, im
provements beyond mandatory building code levels, and higher 
efficiency space and water heating systems are not supported unless 
these systems were previously installed at a building. To accommodate 
the examination of higher efficiency equipment and electrification, a 
modeling assumption was made: funds that would have been available 
are assumed to partially offset installation costs of measures that are not 
typically supported by assistance programs; building owner and tenants 
covering any remaining costs. However, if electrification measures 
reduce energy burden, it is assumed that LIWP funding will cover all 
equipment costs. 

3.4. Recent and emerging technology support programs 

Multiple clean building technology support programs have been 
established in the last few years. These programs apply to nearly all 
residents, but support levels depend on household income. California 
programs include the Building Initiative for Low-Emissions Develop
ment (BUILD) program [91], and the Technology and Equipment for 
Clean Heating (TECH) Initiative [92]. The BUILD program provides 
incentives for new building construction or major renovation. The pri
mary incentive is the “Base GHG” incentive, which credits developers 
based on avoided carbon emissions at $150 per tonne avoided green
house gas emissions [93]. The TECH Initiative provides direct incentives 
to reduce the cost of installing heat pump systems. Incentives vary 
geographically. A residential SCE customers can receive up to $3100 
towards the installation of a heat pump water heater (HPWH) and up to 
$1400 to support building electrical upgrades [94]. At the time of this 

work, the BUILD program was yet to be finalized, while TECH Initiative 
rebates were fully utilized in certain utility territories [94]. 

Other support programs initiated through the Inflation Reduction 
Act of 2022 (IRA) [95] include 1) a 30 % tax credit on the installation of 
a HPWH with UEF of 3.3 or higher, up to $2000, and 2) the proposed 
Home Owner Managing Energy Savings (HOMES) rebate program. This 
program provides funding to state energy offices to operate clean energy 
technology rebate programs. Rebates are capped at the lesser of $4000 
or 50 % of project costs for energy savings ≥ 35 %. Incentives increase to 
$8000 or 80 % of project costs when improvements benefit low or 
moderate-income households. Since most state programs were under 
development during this work, we based incentivized building tech
nologies on ENERGY STAR Multifamily New Construction guidelines 
[96]. Note that the High-Efficiency Electric Home Rebate (HEEHR) 
Program specified in the IRA is not explicitly captured in this work since 
the incentive type is similar in structure to the California TECH 
Initiative. 

For our analysis, we assume that the TECH Initiative funds can be 
used in place of low-income assistance funds for DHW systems—all 
other measures supported by these low-income programs are unaffected. 
We assume that the IRA HPWH tax credits are applied on top of low- 
income assistance funding. For the HOMES program, we assume that 
the newly available funding replaces low-income assistance funding. 

3.5. Evaluation criteria 

3.5.1. Cost of energy 
The cost metric used in this work is the percent difference in total 

cost before and after each building measure, as shown in Eq. (1). Total 
cost is described in Eq. (2) and is taken as the net present value of 
equipment and weatherization installation costs, utility bills, and 
assistance or technology support funds. Net present value (NPV) is 
calculated using a discount rate of 6.5 % over 10 years. This metric is 
referred to as “change in NPV cost.” Whenever building and weatheri
zation costs exceed available assistance and support funding, we assume 
that the difference is funded using an 80 %/20 % debt/equity split, with 
debt funded through a 10-year loan at 6.5 % interest. 

Δ Total Cost =
Total Cost − Total CostBaseline

Total CostBaseline
⋅100 % (1)  

Total Cost = NPV(Equipment and Weatherization Costs − Subsidies
+Utility Bills)

(2) 

This work assumes that new measures are only installed when the 
previous system reaches the end of its life, or is “burned out.” The 
Total CostBaseline in Eq. (2) includes the replacement cost based on 
mandatory Title 24 energy efficiency standards. The opposite scenario 
where measures are implemented before prior system failure, or “early 
replacement” was found to increase cost in all scenarios except for 
interior lighting and smart power strip upgrades. Utility bills are 
calculated using URBANopt BEM outputs and SCE and SCG rates. Utility 
bills were projected for ten years using a 3 %3 annual utility rate esca
lation. Fig. 5 illustrates the results, showing the total utility bill intensity 
and the fraction attributed to electric bills. Utility bill intensity is defined 
as the sum of annual building electricity and natural gas utility bills, 
divided by building finished floor area (FFA). Non-residential and 
commercial buildings exhibit the highest utility bill intensity. 

3 Data from the U.S. Energy Information Administration [107] shows that the 
ten-year residential utility escalation rate over the past five years can vary 
between 0.6 % and 4 % for electricity, and − 0.4 % and 5.1 % for natural gas. 
The 3 % rate was assumed based on upward retail rate price volatility while 
being below peak escalation rates. 
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3.5.2. Carbon emissions 
Carbon emissions from building energy use come from non- 

renewable fuel combustion in building heating systems and appli
ances, and from utility power plants. California’s electricity and natural 
gas carbon emission rates are expected to decrease annually until 2050 
[10,97]. Electric grid carbon intensity also varies by the hour and across 
seasons. The time-dependent valuation (TDV) of energy captures these 
trends and dynamics, estimating hourly costs, primary energy content, 
and carbon emissions for utility electricity and natural gas from 2022 to 
2052 [97]. TDV factors were initially developed to support California’s 
building energy efficiency code Title 24 and are used to predict primary 
energy use in buildings through 2052 [98]. TDV energy is used as the 
metric to evaluate carbon emissions due to its connection with 
non-renewable energy content. 

