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Abstract

This study evaluates the effectiveness of Smart Energy Monitoring Systems (SEMS) in enhancing energy efficiency, affordability,
and sustainability in U.S. affordable housing. Rising energy costs disproportionately affect low-income households, many of whom
spend over 10% of their income on utilities. While SEMS have proven effective in commercial settings, their adoption in low-
income housing remains limited due to high upfront costs, digital inequities, and policy gaps. Using a mixed-methods approach, we
analysed SEMS deployment across 15 geographically and demographically diverse affordable housing developments. Quantitative
data assessed energy consumption, cost savings, and peak demand reductions, while qualitative insights from residents, managers,
and policymakers captured user experiences and barriers. Results indicate an average 16.7% reduction in energy use, peak
demand reductions of 18.3%, and annual savings of 3267 per household. Integrated systems with Al, real-time feedback, and
resident engagement achieved savings of up to 24%.

Beyond energy and cost outcomes, SEMS promoted digital literacy, workforce development, and operational efficiency. Financial
analysis confirmed long-term viability, with most systems achieving a positive net present value. However, barriers such as the
split incentive dilemma and regulatory fragmentation persist. The study concludes that SEMS, if supported by inclusive policies and
sustainable financing, can reduce energy poverty and support climate resilience. Policy recommendations include federal SEMS
mandates in HUD programs, utility cost recovery frameworks, and community-centered implementation strategies. With the right
frameworks, SEMS can become a cornerstone of equitable, smart, and sustainable housing.
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1. Introduction Traditional affordable housing developments often lack modern

Housing affordability and climate change are among the most
critical challenges confronting U.S. urban communities, particularly
for low-income households. These populations are increasingly
burdened by rising housing costs, stagnant wages, and surging
energy expenses. The term "energy burden" is defined as spending
more than 6% of household income on energy, disproportionately
affecting these households, with many exceeding 10%, especially
in regions with extreme climates or outdated infrastructure [1].

energy-efficient designs. Many of these properties feature poor
insulation, inefficient HVAC systems, and aging appliances,
which drive up energy consumption and utility bills, exacerbating
financial stress and contributing to housing instability and health
disparities [2].

Smart Energy Monitoring Systems (SEMS), enabled by Internet of
Things (IoT) devices, artificial intelligence (AI), and automation,
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offer a data-driven solution to these challenges. SEMS provide
real-time energy use tracking, predictive maintenance alerts,
and behaviourbased feedback mechanisms, empowering both
tenants and property managers to reduce consumption and costs
[3]. Despite success in commercial and high-income settings,
SEMS adoption in low-income housing remains limited due to
high upfront costs, technical barriers, financing gaps, and digital
divides [4]. The “split incentive” problem, where landlords bear
the cost while tenants benefit further, discourages investment. This
study investigates SEMS deployment across 15 affordable housing
communities, analysing energy savings, financial viability, and
policy alignment. Through mixed-methods research including
quantitative data analysis and qualitative interviews, this paper
aims to demonstrate how SEMS can reduce energy burdens
and serve as a lever for environmental and economic justice in
underserved communities.

1.1. Objectives

* To evaluate the effectiveness of Smart Energy Monitoring
Systems (SEMS) in addressing energy inefficiency and cost
burdens in low-income housing.

* To identify barriers and enablers to SEMS adoption, including
technological, financial, and policy-related factors.

* To propose strategic implementation frameworks and policy
recommendations for scaling SEMS in the U.S. affordable housing
sector.

1.2. Smart Energy Monitoring Systems (SEMS) and the Low-
Income Housing Industry in the U.S

Smart Energy Monitoring Systems (SEMS) represent an emerging
class of technologies designed to optimize energy use through
real-time data analytics, predictive maintenance, and user
engagement tools. In the context of affordable housing, SEMS
offer an opportunity to mitigate high utility costs, improve building
performance, and reduce carbon emissions. These systems are
particularly impactful in low-income housing, where outdated
infrastructure and energy inefficiency contribute to severe energy
burdens. The affordable housing sector in the United States
currently faces a deficit of over 7 million units for extremely low-
income renters. This shortage, coupled with rising energy costs,
leaves many households in energy poverty, defined as spending
over 6—10% of income on energy bills. SEMS, when effectively
implemented, can transform these developments into smart,
sustainable communities by lowering utility bills, increasing
digital engagement, and supporting national climate goals.

2. Methods

2.1. Study Design and Framework

This study adopted a mixed-methods design to evaluate Smart
Energy Monitoring Systems (SEMS) in affordable housing.
Quantitative data captured changes in energy consumption, utility
costs, and system performance, while qualitative insights were
gathered through interviews and focus groups with residents,
property managers, and policymakers. A pragmatic research
philosophy guided the methodology, prioritizing real-world
relevance and practical solutions. Triangulation of data sources and

methods enhanced validity. Two theoretical frameworks shaped
the study: the Technology Acceptance Model (TAM) and Energy
Justice Theory. TAM helped assess adoption behaviours based on
perceived usefulness and ease of use, particularly among digitally
underserved populations. Energy Justice Theory offered a lens to
evaluate fairness in energy access, participation, and representation.
The study progressed in three phases: planning, implementation,
and analysis, supported by collaborations with housing authorities
and utilities. This approach enabled a nuanced understanding
of SEMS performance and the socio-technical factors affecting
longterm sustainability in low-income communities.

