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Abstract 

This paper develops a focused conceptual framework for Sustainable Artificial Intelligence (SAI) in renewable smart home automation. It 

shows how artificial intelligence, Internet of Things devices, and household renewable energy systems can be coordinated to improve 

energy efficiency while preserving user comfort. The study adopts a conceptual framework methodology by synthesizing literature on 

smart home energy management, IoT interoperability, edge/cloud AI, user adoption, and behavioral energy feedback. This synthesis is 

translated into a layered architecture and illustrative household scenarios. The framework identifies three design principles: contextual 

awareness, energy-aware optimization, and explainable user guidance. These principles are supported by four system layers: physical IoT 

devices, renewable energy assets, application/network services, and AI decision logic. As a conceptual study, the paper does not claim 

experimental validation; instead, it provides a structured basis for future simulation, pilot deployment, and longitudinal user studies across 

diverse housing and energy contexts. The paper contributes by narrowing sustainable AI from a general idea into a practical smart home 

framework that integrates technical, behavioral, and renewable energy considerations. 

Keywords - Sustainable artificial intelligence, smart homes, Internet of Things, home energy management, renewable energy, automation, 

explainable AI, behavioral energy feedback. 

 

1. Introduction 

Residential buildings are increasingly expected to deliver 

comfort, convenience, energy efficiency, and environmental 

responsibility at the same time. Smart devices have made it 

possible to automate lighting, heating, appliances, safety 

systems, and entertainment. However, the mere presence of 

connected devices does not automatically create a 

sustainable home. Many households still depend on 

fragmented applications, fixed schedules, and manual 

configuration. As a result, automation can increase 

cognitive effort rather than reduce it, especially when users 

must continuously manage settings, notifications, energy 

tariffs, weather changes, and device compatibility. 

The sustainability challenge is also significant. The 

buildings and construction sector is a major contributor to 

global energy demand and carbon emissions, and energy 

efficiency remains a central policy and management priority 

(IEA, 2023; United Nations Environment Programme, 

2024). Smart homes, therefore, need to move beyond 

convenience-oriented automation and become adaptive 

energy management environments. This requires an 

integrated approach in which artificial intelligence (AI) 

interprets user routines, Internet of Things (IoT) devices 

provide real-time data and control, and renewable energy 

systems such as solar photovoltaic panels and home 

batteries are used strategically. 

This paper proposes Sustainable Artificial Intelligence (SAI) 

as an integrated framework for renewable smart home 

automation. In this study, SAI refers to a household-level 

AI ecosystem that coordinates connected devices, 

renewable energy assets, user preferences, and contextual 

information to support efficient, comfortable, and 

explainable domestic routines. The focus is not on 

presenting a fully deployed product or statistically validated 

experiment. Rather, the paper develops a conceptual 

framework that clarifies how SAI can be structured, what  

design principles it should follow, and which research  

 

 

directions are needed before large-scale implementation.  

The contribution of this paper is threefold. First, it narrows 

the broad idea of sustainable AI into a specific smart home 

context. Second, it organizes SAI around three design 

principles: contextual awareness, energy-aware 

optimization, and pedagogical or explainable guidance. 

Third, it proposes a four-layer architecture that connects 

physical IoT devices, renewable energy infrastructure, 

application/network services, and AI decision logic. By 

doing so, the paper responds to the need for more precise 

conceptualization, clearer methodological positioning, and 

more cautious interpretation of expected outcomes in 

sustainable smart home research. 

2. Literature Review 

2.1 Smart homes, IoT, and integration challenges 

The Internet of Things refers to the connection of physical 

objects that can sense, communicate, and act through 

networked systems. Ashton (2009) popularized the term in 

relation to connecting physical things to information 

systems, and the concept has since become central to smart 

home development. In residential settings, IoT devices 

include thermostats, lighting systems, smart plugs, 

appliances, cameras, motion sensors, smart meters, and 

renewable energy controllers. These devices generate data 

that can be used to improve convenience, safety, and energy 

efficiency. 

A persistent challenge is that smart home devices often 

operate as isolated components rather than as an integrated 

household ecosystem. Risteska Stojkoska and Trivodaliev 

(2017) emphasize that interoperability, data processing, 

networking, and security remain central barriers in IoT-

enabled smart homes. A user may own a smart thermostat, a 

solar inverter, smart lighting, and a washing machine, but  

these systems may not communicate effectively across 

brands and platforms. When devices are controlled through  
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separate applications, the user becomes responsible for 

aligning schedules and resolving conflicts. In such cases, 

the home is connected, but not necessarily intelligent. 