Figs. 6 and 7 illustrate the application of TDV energy values to the 
baseline Oak View model. Fig. 6 displays the split between site energy 
and TDV energy for residential and non-residential buildings, with or 
without space cooling. Gas end uses are represented in shades of red, 
electricity in shades of green. Results highlight that residential energy 
use is primarily driven by gas DHW, while non-residential energy use is 
dominated by plug loads and interior lighting. There is a qualitative 
similarity between the TDV energy use splits and site energy. Fig. 7 
shows TDV energy intensity for all buildings, including the fraction 
attributed to electricity use. The highest TDV intensity buildings are in 
the Oak View residential sector, mainly due to natural gas usage. 
Comparing Figs. 4 and 7 reveals that residential electricity accounts for 
over 50 % of energy burden while contributing 20 % to 30 % of carbon 
emissions and TDV energy. 

A final metric used to evaluate technologies and weatherization 
measures is the levelized cost of avoided carbon (or the cost of carbon). 
This cost represents the cost paid by building owners, residents, and 
local businesses to reduce carbon emissions by investing in clean 
building technologies. Carbon emissions are calculated using TDV en
ergy multiplied by carbon emissions from natural gas combustion for 
2022 through 2023 TDV values. Levelized avoided carbon is the net 
present value of the change in carbon emissions between the baseline 
community and the community after installing a clean energy technol
ogy (Eq. (4)). Levelized cost of avoided carbon is calculated by dividing 
the change in net present value of total cost of energy (Eq. (2)) by 

levelized avoided carbon This metric is shown in Eq. (3) and has units of 
$

tonne CO2e
. This metric represents the cost each ratepayer pays to reduce 

building-related carbon emissions. 

Levelized Cost of Carbon =
Total Cost − Total CostBaseline

NPV(Avoided Carbon)
(3)   

LevelizedAvoidedCarbon=NPV(CarbonEmissions− CarbonEmissionsBaseline)
(4) 

A separate version of this same metric is calculated where change in 
total cost is replaced with weatherization and energy efficiency assis
tance plus clean energy technology support funding. This metric quan
tifies the cost efficacy of different programs for reducing building related 
carbon emissions. Aside from some California programs, the goals of 
these programs are the reduction of energy burden and improved health 
and safety for low-income households, not to economically reduce car
bon emissions. 

3.5.3. Pollutant emissions—NOx 
Criteria pollutant emissions that we examine come from combustion 

processes used for electricity generation, water and air heating, and 
residential appliances. We use pollutant emission factors based on 
average electric grid emission rates from the United States Environ
mental Protection Agency (EPA) [99], and experimental results from 
appliances and heaters [100–106]. Table 3 provides emissions factors 
for nitrogen oxides (NOx), which are used to calculate annual NOx 
emission inventories for all Oak View buildings. Emissions factors for 
carbon monoxide and unburned hydrocarbons are available for resi
dential appliances and heating systems but not for electricity generation 
and are not included in this study. 

Resolving air quality impacts requires models operating across far 
larger geographic areas than that of the community considered here. 
However, prior work considering both the electric grid and air quality 
response to building electrification has shown that building electrifica
tion reduces the exposure of low-income and disadvantaged commu
nities to air pollution [18]. This suggests that the change in direct 
emissions from the community due to natural gas combustion is the 

Fig. 5. Baseline utility bill intensity for each building and the fraction of bill intensity due to utility electricity demand. Utility bill intensity is total annual electric 
and natural gas utility cost divided by building finished floor area (FFA). The results show that non-residential and electrified residential buildings have the highest 
utility bill intensity. Energy use results presented in Section 3.5.2 show that 20 % to 30 % residential energy is associated with electricity while these results show 
electricity driving 50 % to 60 % total utility bills. 
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Fig. 6. A comparison between site energy and TDV energy use for Oak View residential and non-residential buildings. The figure is derived from results originally 
presented in [70]. This figure shows the difference in TDV energy use between residential and non-residential buildings where DHW dominates energy use in 
residential buildings while plug loads and interior lighting dominate non-residential. 
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critical metric to consider over and above that of utility electricity 
generation pollutant emissions. 

4. Results 

Results presented in this section are unique to the Oak View com
munity. Factors that influence results are a relatively low carbon electric 
grid [99] coupled with relatively high retail electricity prices [107]. 

4.1. Residential—individual measures 

Residential building results are separated into groups based on in
come and building type:  

1. Tenants Below 200 % Poverty Limits: Buildings deeded as low- 
income properties, occupied with only low-income tenants.  

2. Tenants Above 200 % Poverty Limits: Buildings occupied by tenants 
above household income limits.  

3. Mixed Income & Electrified: Electrified residential buildings with 
mixed-income tenants.  

4. All Residential Buildings. 

Change in TDV energy and NPV cost for select measures applied to 
the Oak View community are shown in Fig. 8. Bars show the average 
change per group of buildings. Whiskers, or the “error bars,” show the 
span of results produced by individual BEMs. Complete results for every 
measure are provided in the supplemental material, including manda
tory wall and roof insulation; both measures produce modest cost sav
ings and have a similar impact on TDV energy as recommended 
insulation levels. Window results are also absent from Fig. 8, but are 
available in the supplemental material. Window upgrades were found to 
provide minimal TDV energy savings while substantially increasing 

costs unless covered by low-income assistance programs. 
Moving from top to bottom, the results show that cost-effective en

velope upgrades for the community are limited to mandatory Title 24 
measures (not shown). Additional insulation and cool coating were 
found to increase total cost. The cool coating increases TDV energy 
while recommended insulation measures produce modest energy sav
ings that each make them more costly. Prior work has shown that cool 
coatings can produce significant financial, energy, and comfort benefits 
[79,49] . However, since most Oak View buildings lack air conditioning, 
the value of a cool coating is not realized by considering cost and energy 
alone. 