2.2. Ethical Considerations and Institutional Review

All research procedures were governed by stringent ethical
standards in line with federal guidelines and the principles outlined
by the Belmont Report. Prior to data collection, the research
protocol was submitted to and approved by the Institutional
Review Board (IRB) at the lead academic institution. The IRB
approval process ensured that all research activities were ethically
sound, with particular attention paid to the protection of vulnerable
populations such as elderly residents, non-English speakers, and
households experiencing financial distress. Informed consent was
obtained from all study participants, with materials provided in
multiple languages and in formats accessible to individuals with
varying literacy levels. Confidentiality and data security were
prioritized throughout the project.

Personal identifiers were removed or encrypted, and all digital data
were stored on secure, password-protected servers in compliance
with the Health Insurance Portability and Accountability Act
(HIPAA) and other applicable regulations. Paper-based documents
were securely stored in locked filing cabinets accessible only
to authorized personnel. Special care was taken to ensure that
participation in the study was entirely voluntary and that there
were no repercussions for opting out. The research team also
engaged community liaisons and cultural mediators to facilitate
communication and ensure that the study design was culturally
sensitive and respectful. These ethical safeguards not only
protected participants but also enhanced trust and cooperation,
thereby improving data quality and research outcomes.

2.3. Site Selection Criteria and Sampling Strategy

2.3.1. Primary Selection Criteria

The selection of 15 affordable housing developments followed
a stratified purposive sampling approach designed to maximize
geographic, climatic, and demographic diversity while ensuring
comparability across key variables. Primary selection criteria
included: (1) Housing developments with 50-200 units to ensure
adequate sample size while maintaining management coherence;
(2) Properties serving households earning 30-80% of Area
Median Income (AMI), consistent with federal affordable housing
definitions; (3) Buildings constructed between 1980-2015 to
represent typical energy efficiency characteristics of contemporary
affordable housing stock; (4) Properties with centralized utility
billing systems to facilitate accurate energy measurement; and (5)
Management entities willing to commit to 3-year participation and
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resident engagement protocols.

2.3.2. Geographic and Climatic Stratification

Sites were strategically distributed across four Department of
Energy climate zones: Cold (DOE zones 5-7), Mixed-Humid (zone
4A), Hot-Humid (zones 2-3A), and Hot-Dry (zones 3B-4B). This
distribution ensured representation of diverse heating and cooling
loads, utility rate structures, and seasonal energy consumption
patterns. Urban sites (n=9) were balanced with suburban (n=4) and
rural locations (n=2) to capture varying infrastructure maturity and
demographic contexts. Regional distribution included Northeast
(n=4), Southeast (n=4), Midwest (n=3), and West Coast (n=4)
locations.

2.3.3. Demographic and Building Characteristics

Selected sites served diverse populations with varying English
proficiency levels, age distributions, and household compositions.
Building typologies included mid-rise apartment complexes
(n=7), townhouse developments (n=5), and converted industrial
buildings (n=3). Properties represented various ownership models:
public housing authorities (n=5), nonprofit developers (n=6), and
for-profit affordable housing providers (n=4). Baseline energy
consumption varied from 8,500 to 14,200 kWh annually per unit,
reflecting differences in building efficiency, occupancy patterns,
and climate conditions.

2.4. Study Limitations and Methodological Constraints

This study’s findings offer valuable insights but are subject to
several limitations that affect sampling, measurement accuracy,
and generalizability:

* Sampling Bias

The 15-site purposive sample, while diverse, represents less than
0.01% of subsidized housing and may favour well-managed
properties, potentially overstating SEMS effectiveness. Non-
English-speaking communities were underrepresented.

* Temporal Constraints

The 24-month observation window may not reflect long-term
system performance, user behaviour adaptation, or unusual
seasonal fluctuations.

* Measurement Issues

Utility-reported data may overlook energy from supplemental
sources (e.g., space heaters), and shared metering obscures unit-
level consumption accuracy.

* Confounding Variables

Differences in site upgrades, utility pricing, and resident turnover
complicate attribution of outcomes solely to SEMS.

* Data Quality

Self-reported engagement metrics are prone to bias, and language
or tech familiarity affected participation, skewing qualitative
feedback.

2.5. Statistical Analysis and Methodology

A suite of statistical techniques was employed to rigorously
analyze the quantitative data collected from all 15 study sites.
Central to the methodology was the use of paired sample ttests to

compare mean energy consumption and utility costs before and
after SEMS implementation. This test was chosen for its robustness
in evaluating differences between two related samples, providing
clear insights into the statistical significance of observed changes.
In addition to t-tests, regression analysis was employed to identify
predictors of energy savings, such as resident engagement levels,
building age, and system configuration. Multivariate regression
models enabled the research team to control for potential
confounding variables and isolate the effects of SEMS-specific
interventions. Correlation matrices were generated to explore
relationships among key variables, including energy use, peak
demand, and occupancy patterns. Advanced techniques such as
weather normalization and seasonal adjustment were applied to
account for climatic variability and ensure that results reflected
genuine system performance.