Domestic hot water (DHW) measures generally increase cost. Among 
the three measures, only the condensing gas water heater reduces utility 
bills, but the higher capital cost results in a net increase in the total cost 
of energy. The electric resistive water heater (ERWH) decreases TDV 
energy by ~20 % but significantly increases the total cost of energy 
75–100 %. HPWHs offer the most significant reduction in TDV energy, 
but utility bills may increase if replacing a conventional gas DHW sys
tem. If used to replace an ERWH, HPWH systems decrease both cost and 
TDV energy by up to 30 %. 

Fig. 9 shows which heating type achieves lowest TDV energy at each 
Oak View building. This figure also shows the normalized heating load 
based on heater selection (top right) along with the TDV energy asso
ciated with condensing gas and baseboard electric space heaters (bottom 
right). Baseboard electric heating is less energy intensive than gas 
heating between 8 AM and 5 PM. Buildings with heating loads that peak 
between these hours achieve lower TDV energy with electric resistive 
systems. However, upgrading or electrifying residential building heating 
systems in Oak View generally increases costs – condensing gas heaters 
have much higher equipment costs while baseboard heaters increase 
total utility bills.4 

Interior and exterior lighting were found to decrease both cost and 
TDV energy. LED adoption decreases equipment costs due to longer bulb 
life than incandescent or compact fluorescent and lowers utility bills. In 
general, the appliance upgrades described in Table 2 were found to 
typically increase costs while decreasing TDV energy. Appliance elec
trification in this community achieves lower TDV energy when 
compared to higher efficiency natural gas appliances but increase total 
energy cost due to higher utility bills. The lone instance where an 
appliance upgrade led to lower total cost occurred in the mixed income 
electrified building. This result is due to residential unit density—shared 

Fig. 7. TDV energy intensity for each building and the fraction of TDV intensity associated with utility electricity imports. The maps show that residential buildings 
have a higher energy use intensity, which is primarily driven by gas use. 

Table 3 
Summary of NOx pollutant emission factors and sources for electricity and 
natural gas use.  

Source Units NOx 

Utility Electricity [99] kg/MWh delivered 0.189 
Gas cooktop burner [100,101] ng/J fuel combusted 53.9 
Gas oven burner [101,102] 51.3 
Space heater [101] 56.1 
Low NOx gas tank water heater [101,104,105] 7.8 
Tankless gas water heater [106] 22.0 
Gas clothes dryer [101] 13.9  

4 Space heating heat pumps were not included in this work due to cost 
challenges. These systems will be included in subsequent work. 
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laundry facilities are implicitly assumed to have higher utilization at 
buildings with more residential units, maximizing the benefit of high 
efficiency laundry machines. 

Negative appliance results for Oak View are partially due to the 
assumption that many appliances are replaced simultaneously. High 
efficiency clothes washing and drying appliances placed in common 
building areas are relatively expensive and not supported by low-income 
assistance programs. These cost premiums offset the financial benefit of 
other high efficiency appliances that are supported through low-income 
assistance programs, like ENERGY STAR refrigerators, dishwashers, and 
smart power strips. Additionally, the appliance upgrade bundles 
included other relatively high-cost appliances, such as gas ovens, which 
are not covered by ENERGY STAR. 

The levelized cost of avoided carbon emissions for Oak View prop
erty owners and low-income tenants caused by adopting individual 
measures is shown in Fig. 10. Results are arranged from lowest to 
highest cost of avoided carbon. The figure uses a logarithmic axis to 
capture the wide cost range. Mandatory Title 24 envelope and lighting 
measures have a negative cost of avoided carbon due to assistance from 
low-income programs that cover upgrade costs coupled with slight 

reductions in utility bills and TDV energy. Except for lighting measures, 
mandatory window, wall, and roof improvements only achieve a nega
tive cost due to replacement or burnout, or when the prior windows or 
wall/roof insulation must be replaced. Fig. 8 and supplemental results 
show that these measures produce marginal cost and energy benefits. If 
replacement of these measures occurs before burnout, the levelized cost 
of carbon would quickly turn from negative to positive. This is captured 
in Fig. 11, which shows the cost of carbon based on low-income assis
tance programs that support envelope improvements and upgrades. 

Of the measures that increase cost, the HPWH system has the lowest 
cost of avoided carbon at approximately $200 per tonne CO2 due to 
higher capital cost and increased utility bills. Aside from the recom
mended Title 24 wall insulation levels, the cost of carbon for all other 
measures exceeds $1000 per tonne CO2. 

Costs of avoided carbon for previously electrified Oak View buildings 
are, in general, similar to results shown in Fig. 10. Key differences are 
that HPWH and appliance upgrades achieve a cost of carbon of -$1000 
and -$600 per tonne due to lower utility bills while decreasing TDV 
energy. This appliance result is primarily due to higher use of shared 
laundry facilities in multifamily residential buildings with more 

Fig. 8. Change in TDV energy and NPV cost for select measures for Oak View residential buildings. Each bar represents the average change for each building 
classification. The error bars represent the 5 % to 95 % percentile for individual BEM results. 
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Fig. 9. Map of Oak View indicating which space heater type achieves lowest TDV energy reduction. The difference in space heater type is primarily due to the 
matching of space heating load profile with the TDV energy intensity of utility electricity and the grid. The top right figure shows the normalized space heating load 
for all buildings with lower TDV energy with a condensing gas or electric baseboard heater. The bottom right figure shows the average TDV energy intensity for a 
condensing gas heater or an electric baseboard system. The electric baseboard range represents variations in TDV energy for an electric baseboard space heater due to 
variations in electric grid operations. 

Fig. 10. Cost of carbon imposed on an Oak View building owner and low-income tenant who adopts an individual clean energy technology or weatherization 
measure. Results are presented using a logarithmic y-axis to show the range in results across the different measures. A logarithmic axis is used due to the extreme 
difference between low and high cost of carbon measures. 
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residential units. Cost of avoided carbon for buildings with tenants 
above federal poverty limits are like those shown in Fig. 10 and are in 
the supplemental results. 

Results from the Oak View model show that the use of current low- 
income assistance programs can typically only be used to support 
mandatory Title 24 envelope improvements and upgrades to lighting 
and appliances located inside residential units. Regardless, the cost of 
avoided carbon due to investment from low-income energy assistance 
programs is presented in Fig. 11. Note that these results will always be 
positive since the utility bill savings benefits are realized by the tenant 
and not the low-income assistance programs. Of these measures, only 
lighting, appliance upgrades, roof insulation, and windows are fully 
funded using assistance program resources. All other measures assume 
partial funding based upon what would have otherwise been available 
for a similar, funded measure (e.g., partial funding of a HPWH in place of 
a fully funded conventional gas tank water heater). The costs of avoided 
carbon are ordered from lowest to highest cost and are plotted using a 
logarithmic scale. 

The lowest cost investment for Oak View is for HPWHs, followed by 
interior lighting. Under current assumptions, program funding for 
HPWHs is capped by the cost of a conventional gas water heater, or 
approximately 55 % of the HPWH cost. For appliance electrification, the 
basic appliance option achieves the lowest cost of avoided carbon at a 
cost of slightly over $1000 per tonne CO2. 

There is a large cost difference between envelope improvements for 
building owners/tenants and low-income assistance programs. While 
Fig. 10 shows negative cost of carbon for tenants and building owners, 
Fig. 11 displays costs up to $90,000 per tonne CO2 avoided. This dif
ference stems from the replacement approach used in the model, where 
envelope investments occur only when required, and are divided be
tween building maintenance and weatherization premium costs. Since 
mandatory insulation levels and window properties exist under Title 24, 
the premium cost to meet current codes is $0. However, when low- 
income weatherization funds are used, the maintenance cost is shifted 
to assistance programs, resulting in the cost of carbon shown in Fig. 11. 
Note that the goal of low-income weatherization programs includes 
enhanced health and safety. These factors are not directly addressed in 
this work. 

Pollutant emission results for select measures are shown in Fig. 12. 
This figure shows the annual NOx emissions from natural gas at all 
residential buildings in Oak View, and emissions from powerplants. This 
figure only shows the change in emissions for electrification technolo
gies since all other measures aside from the condensing gas water heater 
had little to no effect on annual NOx emission rates. Depending on the 
water heater type, pollutant emissions from buildings increase by 
approximately 30 % (on-demand water heater) or decrease by 10 % 
(tank water heater with low NOx burner). 

The results show that appliance and DHW electrification measures 
both reduce natural gas NOx emissions by 45 % but increase electricity 
related NOx emissions. Appliance electrification and HPWH systems 
result in a net reduction in pollutant emissions while ERWH systems 
produce a net increase. 

4.2. Non-Residential—individual measures 

Fig. 13 presents the TDV energy and total cost results for non- 
residential buildings, categorized by those with and without space 
cooling. Recommended insulation levels for roof and walls are shown, 
while results for mandatory levels are provided in the supplemental 
material. Mandatory insulation levels follow a similar trend as resi
dential buildings, slightly reducing cost and TDV energy. Fig. 13 shows 
that upgrading roof insulation to recommended levels increases costs 
across all non-residential buildings. However, installing recommended 
wall insulation decreases both cost and energy for all non-residential 
buildings. The cool coating decreases cost and energy for buildings 
with space cooling. The cost and energy reduction from applying a cool 
coating to nonresidential buildings with space cooling are the largest for 
any envelope improvement applied to any building type, residential or 
non-residential. 

Fig. 11. Costs of avoided carbon for low-income tenants and properties in the community based on low-income weatherization and energy efficiency programs. The 
amount of invested funds is based on supporting measures that reduce utility bills for low-income households. A logarithmic axis is used due to the extreme difference 
between low and high cost of carbon measures. 

Fig. 12. Building related pollutant emissions for the Oak View community. 
Results include the baseline emissions level compared against electrification 
options. All other measures except for the condensing gas water heater were 
found to have a marginal impact on pollutant emissions. If the condensing gas 
water heater is tankless, NOx emissions from on-stie natural gas combustion 
increase approximately 30 %. 
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Unlike residential results, the condensing gas water heater reduces 
energy and cost compared to the conventional gas DHW system for 
educational, manufacturing, and office buildings that also have space 
cooling. HPWH’s achieved the deepest TDV energy reduction but 
increased cost slightly. 

Baseboard electric heating systems consistently reduce TDV energy 
compared to the baseline and condensing gas options. This was sum
marized in Fig. 9, which showed that buildings with peak heating at or 
after 8AM have lower TDV energy intensity with baseboard electric 
systems. Nonresidential BEM heating thermostat setpoints switch from 
64◦F to 70◦F at 8AM, resulting in peak heating just as electric resistive 
energy intensity drops below condensing gas. Although a switch in 
heating system type generally increases cost, some of the educational 
and office buildings achieve lower costs with this system type due to 
lower replacement costs paired with relatively low heating loads. 

Plug load and lighting measures prove highly effective in reducing 
energy use and cost. Interior lighting and smart power strips achieve 
TDV energy reductions comparable to the HPWH measure and decrease 
total cost of energy. Exterior lighting reduces TDV energy but does not 
yield significant cost savings due to relatively high installation costs. 