Data stratification by geographic region, building type, and
resident demographic profile enabled the exploration of subgroup-
specific trends and outliers. Visualization tools, including scatter
plots, heat maps, and time-series graphs, were used to enhance
interpretability and support data-driven storytelling. Statistical
software such as SPSS and R was used to perform calculations,
ensuring high accuracy and reproducibility. This comprehensive
and methodologically sound approach allowed for robust
conclusions about SEMS effectiveness, cost-efficiency, and
contextual adaptability across the study sample.

2.6. Stakeholder Engagement and Qualitative Methods
Qualitative insights were gathered through an intensive
stakeholder engagement process designed to complement and
contextualize quantitative findings. A total of 120 semistructured
interviews were conducted with key stakeholder groups, including
residents, property managers, utility representatives, local
government officials, and SEMS technology providers. These
interviews provided rich, narrative data on perceptions of SEMS
effectiveness, implementation challenges, and suggestions for
improvement. Focus groups with residents were held at each of
the 15 sites, facilitated by trained moderators using standardized
discussion guides. These sessions explored topics such as ease of
technology use, perceived energy savings, barriers to behaviour
change, and suggestions for enhancing system usability.

Special efforts were made to include voices often underrepresented
in technology studies, such as non-English speakers, seniors, and
persons with disabilities. Translation services and visual aids
were employed to ensure full participation. Thematic analysis of
qualitative data was conducted using NVivo software, enabling the
identification of recurring themes, patterns, and emergent insights.
Codes were developed inductively based on participant narratives
and deductively from existing literature on energy behaviour and
technology adoption. Findings were triangulated with quantitative
data to validate trends and enrich interpretations. This integrative
approach not only illuminated the human factors influencing
SEMS success but also provided actionable recommendations for
future deployments in similar housing contexts.
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3. Results

3.1. Comprehensive Energy Performance Analysis

3.1.1. Primary Energy Consumption Outcomes

The multilevel regression analysis revealed statistically significant
energy consumption reductions across all 15 study sites (f =
-16.7%, p < 0.001, 95% CI: -19.2% to -14.2%). Individual site
performance ranged from 12.1% to 22.3% (SD = 3.4%), with
the interquartile range spanning 14.8% to 19.1%. A mixed-
effects model accounting for clustering within sites and temporal
autocorrelation demonstrated that SEMS implementation
explained 68.3% of the variance in energy consumption changes

(R? = 0.683, F (14,360) = 52.1, p < 0.001). Hierarchical linear
modelling identified significant predictors of energy savings
effectiveness. Building age emerged as the strongest predictor (8
=0.23, p <0.01), with older buildings showing greater percentage
savings. Resident engagement score, measured on a validated
Spoint scale, demonstrated a moderate positive correlation with
energy savings (r = 0.67, p < 0.001). Climate zone classification
showed significant effects (F(3,11) = 4.82, p < 0.05), with cold
climate zones achieving marginally higher savings than hot-humid
Zones.

Metric Mean 95%Cl SD © Effect Size
value
Pri E -19.21
rimary Energy -16.7 © 34 <0001 R?=0683
Reduction (%) -14.2
Peak Demand Reduction -21.0to
-18.3 i <0.001 ATE = -17.9
(%) -15.7
Annual Cost Reduction 267 165 to 341 96 0.001 NPV =
<0,
($) ° $1,847
Resident Engagement
o 37  34t040 08 <0001  r=067
Score
Table 1: Summary Statistics for Energy Consumption Outcomes
Primary Energy Savings by Study Site
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Figure 1: Primary Energy Savings by Study Site
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Energy Savings by System Configuration
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Figure 2: Energy Saving by System Configuration

3.1.2. Advanced Statistical Modelling of Peak Demand reductions of 18.3% (95% CI: 15.7% to 21.0%), with the highest
Reduction effectiveness during summer cooling periods (f = -21.4%, p <
Peak demand analysis employed vector autoregression (VAR) 0.001) and winter heating seasons (B = -19.8%, p < 0.001). The
modeling to account for seasonal patterns and temporal Durbin-Watson test confirmed the absence of serial autocorrelation
dependencies. The model revealed average peak demand (d=1.97,p>0.05).

Mg&verage Peak Demand Reduction by Season
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Figure 3: Average Peak Demand Reduction by Season

Al Intell Sys Eng Med Society, 2025 Volume 1 | Issue 2 | 5



Propensity score matching was employed to control for site-
specific characteristics, creating matched pairs based on baseline
energy consumption, building age, and resident demographics.
The average treatment effect (ATE) for peak demand reduction
was -17.9% (SE = 1.8%, p < 0.001), consistent with the primary
analysis and supporting causal inference.

3.1.3. Cost-Benefit Analysis with Uncertainty Quantification
Monte Carlo simulation (10,000 iterations) was used to model
the distribution of financial outcomes, accounting for uncertainty
in energy prices, system performance, and maintenance costs.
The mean annual cost reduction was $267 per household (95%
CI: $195 to $341), with 89.7% of simulations yielding positive
returns. The net present value (NPV) over 10 years, discounted at
3.5%, averaged $1,847 per unit (95% CI: $1,234 to $2,463).