4.3. Lowest cost and lowest emission community designs 

Individual measure results were used to create optimal combinations 
of clean energy technologies and weatherization measures that 

minimize total cost, pollutant emissions, and TDV energy. Various 
combinations of measures applied to the Oak View UBEM were tested to 
identify the most effective mix. 

The lowest total cost design for all buildings includes interior light
ing and mandatory Title 24 envelope measures. Designs for buildings 
with electric resistive heating also in HPWHs and high-efficiency electric 
appliances. Non-residential buildings also include smart power strips 
and cool coatings for buildings with space cooling. 

For pollutant emissions, measures such as energy efficiency and 
condensing gas technologies were found to reduce total NOx emissions, 
resulting in a 10–20 % reduction within the community. Fig. 12 shows 
that appliance electrification and HPWH scenarios showed little to no 
change in total NOx emissions due to the shift of emissions from the 
community to utility power plants. Recall that prior research found that 
building electrification in Southern California can lead to improved air 
quality [18]. Furthermore, the average NOx emission rate of the Cali
fornia electric grid has been decreasing steadily over the years [99,108, 
109]. Assuming this trend continues with the integration of more 
renewable energy systems, electrification can eliminate on-site NOx 
emissions and transition to a lower-emission energy source located away 
from populated areas. As a result, we assume that the lowest pollutant 
emission design aligns with the lowest TDV energy design. 

All lowest TDV energy designs include lighting upgrades, HPWHs, 
mandatory Title 24 envelope measures, appliance electrification and 
upgrades, and space heater upgrades tailored to each building. For 

Fig. 13. Change in TDV energy and NPV cost for select measures for non-residential Oak View buildings. Each bar represents the average change for each building 
classification. The error bars represent the 5 % to 95 % percentile for individual BEM results. 
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previously electrified buildings, the lowest TDV design also matches the 
lowest cost design. During the assembly of the lowest TDV energy 
design, we found that appliance and space heater upgrades increased 
cost substantially with modest reductions in TDV energy. Conversely, 
lighting and HPWH upgrades produced deep reductions in TDV energy 
with relatively small increases in cost. To balance cost and energy re
ductions, an ``intermediate” lowest TDV scenario includes only HPWH 
and LED lighting upgrades. 

Fig. 14 illustrates the change in total cost and TDV energy for these 
two design goals across residential and non-residential Oak View 
building subgroups. For residential buildings with gas heating systems 
(blue and red-orange bars in the top subfigures), the lowest cost mea
sures reduce cost and energy by less than 10 %. The intermediate lowest 
TDV energy scenario reduces TDV energy by over 40 % but increases 
cost by 15–20 %. The lowest TDV energy scenario reduces energy by 
approximately 50 % but increases cost more than 50 %. For already 
electrified buildings, the lowest cost and lowest TDV energy scenarios 
match, both reducing cost and energy by 35 % and 45 % respectively. 

Non-residential building designs consistently reduce total cost 
regardless of the design goal. LED upgrades and power strips offset the 
higher costs of other low TDV energy measures. Simulation results 
suggest that total energy cost can be reduced by up to 20 %, accompa
nied by a 20–30 % decrease in TDV energy. 

For a typical Oak View residential building, the lowest cost and 
lowest TDV energy designs do not align. The lowest cost design yields 
minimal savings in cost and energy, while the lowest TDV energy design 
leads to an unacceptable increase in cost. However, Fig. 14 demonstrates 
that most energy savings achieved in the lowest TDV energy design can 
be obtained through HPWH and lighting measures alone. Fig. 15 pro
vides information on the relative cost and energy contribution of each 
individual measure included in the lowest TDV energy design for low- 
income families in the Oak View community. Interactive effects were 
captured by simulating the measures incrementally. Additional charts 
for other residential groups can be found in supplemental material. 

Fig. 15 illustrates the cost and energy contribution of each measure 
when implemented in a low-income residential unit. HPWH and lighting 
upgrades achieve a 41 % reduction in TDV energy at a 14 % cost in
crease. This cost increase occurs due to the higher HPWH installation 
cost and utility bills. Appliance electrification reduces TDV energy by 4 
% but increases cost by over 20 %. Additional upgrades to appliances, 

space heating, and the envelope result in a cost increase of nearly 15 % 
and a TDV energy decrease of approximately 6.6 %. Appliance and space 
heater electrification cost increases occur primarily due to higher utility 
bills. 

Fig. 16 shows the cumulative cost of carbon for the lowest TDV en
ergy scenario in Oak View residential buildings. The graph displays the 
cost of carbon for both tenants and building owners (left) and considers 
low-income assistant program investment (right). The cost of carbon is 
analyzed based on income and building type, with buildings housing 
tenants below the 200 % poverty limit shown in the top left, buildings 

Fig. 15. Waterfall chart showing the relative contribution of the different 
measures that make up the lowest TDV energy design for low-income families 
living in Oak View. 

Fig. 14. The cost and energy results of the optimal mix of investments that produces the lowest NPV and TDV energy designs for residential and non-residential 
buildings in the Oak View community. An intermediate HPWH+LED Lights design is included as an intermediate scenario between lowest NPV and lowest TDV 
energy designs. 
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above the 200 % poverty limit in the middle left, and mixed-income 
tenants in already electrified buildings in the bottom left. Results for 
low-income assistance funds show only increases in cost since the ben
efits of these programs are realized by tenants, not the funding agencies. 

By combining the effect of multiple measures at Oak View buildings, 

higher cost measures are balanced by lower cost, higher impact mea
sures. For example, the cost of carbon for appliance electrification (from 
$1500 to $2300 per tonne, depending on income level), drops when 
paired with HPWH and lighting measures (from $350 to $400 per 
tonne). This same effect is observed for low-income assistance funds. 