Sensitivity analysis identified utility rate structures as the primary
driver of financial outcomes (standardized regression coefficient
= 0.74), followed by system comprehensiveness (f = 0.52) and

Mean
Savings
(%)

System

Configuration

Comprehensive +

Al + Engagement sl 28
Advanced Smart 167 .
System

i;z::rasrd Smart 5 -
e B @

Standard
Deviation

resident engagement levels (B = 0.38). Break-even analysis
indicated that SEMS remain cost-effective even with 25% higher
installation costs or 20% lower energy savings than observed.

3.2. Technology Configuration Performance Analysis

3.2.1. Multivariate Analysis of System Components

Analysis of variance (ANOVA) with post-hoc Tukey HSD tests
revealed significant differences in energy savings across system
configurations (F (3,356) = 47.3, p < 0.001). Comprehensive
systems with Al integration and resident engagement achieved
significantly higher savings (M =21.2%, SD = 2.8%) compared to
basic smart meter installations (M = 8.4%, SD = 2.1%, p < 0.001,
Cohen's d = 5.2). Structural equation modeling (SEM) examined
the mediating role of resident engagement in the relationship
between system sophistication and energy outcomes. The model
demonstrated good fit (y*> = 23.7, df = 18, p = 0.16; CFI = 0.98;
RMSEA = 0.042). System sophistication had both direct effects on
energy savings (B =0.42, p <0.001) and indirect effects mediated
through resident engagement (f = 0.28, p < 0.01).

Sample  95%

Size

w5 g
95 !]1;?'31]' < 0.001
w M7 on

78 [;;; Reference

Table 2: ANOVA Results: Energy Savings by System Configuration
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Figure 4: Energy Saving

3.3. Resident Engagement and Behavioral Analysis

3.3.1. Psychometric Analysis of Engagement Measures

Factor analysis of resident engagement surveys (n = 847 residents)
identified three underlying dimensions: technological self-
efficacy (o = 0.89), energy conservation motivation (oo = 0.84),
and community participation (o = 0.91). Confirmatory factor
analysis supported the three-factor structure (3> = 156.3, df = 87,

Cutoff Criteria

Configuration (ANOVA Results)

ament

tem
nced Smart SY¢ o+ AL+ ENG2O

Gomwehens‘r\l

tem Configuration

s by System Configuration

p < 0.001; CFI = 0.94; RMSEA = 0.058). Multilevel modeling
examined the relationship between these engagement dimensions
and household-level energy savings. Technological self-efficacy
emerged as the strongest predictor (B = 0.31, p <0.001), followed
by energy conservation motivation (§=0.24, p <0.01). Community
participation showed significant effects only in sites with formal
peerlearning programs (B = 0.18, p <0.05).

Interpretation

Fit Index Value

X’ (df = 18) 23.7 p > 0.05
CFI 0.98 > 095
RMSEA 0.042 < 0.06
SRMR 0.038 < 0.08

Table 3: Structural Equ.

3.3.2. Mediation Analysis of Behavioural Pathways

Mediation analysis using bias-corrected bootstrapping (5,000
resamples) examined pathways from SEMS features to energy
outcomes. Real-time feedback significantly mediated the
relationship between system sophistication and energy savings
(indirect effect = -2.3%, 95% CI: -3.1% to -1.4%). Educational
components showed weaker mediation effects (indirect effect =

Good Fit (p = 0.16)
Excellent Fit
Good Fit

Good Fit

ation Model Fit Statistics

-1.1%, 95% CI: -1.8% to -0.3%). Path analysis revealed that mobile
app usage frequency partially mediated the relationship between
digital literacy and energy savings (f = 0.19, p < 0.05). However,
this effect was moderated by age, with stronger mediation observed
among residents under 50 years ( = 0.28, p < 0.01) compared to
older residents (f = 0.07, p = 0.34).
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Mediation Analysis: Indirect Effects on Energy Savings
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Figure 6: Mediation Analysis Results

. Indirect
Mediator Effect (%)
Real-time Feedback -2.3
Educational

-1.1
Components
Mobile App Usage i
(Under 50) '
Maobile App Usage ]

(Over 50)

95% CI 95% CI e
Significance

Lower Upper

-3.1 -1.4 Significant

-1.8 -0.3 Significant

-2.4 -1.1 Significant
Not

s o3 Significant

Table 4: Mediation Analysis Result table

4. Discussion

4.1. Data Interpretation and Significance

The consistent energy savings achieved across 15 diverse
geographic, climatic, and demographic contexts provide
compelling evidence that Smart Energy Monitoring Systems
(SEMS) are a scalable and effective solution to address energy
challenges in affordable housing. The average 16.7% reduction
in energy consumption exceeded benchmarks observed in higher-
income housing, suggesting proportionally greater benefits for
low-income populations due to higher baseline inefficiencies and
heightened sensitivity to utility costs [1,5,6]. Financially, these
savings, ranging from $180 to $420 annually per household,
represent significant relief for vulnerable families. Importantly,
these gains were concentrated in summer and winter, when heating
and cooling demand peak and energy burden becomes most severe
[7]. This alignment between SEMS performance and household
need highlights their dual function: alleviating energy poverty and
supporting grid stability. The findings further affirm that energy

savings in underserved communities are not only feasible but
yield greater social value, warranting broader deployment across
affordable housing portfolios [2].

4.2. Comparative Analysis with Existing Literature

This study reinforces and extends the conclusions drawn in earlier
reports by the DOE and ACEEE, which have highlighted smart
technology's potential for reducing household energy consumption
[5,6]. However, where past research often focuses on owner-
occupied or commercial buildings, this study fills a crucial gap
by demonstrating the effectiveness of SEMS in low-income,
multi-unit rental housing—an environment typically seen as more
complex due to the split-incentive dilemma and tenant turnover

[8].

The higher observed savings in this context affirm claims that
energy efficiency interventions can have disproportionately large
impacts in inefficient housing stock. Additionally, the successful
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behavioural engagement of diverse communities supports findings
from, showing that real-time feedback and education can foster
long-term energy conservation [8,10-12]. Notably, this study
contributes to the field by validating these mechanisms within
culturally and linguistically diverse populations, a demographic
often excluded in prior energy behavior research.

4.3. Specific SEMS Technology Insights

The difference in energy performance across SEMS configurations
demonstrates the importance of system design. As supported passive
smart meters offered minimal benefits (8% savings), while Al-
enabled systems that combined predictive analytics, IoT sensors,
and real-time control achieved reductions of up to 21% [13,14].
When paired with resident engagement programs, the total impact
reached 24% highlighting the synergistic effect of technological
sophistication and humancentered design [3]. Mobile applications
played a critical role in enabling user participation, with 2-4%
additional energy savings realized through behavioural nudges,
multilingual tools, and gamified dashboards. These findings echo
earlier studies on the importance of interface accessibility and user
feedback in driving behavioural adoption [15,16]. Coaching and
peer-to-peer learning programs further enhanced engagement,
aligning with community-based strategies emphasized [17,18].
The study underscores that for SEMS to succeed in affordable
housing, investments must be made not only in hardware but also
in outreach, training, and support services.

4.4. Workforce Development and Secondary Benefits

A key finding of this study is the role of SEMS in supporting
workforce development. Resident training programs provided
participants with essential skills in digital literacy, energy
monitoring, and basic system troubleshooting, enhancing both
empowerment and job readiness [19]. Property managers also
expanded their competencies in smart facilities management,
resulting in operational efficiencies and professional development.
These findings align with broader research indicating that smart
energy systems, when supported by adequate training, can
empower both users and administrators [20,21]. SEMS should
therefore be viewed not only as a technological upgrade but also
as a catalyst for economic mobility and institutional capacity-
building in low-income housing contexts [22].

4.5. Study Limitations and Future Research Directions

Despite its strengths, this study is not without limitations. The
sample of 15 sites, while geographically varied, does not reflect the
full diversity of affordable housing stock in the U.S. Furthermore,
the 12-24-month post-implementation window, though sufficient
for short-term analysis, may miss long-term behavioural decay
or hardware degradation effects [23]. Rapid advancements in
technology may also shift the performance landscape. Al-driven
platforms are evolving quickly, and integration with renewable
energy systems like solar PV and residential storage could further
change cost-benefit dynamics [24]. Additionally, this study focused
exclusively on multifamily housing; future work should examine
SEMS adoption in manufactured homes, cooperative housing,
and rural settings. Recommended research areas include lifecycle

performance assessments, inclusive financing models (e.g., green
bonds or PACE financing), and the integration of SEMS into
regional decarbonization strategies. Future studies should also
incorporate frameworks from environmental justice literature to
ensure that SEMS deployment not only saves energy but actively
reduces structural inequalities [10,25].

4.6. Federal Policy Framework

4.6.1. Integrated Federal Strategy for SEMS in Affordable
Housing

The integration of Smart Energy Management Systems (SEMS)
into federal housing programs offers a critical opportunity to
reduce energy burdens, enhance housing quality, and support
climate goals. A coordinated policy framework that spans existing
housing programs such as HUD’s Rental Assistance Demonstration
(RAD), the Low-Income Housing Tax Credit (LIHTC), and the
Choice Neighborhoods Initiative can position SEMS as essential
infrastructure for modern, efficient, and equitable housing. A
key first step is amending RAD to classify SEMS as an eligible
capital improvement, enabling housing authorities to finance
installations over a 15-year amortization period. This aligns SEMS
with other long-term upgrades like HVAC and roof replacements,
allowing cost-effective modernization without straining tight
budgets. Simultaneously, establishing SEMS requirements for
all new LIHTC developments beginning in 2026 would create
a uniform baseline of energy efficiency. These standards should
cover installation, performance monitoring, and resident feedback
systems, ensuring real-time usage data is accessible to tenants and
energy savings are verifiable.

For rehabilitation efforts, the Choice Neighborhoods Initiative
should require SEMS integration for any housing projects
exceeding $50,000 per unit, aligning significant federal investments
with long-term energy performance goals. These interventions
collectively ensure that SEMS deployment spans new construction,
rehabilitation, and preservation. To accelerate scaling, federal
funding mechanisms must be enhanced. A dedicated $200 million
annual SEMS allocation within the Department of Energy’s
Weatherization Assistance Program would complement traditional
upgrades with advanced monitoring and control technologies.
Utilizing the existing network of state agencies and contractors
ensures costeffective, accountable implementation.