Fig. 16. Cost of carbon for residential building upgrades necessary to achieve lowest TDV energy across the Oak View community. The figure on the left shows the 
cost of carbon for tenants and building owners. The figure on the right shows the cost of carbon based on low-income weatherization and energy efficiency in
vestment. Results show the cumulative effect of adoptions of new technologies and envelope upgrades specified for the lowest TDV energy designs. 

Fig. 17. The financial effect of reducing the cost of utility electricity on residential Oak View buildings that undergo electrification. The figure on the left focuses on 
families below the 200 % poverty limit and provides the effective CARE rate reduction. The figure on the right focuses on families above this poverty limit. Dots 
indicate the point at which electrification does not increase total utility bill cost (electricity + gas). Results are based on current SCE retail residential rates. According 
to simulation results, Oak View tenants below the 200 % poverty limit pay $13.7 per kWh electricity and $1.12 per therm natural gas. Tenants above the 200 % 
poverty limit pay $20.6 per kWh electricity and $1.358 per therm natural gas. 
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Note the cost of carbon for previously electrified residential buildings 
falls below -$1000 per tonne CO2 due HPWHs reducing both cost and 
TDV energy. 

4.4. Expansion of low-income support programs 

Previous results show that electrification of DHW and appliances are 
effective in reducing TDV energy, carbon emissions, and pollutant 
emissions in Oak View buildings. However, these measures generally 
result in increased energy costs. This section explores how different 
utility rates and assistance programs can mitigate higher costs. 

Fig. 17 illustrates how reducing the cost of utility electricity affects 
total cost for various electrification measures. The results are divided 
between Oak View tenants below and above the 200 % federal poverty 
limit. Natural gas rates also depend on income level and are $1.12 per 
therm for low-income residents, and $1.358 per therm for all else. Since 
certain electrification measures have a higher cost of installation, the 
point at which utility bill parity occurs is indicated with a dot. Under 
current CARE rates, the average actual discount applied to low-income 
ratepayers is 33.4 %. 

For the HPWH, utility bill parity occurs when average utility elec
tricity is reduced by $0.025 per kWh for ratepayers below the 200 % 
poverty limit (or a 38 % CARE reduction), and $0.04 per kWh for all else. 
For appliance electrification, rates must be reduced to $0.06 per kWh for 
low-income ratepayers, and $0.09 for all others. Reductions for mixed 
measures float between the upper appliance electrification and lower 
HPWH limits. 

At utility bill parity, HPWHs continue to increase total cost due to 
higher equipment costs. The support programs described in Section 3.4 
(TECH program, IRA tax credits, and HOMES) are designed to reduce the 
cost to install HPWHs and other clean energy technologies. The cost 
impact of these programs on Oak View property owners and tenants is 

shown in Fig. 18. This figure shows the application of these programs to 
the HPWH only, the HPWH and lighting upgrade measures, and the 
lowest TDV set of technologies. Results are shown for households above 
and below federal poverty limits (electrified homes are excluded). 

These results indicate that the new and emerging clean energy 
technology support programs provide significant cost savings benefits to 
Oak View tenants and property owners. In the case of the California 
TECH program, funding the purchase of a HPWH offsets both the HPWH 
installation premium and higher utility bills. This result is due to the 
assumption that a HPWH is installed to replace a failed gas tank DHW 
system. Since the property owner would need to install a new water 
heater, TECH funds offset the HPWH installation cost while reducing 
costs to maintain the property. These savings fully offset higher electric 
utility bills. When applied to the lowest TDV system design, TECH funds 
shrink the increase in cost from 50 % to 20 % despite only supporting 
HPWHs. 

The IRA HPWH tax credit provides a similar benefit to TECH funding 
but is not sufficiently large to offset the equipment and utility bill cost 
premium for the buildings analyzed in the Oak View community. 
Finally, the IRA HOMES program is most effective at offsetting equip
ment premiums and higher utility bills for all technology scenarios 
analyzed for the Oak View community. 

The cost of avoided carbon based on low-income assistance program 
funding applied to Oak View residential buildings is shown in Fig. 19. 
These results include the impact of TECH and IRA support. Cost of 
carbon increases for the TECH and IRA programs since these programs 
provide additional funding for clean energy technologies. Recall, how
ever, that the utility bill benefits are experienced by the tenant, not the 
low-income assistance program, resulting in an increased cost of carbon 
as assistance increases. 

Under the HPWH only scenario, TECH program funding completely 
offsets the cost to purchase and install a HPWH at a cost of $300 per 
tonne. The HOMES program, which covers 80 % of the cost, has a cost of 
approximately $250 per tonne. The IRA HPWH tax credits cost credit 
falls between TECH and HOMES incentives. Since this tax credit is 
stacked on top of existing low-income weatherization and energy effi
ciency funding, the isolated cost of carbon for the IRA HPWH tax credits 
is between $40 and $60 per tonne CO2. As expected, adding additional 
measures (lighting, appliance electrification, etc.) increase the cost of 
carbon. 

4.5. Impact of measures on energy infrastructure 

The ACPF determined voltage and ampacity levels in the community 
and assessed distribution circuit degradation. The analysis showed that 
voltage levels were within acceptable limits of 0.95 to 1.05 p.u. for all 
measures (results that are consistent with prior work [21,110]). Only 
electrification measures caused circuit degradation. Fig. 20 illustrates 
the necessary upgrades for three different electrification scenarios over 

Fig. 18. Change in total cost for HPWH-based measures after applying funds available through new and emerging clean energy technology support programs. Results 
are shown for Oak View families above and below the 200 % household income poverty limit. 