To further incentivize private participation, a federal tax credit
covering 30% of SEMS installation costs, capped at $2,500 per
unit, would offset upfront investment challenges, especially for
nonprofit and mission-driven developers. These financial levers,
when combined, can catalyse large-scale SEMS adoption across
public and private affordable housing portfolios. At the regulatory
level, updating HUD’s Minimum Property Standards to mandate
SEMS inclusion in all federally supported developments would
institutionalize performance expectations. These standards should
define system capabilities such as realtime monitoring, automated
controls, and data reporting. Standardization ensures consistent
implementation across funding sources and enhances long-term
accountability.
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This multi-pronged strategy spanning incentives, regulation, and
technical standards ensures that SEMS becomes embedded across
housing life cycles. For residents, the result is lower utility bills,
improved housing conditions, and greater control over energy
usage. For housing providers, SEMS reduces operating costs and
supports long-term sustainability. For the government, it advances
climate policy and energy equity goals simultaneously. By treating
SEMS as critical infrastructure and aligning programs, funding,
and mandates, federal housing policy can drive a transformative
shift toward smart, resilient, and affordable housing nationwide.

4.6.2. State and Local Policy Interventions

4.6.2.1. Utility Regulation and Rate Design

* SEMS Utility Rate Structures and Regulatory Framework
Transforming utility rate structures and regulatory requirements
can create powerful incentives for SEMS adoption while directly
addressing energy affordability challenges in low-income
communities.

* Innovative Rate Design

Implementing inclining block rate structures that reward efficient
consumption while penalizing waste creates natural incentives
for energy conservation. SEMS-enabled properties would receive
automatic enrollment in beneficial time-of-use rates, allowing
residents to optimize consumption during lower-cost periods.
Virtual net metering programs would enable SEMS-optimized
developments to aggregate demand response benefits and share
savings among residents, creating community-wide energy cost
reductions. Utility-funded SEMS installation programs financed
through system benefit charges would eliminate upfront costs
for affordable housing providers while ensuring mandatory
participation from investor-owned utilities serving low-income
communities.

* Regulatory Mandates

Requiring state public utility commissions to approve cost
recovery for utility-sponsored SEMS programs, with spending
requirements equivalent to 0.5% of annual revenues, creates
sustainable funding mechanisms. Establishing "energy burden
reduction" as a formal metric in utility resource planning ensures
utilities demonstrate measurable progress through SEMS and
other targeted interventions, making energy affordability a core
utility responsibility.

4.6.2.2. SEMS Building Codes and Zoning Integration
Integrating Smart Energy Management Systems into local building
codes and zoning frameworks creates foundational infrastructure
for energy efficiency while establishing clear compliance pathways
for developers and property owners.

* Strategic Code Modifications

Amending state building codes to require SEMS pre-wiring in
all new multifamily construction exceeding 20 units ensures that
energy management infrastructure becomes standard in larger
residential developments. For affordable housing developments,
requiring full system installation recognizes the particular
vulnerability of low-income residents to energy cost burdens while
leveraging public investment to drive market transformation.

Establishing "energy resilience zones" in vulnerable communities
creates targeted intervention mechanisms where SEMS installation
becomes mandatory during ownership transfers or major
renovations. This approach captures natural transition points in
property lifecycles when infrastructure upgrades are most cost-
effective and least disruptive to residents. Zoning incentives,
including density bonuses and reduced parking requirements
for developments incorporating comprehensive SEMS with
resident engagement components, create market-driven adoption
mechanisms that benefit both developers and communities.

* Effective Enforcement Framework

Implementing graduated penalty structures beginning with
technical assistance and escalating to occupancy permit restrictions
ensures compliance while supporting property owners through
the transition process. Third-party verification systems with
annual reporting requirements and public data disclosure create
accountability mechanisms that maintain system performance
standards while providing transparent energy performance data
that benefits residents, policymakers, and the broader community
in evaluating program effectiveness.

4.6.3. Local Implementation Strategies

4.6.3.1. SEMS Community-Based Programs and Financing
Innovation

Community-centered approaches to Smart Energy Management
Systems implementation create sustainable local capacity while
establishing innovative financing mechanisms that address capital
barriers in affordable housing development.

* Building Local Workforce Capacity

Partnering with community colleges to develop SEMS installation
and maintenance certificate programs ensures skilled workforce
availability while creating career pathways for local residents.
Guaranteed placement programs in local affordable housing
properties provide employment security that encourages program
participation and builds lasting community expertise. Resident
"energy champion" programs offering $200-500 monthly stipends
for peer education and system monitoring assistance create dual
benefits: residents gain additional income while developments
receive ongoing technical support from trusted community
members. Community-based social enterprises focused on SEMS
maintenance and resident support generate sustainable local
employment while providing specialized services that larger
contractors often cannot deliver effectively.

* Innovative Financing Solutions

Developing Property Assessed Clean Energy (PACE) financing
specifically for affordable housing SEMS, with 15-year terms and
ownership transfer mechanisms, addresses the unique challenges
of affordable housing financing. Municipal bond-capitalized
revolving loan funds providing zero-interest financing with utility
savings repayment create sustainable funding cycles that benefit
multiple properties over time.

Community investment cooperatives enable residents to
collectively invest in SEMS upgrades and share resulting savings,
creating ownership stakes that encourage proper system usage
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while building community wealth through energy efficiency
improvements.

4.6.3.2. SEMS Cross-Sector Partnerships

Strategic partnerships across the healthcare and education sectors
amplify the impact of Smart Energy Management Systems while
creating comprehensive community benefits that extend beyond
energy savings.

* Healthcare Integration Benefits

Partnering with local health departments to document SEMS
health co-benefits, including improved thermal comfort and
reduced respiratory issues, strengthens the policy case for
widespread implementation by integrating health outcome
metrics into cost-benefit analyses. This approach recognizes that
energy efficiency improvements directly impact resident health,
particularly for vulnerable populations including children, elderly
residents, and those with chronic conditions. Establishing referral
systems connecting SEMS-equipped properties with healthcare
providers serving low-income populations facilitates systematic
health impact documentation, creating evidence-based support for
continued program expansion.

* Educational Collaboration

Developing partnerships with local schools creates family-
based energy education programs that use SEMS data to teach
mathematical concepts and environmental science, transforming
energy management into educational opportunities that benefit
entire families. University research partnerships provide ongoing
system monitoring and performance optimization while offering
students real-world learning experiences that advance both
academic knowledge and practical system effectiveness in
affordable housing communities.

4.6.4. SEMS
Considerations
A systematic approach to Smart Energy Management Systems
deployment requires careful phasing to ensure sustainable
adoption while addressing inherent limitations and generalizability
challenges across diverse affordable housing contexts.

Implementation Timeline and Strategic

Phase 1: Foundation Building (Years 1-2)

The initial phase focuses on establishing essential infrastructure
through federal funding mechanisms and regulatory frameworks.
Pilot programs in 50 affordable housing developments across 10
states would provide critical real-world data while developing
comprehensive training programs for property managers and
residents. Creating standardized performance metrics and reporting
systems during this phase ensures consistent measurement and
accountability as programs scale.

Phase 2: Scaled Deployment (Years 3-5)

Building on pilot program insights, the second phase targets SEMS
installation in 25% of federally assisted affordable housing units
while implementing state-level mandate and incentive programs.
Establishing sustainable financing mechanisms and utility cost
recovery systems creates long-term viability, while a national
clearinghouse documents and disseminates best practices across

diverse geographic and demographic contexts.

Phase 3: Comprehensive Integration (Years 6-10)

The final phase achieves universal SEMS coverage in new
affordable housing construction while retrofitting 75% of existing
stock with appropriate technology. Establishing permanent funding
mechanisms integrates SEMS into standard housing policy, while
successful models are exported to international affordable housing
programs.

4.6.4.1. Limitations and Generalizability Concerns

Despite comprehensive planning, significant challenges remain.
Geographic variations in climate, utility structures, and housing
stock create implementation complexities that standardized
approaches may not adequately address. Rural and small-scale
housing developments face particular challenges in achieving cost-
effective SEMS deployment. Additionally, evolving technology
standards and cybersecurity concerns require ongoing adaptation
that may strain program resources and complicate long-term
sustainability planning.

4.7. Methodological Limitations

While this study provides valuable insights into the implementation
and performance of Smart Energy Management Systems (SEMS)
in affordable housing, several limitations must be acknowledged
regarding methodology, generalizability, and contextual variability.

4.7.1. Sampling and Representativeness

The purposive selection of 15 sites, although strategically
diverse in geography and demographics, represents less than
0.01% of all affordable housing developments in the U.S. This
limited sample may not fully reflect the heterogeneity of the
national affordable housing stock. Selection bias likely favoured
properties with engaged management and organizational capacity,
potentially overestimating SEMS effectiveness compared to
more resourceconstrained settings. The requirement for English-
language participation excluded many immigrant communities,
and the exclusion of manufactured housing and properties with
tenant-paid utilities further narrows applicability to broader
housing contexts.

4.7.2. Temporal Constraints and External Validity

The 24-month observation period, while sufficient for initial
performance analysis, may not capture long-term dynamics such
as hardware degradation, resident behaviour fatigue, or evolving
system reliability. Energy usage data were collected during a
period of relatively stable energy prices and ongoing COVID-19
disruptions, which may have influenced occupancy patterns and
consumption behaviours in atypical ways. Future price volatility,
emerging utility rate structures (e.g., time-of-use pricing), and
advancing SEMS technologies may shift outcomes in future
implementations.

4.7.3. Data Quality and Measurement Challenges
Energy consumption data relied on utility billing records and
allocation algorithms in mastermetered buildings, which may
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obscure individual unit-level usage or exclude non-metered
energy sources like space heaters. The 15-minute monitoring
interval, though granular, may still miss short bursts of peak
demand. Resident engagement was measured primarily through
self-reported surveys, which are subject to social desirability bias
and may overstate behavioural change. Language barriers and
the digital divide may have skewed participation toward more
technologically comfortable residents.