Fig. 19. Cost of carbon across Oak View residential buildings after applying 
funds available through new and emerging clean energy technology support 
programs. The cost of carbon considers the funds invested from new State and 
Federal incentive programs. 
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the next 15 years. Upgrades were determined using the model of [71]. 
HPWH and appliance electrification require transformer replacements, 
while ERWH leads to transformer failures and one cable overload. 
HPWH and appliance electrification upgrades would be required within 
five years of measure implementation while ERWH upgrades would be 
required within one year. These degradation results do not consider 
other potential load increases, such as electric vehicles or new space 
cooling. 

Building electrical panel improvements are likely also necessary to 
support building electrification.5 Panel upgrade cost estimates are based 
on an engineering report on building electrification in the City of Palo 
Alto, California [111]. This work estimates that a panel upgrade from 
100 amps to 200 amps for a single-family home costs $4256, and the 
same upgrade for a multifamily building cost $2744 per residential unit. 
Note that each additional $1000 in equipment cost increases total cost of 
energy by 11 % for low-income residents and 9 % for others. Combining 
all measures and potential upgrades, Fig. 21 shows the combined 
upfront cost for Oak View, including building measure premiums, panel 
upgrades, and electric distribution circuit upgrades. Building panel up
grade costs remain constant at $2.67 million. Electric distribution circuit 
upgrades range from $0.21 to $0.31 million for appliance electrification 
and HPWH measures. In total, the most significant capital requirement is 
panel upgrades required to electrify residential buildings. 

These results represent investment from different parties. Regardless, 
all costs are likely to eventually be borne by the ratepayer as electric 
infrastructure upgrade costs are added to the utility rate base. Assuming 
a 30-year monetization period and a 7.5 % rate of return, appliance 
electrification and HPWH upgrades increase annual electricity costs by 
$15 to $24 per year per ratepayer (1 % to 2 % total cost increase). 
ERWH, with higher ampacity requirements, leads to an increase of 
nearly $84 per year (8 % total cost increase). 

Fig. 20. Required electric distribution upgrades that occur within the next five 
years due to the following electrification measures: A) HPWH plus lighting, B) 
appliances, and C) ERWH systems. For reference, peak electrical demand for the 
entire community is 2.33 MW prior to measure implementation. Appliance 
electrification and HPWH measures increase peak demand to 2.47 and 2.83 
MW, respectively. The ERWH measure increases peak demand to 3.46 MW. 

Fig. 21. Total up-front investment cost including energy technologies and 
weatherization measures at each individual building, panel and other building 
upgrades, and electric system distribution upgrades. 

5 Most residential buildings were built without cooling and with gas system 
hookups. Visual inspection of exterior electrical panels indicates original 
equipment. Oak View residents have reported issues with building circuit 
breaker trips while using portable and standalone air conditioning units, or 
other electrical appliances. 
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5. Discussion 

The three key contributions of this work are 1) the analysis of 
weatherization, energy efficiency, and electrification measures applied 
to a low-income community in Southern California, 2) the examination 
of low-income assistance programs towards supporting these building 
measures, and 3) the prediction of electric distribution circuit degra
dation and cost impacts due to the application of these measures. The 
main outcomes from this work are that there are a limited number of 
building measures applied to the Oak View community that can reduce 
cost, carbon, and pollutant emissions. Electrification of gas DHW and 
appliance systems produces the largest drop in carbon and pollutant 
emissions but increases utility bills for the Oak View community. As a 
result, these measures are likely ineligible for support under current low 
income weatherization and energy efficiency programs. Providing more 
generous utility rate discounts would eliminate bill increases due to 
electrification but would not eliminate additional equipment costs 
associated with electrification. These costs can be offset with new and 
emerging electrification support programs. Electrification is projected to 
degrade electric distribution utility equipment in Oak View. However, 
costs to offset degradation are relatively low - ≤2 % of current Oak View 
utility energy costs. 

Limitations of our work include:  

1) Location dependence: Oak View has a temperate climate and access 
to high cost, low-carbon electricity. The findings likely apply to other 
areas in California, but additional analysis may be necessary for 
implementation beyond the state.  

2) Instance in time: Results are based upon current equipment and 
weatherization costs and incentives and do not consider future cost 
trends.  

3) Thermal boundaries: Many HPWHs sources heat from ambient 
outdoor air. In reality, HPWHs are installed inside the building and 
would require ductwork to access exterior air. Most Oak View gas 
tank DHW systems are in garages next to exterior walls, or in me
chanical rooms/closets separate from residential units. If HPWHs are 
installed with insufficient ventilation or ambient temperatures drop 
below the design point, HPWH performance will decrease. If the 
HPWH sources heat from conditioned areas, HPWH operation could 
result in additional space heater operation, reducing carbon emission 
savings created by DHW electrification. 

4) One hour time step: Simulation time step does not capture the ex
tremity of DHW consumption dynamics. Typical HPWHs also contain 
a backup electric resistive element that is triggered during large hot 
water draws. Analyzing the community at the hourly time-step likely 
misses dynamics that may result in electric resistive operation, which 
would reduce TDV energy savings and increase cost.  

5) Limited building measures: This work does not include renewable 
distributed energy resources, active cooling technologies (i.e., 
reversible heat pumps), and other weatherization measures included 
in other work [49]. We also consider appliance upgrades as a bundle, 
mixing some economic and non-economic measures.  

6) Occupant thermal comfort: Since we do not consider active cooling 
technologies, we do not resolve building occupant comfort. This 
consideration will become more important as extreme heat events 
occur more frequently.  