4.7.4. Technological and Market Evolution

The SEMS technologies evaluated were commercially available
systems at the time of study, potentially excluding emerging or
customized solutions with different performance capabilities. As
IoT platforms, Al algorithms, and integration with distributed
energy resources evolve, study findings may become outdated.
The results may also differ under alternative regulatory and utility
environments.

4.7.5. Organizational Capacity and Hawthorne Effects
Participating properties may have exhibited higher-than-average
institutional support, technical readiness, and staff stability. Many
affordable housing developments operate with lean resources
and high turnover, raising questions about the replicability and
sustainability of SEMS in less structured environments. Moreover,
the presence of research teams and increased attention may have
influenced both resident and management behavior, a potential
“Hawthorne effect” that could inflate perceived SEMS benefits.

4.7.6. Unmeasured Variables and Confounding Factors

The study could not fully control for concurrent interventions such
as appliance upgrades, weatherization programs, or policy changes
at the local or state level. Demographic shifts, income fluctuations,
and pandemic-related economic disruptions may have affected
energy behaviours independently of SEMS. Cultural factors, social
networks, and community dynamics, while likely influential, were
not systematically captured.These limitations suggest caution
in generalizing the findings but also highlight areas for future
research, including randomized trials, longer-term performance
studies, and culturally tailored engagement strategies.

4.8. Implications for Future Research and Practice

4.8.1. Research Design Improvements

Future studies should employ randomized controlled trial designs,
where ethically and practically feasible, with adequate sample
sizes calculated for subgroup analyses. Longer observation periods
(5-10 years) are needed to capture technology lifecycle effects and
sustained behavioural changes. More sophisticated measurement
approaches, including submetering and continuous monitoring,
would improve data quality and reduce reliance on utility billing
estimates. Comparative effectiveness research examining different
SEMS technologies, implementation approaches, and resident
engagement strategies would provide more actionable guidance
for practitioners. Studies should also examine implementation
in challenging contexts, including properties with high turnover,
limited management capacity, and diverse linguistic communities.

4.8.2. Policy and Practice Implications

The limitations identified suggest that SEMS implementation
should be approached with realistic expectations and robust
support systems. Policy frameworks should account for the
diverse contexts of affordable housing and avoid one-size-fits-all
approaches. Pilot programs should be designed to test effectiveness
across different property types, management models, and resident
populations. Implementation strategies should include provisions
for ongoing technical support, resident education, and system
maintenance to address the challenges identified in this study.
Financing mechanisms should account for the uncertainty in long-
term performance and include provisions for technology updates
and system replacements.

The evidence supports cautious optimism about SEMS' potential
while acknowledging significant implementation challenges.
Success will require coordinated efforts across technology
providers, property managers, utility companies, and policymakers,
with particular attention to the needs of vulnerable populations and
challenging implementation contexts.

5. Conclusions

Smart Energy Monitoring Systems (SEMS) offer a transformative
solution to the intertwined challenges of housing affordability,
energy insecurity, and environmental sustainability in the
United States. This mixed-methods study, conducted across 15
geographically and demographically diverse affordable housing
developments, demonstrated that SEMS implementation can
reduce household energy consumption by an average of 16.7%,
lower utility costs by 3-7%, and cut carbon emissions by
approximately 2.3 tons per household annually [3,8].

The evidence shows that SEMS effectiveness extends well beyond
utility savings. Integrated systems combining Al-driven analytics,
real-time usage feedback, and resident engagement significantly
outperformed basic metering solutions, achieving energy savings
of up to 24% [13,14]. These outcomes were most pronounced
during seasonal peaks, summer and winter, when energy burdens
are most severe for lowincome households [7]. SEMS consistently
delivered performance across different climates and housing types,
confirming their adaptability and broad applicability.

Notably, SEMS deployment also yielded secondary benefits,
including increased digital literacy, workforce development,
and improved property management capabilities [19,21]. These
findings position SEMS as not just a technological upgrade but a
platform for economic empowerment and organizational resilience
in disadvantaged communities. However, success requires more
than hardware. Programs that integrated SEMS with culturally
responsive resident education and ongoing technical support
achieved the most impact, affirming the need for human-centered
design in energy interventions [11,17]. Financial viability was
also clear, with return-on-investment periods between 2.8 and
6.1 years, making SEMS well-suited for implementation through
public-private partnerships, utility rebates, and green financing
models [6,10].
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Policy implications are significant. SEMS should be embedded in
green building codes, energy efficiency mandates, and federally
supported housing programs. Yet equity must be prioritized.
Communities with the greatest need for SEMS often face the
highest adoption barriers [4,26]. Therefore, scaling efforts must
include digital inclusion strategies, workforce training, and long-
term monitoring to ensure sustained benefits. In sum, SEMS
represent a timely and powerful tool for achieving energy justice
and sustainable development. With supportive policy, funding,
and inclusive implementation, SEMS can transform affordable
housing into a foundation for climate resilience, economic
opportunity, and healthier communities, advancing both national
priorities and Sustainable Development Goal 11: sustainable cities
and communities for all [27-38].
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