7) Split incentive: Roughly 80 % of Oak View residents rent. Recent 
DOE survey results show that nearly 80 % of renters pay their own 
utility bills [112]. Since the utility bill reduction is experienced 
primarily by the ratepayer, a property owner does not have a direct 
incentive to invest in clean energy technology or weatherization 
[113]. This work does not resolve the challenge of this split incen
tive, which must be accounted for when implementing clean energy 
technology support programs.  

8) Availability of assistance funding: CARE rate support is open to all 
income qualified ratepayers. All other programs, however, are 

budget limited and can only aid a certain number of families each 
year. These budget limitations were not considered in our work. If 
assistance budgets remain constant, supporting more expensive 
HPWH systems over conventional gas DHW heaters could reduce the 
number low-income families benefiting each year from weatheriza
tion and energy efficiency programs. 

While our analysis focuses on Oak View, the approach can be applied 
to other disadvantaged communities in the U.S. 

Based on our analysis, electrification efforts in Oak View should 
prioritize HPWHs over ERWH due to significant cost increases and dis
tribution upgrades with the latter. However, a split incentive issue arises 
as ERWH systems cost less upfront. If not addressed, electrification of 
water heating could burden low-income Oak View renters and hinder 
carbon reduction potential. Title 24 permits electric resistive water 
heaters when tank size falls below a certain threshold, and other state 
energy codes are more permissive of residential electric resistive water 
heaters. Care must be taken to ensure that, when climate and utility cost 
conditions are similar to Oak View, electrification efforts prioritize 
higher efficiency heat pumps to avoid an unnecessary increase in energy 
burden for low-income families. 

Widespread electrification of Oak View, especially with less efficient 
technologies, would increase the energy burden for low-income Oak 
View households under current rate structures. Further CARE rate re
ductions are needed for utility bill parity, or upfront incentives that 
offset both equipment and utility bill premiums must be provided. 
Escalating utility gas rates in California may drive future electrification 
in Oak View. However, this scenario achieves carbon reduction through 
an increased energy burden on low-income households. Finding ways to 
further reduce electricity costs for low-income families would improve 
equity and enable electrification. 

Cost of carbon calculations support our findings that deeper carbon 
reductions often come at a higher Oak View ratepayer cost. Shifting 
funding from envelope improvements to electrification measures would 
enhance the carbon reduction effectiveness of low-income support 
programs and reduce the impact of higher energy costs. However, it is 
vital to analyze this shift carefully to ensure that it does not compromise 
program goals of enhancing health and safety. 

Weatherization and energy efficiency measures in communities like 
Oak View have a small impact on cost and emissions reductions. Even 
unbundling appliance upgrades for ENERGY STAR appliances supported 
by LIHEAP and WAP only results in 10–15 % TDV energy reduction and 
10–20 % cost reduction for residential buildings in Oak View. The lack of 
cooling loads contributes to this limited effect. The health and safety 
benefits of these measures are not addressed in our work. Regardless, 
there is significant potential to reduce carbon and pollutant emissions in 
low-income communities with a few targeted measures. 

6. Summary and conclusions 

This work analyzes building energy efficiency, weatherization, and 
electrification measures in a disadvantaged community in coastal 
Southern California. The goals were to determine the most cost-effective 
measures for energy, carbon, and pollutant reductions, assess support 
from low-income energy assistance programs, and evaluate their impact 
on the local electrical distribution system. The analysis incorporated 
incentives from the Inflation Reduction Act of 2022. A combined urban 
building energy and AC power flow model was used to examine up
grades in building envelope, DHW, space heating systems, and plug and 
lighting loads. Key findings include:  

• Traditional low-income energy assistance measures (weatherization, 
efficient appliances, lighting upgrades) have limited impact on cost, 
carbon, and pollutant reductions in the community. These measures 
reduce costs and emissions by 10–20 % over the current community. 
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These results are influenced by the temperate climate and lack of 
building space cooling systems.  

• Of the various measures examined in this work, the HPWH produces 
the largest reduction in carbon emissions and the 2nd largest 
reduction in pollutant emissions. When used to electrify a gas tank 
DHW, carbon emissions over the next 30 years are projected to drop 
by over 40 %, on average, while pollutant emissions from buildings 
are cut in half. However, due to the relatively high cost of California 
retail electricity, the HPWH increases total cost of energy by 17 % for 
low-income households, and 22 % for all others in the community. 
Pairing HPWHs with LED interior lighting achieves 80 % of the 
carbon reduction potential estimated in this work. When used to 
replace an ERWH, HPWHs decrease cost nearly 30 % and carbon 
emissions by nearly 35 %.  

• HPWH and appliance electrification have a similar impact on the 
Oak View electric distribution systems, with transformer re
placements and upgrades increasing Oak View ratepayer energy 
costs by 1 % to 2 %. Interestingly, electric distribution transformer 
degradation remains the same when both HPWHs and appliance 
electrification are implemented simultaneously.  

• ERWHs also display significant TDV energy reduction potential but 
increase cost of energy 70 % to 100 % when replacing a gas tank 
DHW. Widespread deployment results in immediate distribution 
transformer upgrades, and in one instance, a distribution cable up
grade, resulting in a projected 7.5 % cost of energy increase for the 
community.  

• Current low-income utility rate reduction programs, which reduce 
the cost of electricity by ~30 %, are insufficient for supporting 
electrification in this community. Holding utility gas costs constant, 
utility electricity must be reduced by 35 % to 45 % to achieve utility 
bill parity after building electrification.  

• Incentives that offset 80 % or more of total HPWH installation costs 
across Oak View have the potential to eliminate any cost increase 
associated with electrifying residential buildings. However, in
centives provided to property owners may not directly translate into 
savings for low-income renters. 
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