Home energy management systems (HEMS) address part of 

this problem by coordinating household loads, energy prices, 

comfort preferences, and distributed energy resources. 

Reviews of HEMS highlight that scheduling strategies, 

demand response, storage management, and appliance 

coordination can reduce costs and support grid stability 

(Beaudin and Zareipour, 2015; Zhou et al., 2016; Zafar et 

al., 2020). However, many HEMS approaches remain 

technically oriented. They optimize energy flows but may 

not sufficiently account for everyday routines, user trust, 

explanation, and the burden created by excessive manual 

control. SAI builds on HEMS research but extends it by 

treating sustainable automation as both a technical and 

behavioral problem. 

2.2 Renewable energy and household-level optimization 

Renewable energy systems, especially solar photovoltaic 

panels and battery storage, can transform households from 

passive energy consumers into active energy managers. Yet 

the value of residential renewable energy depends on timing, 

forecasting, storage, and load flexibility. A household may 

generate surplus solar electricity during the day but need 

higher energy consumption in the evening. Without 

intelligent scheduling or storage coordination, renewable 

generation may be underused or exported when its 

household value is low. 

Research on photovoltaic-battery systems and home energy 

management shows that optimization must consider load 

profiles, weather forecasts, battery capacity, tariffs, 

appliance flexibility, and user comfort (Khezri et al., 2022; 

Zhou et al., 2016). For example, flexible tasks such as 

laundry, dishwashing, water heating, robotic vacuum 

cleaning, and electric vehicle charging can often be shifted 

to periods of high renewable generation. Heating, cooling, 

and water heating may also exploit thermal storage by pre-

conditioning the home or water tank when renewable 

electricity is available. 

SAI therefore treats renewable energy not as an add-on 

technology, but as a core decision variable. The system 

should evaluate whether energy is available from solar 

generation, stored battery capacity, grid electricity, or 

another source. It should then decide which tasks are urgent, 

which can be delayed, and which should be performed 

immediately to prevent later energy waste or discomfort. 

This makes the home more responsive to both user needs 

and environmental conditions. 

2.3 AI, edge/cloud intelligence, and explainability 

AI can strengthen smart home management by learning 

patterns, forecasting demand, and adapting decisions over 

time. Machine learning models can identify recurring 

behaviors, such as wake-up times, commuting patterns, 

preferred temperatures, appliance use, occupancy levels, 

and seasonal variations. Edge AI and local processing can 

also support lower latency and stronger privacy because 

some data can be analyzed closer to the household device 

rather than being transmitted continuously to remote servers 

(Singh and Gill, 2023). 

Nevertheless, AI-based automation creates its own risks. If 

users do not understand why the system acted, they may 

perceive the home as unpredictable or intrusive. This is 

especially important in domestic spaces, where decisions 

affect comfort, privacy, safety, and daily routines. A system 

that delays laundry, changes thermostat settings, or 

activates security devices without explanation may reduce 

trust even if the decision is technically efficient. 

Explainable automation is therefore not simply a technical 

feature; it is a condition for user acceptance. 

In SAI, explainability is operationalized through simple 

user-facing explanations. For instance, instead of silently 

delaying the dishwasher, the system can state: "Dishwasher 

delayed until noon because solar production is expected to 

peak." Instead of lowering air-conditioning without context, 

it can state: "Cooling started early because humidity is 

rising and solar power is available." These explanations 

reduce uncertainty and help users learn how energy 

decisions are being made. 

2.4 Behavioral energy feedback and user adoption 

Energy behavior is not driven only by technology. It also 

depends on habits, perceived effort, social norms, feedback, 

trust, and perceived control. Nudge theory suggests that 

small changes in the choice environment can guide behavior 

without removing freedom of choice (Thaler and Sunstein, 

2008). In household energy contexts, feedback, reminders, 

goal-setting, and comparative information can encourage 

conservation, although their effectiveness varies by context 

and delivery mode (Ruokamo et al., 2022). 

Smart home adoption studies also show that users consider 

benefits such as comfort, security, and efficiency alongside 

risks such as privacy concerns, complexity, cost, and loss of 

control. Therefore, a sustainable home automation system 

must avoid becoming another layer of administrative work. 

The goal should be to reduce decision fatigue by 

automating routine decisions while keeping the user 

informed and able to override the system when needed. 

SAI applies these behavioral insights through pedagogical 

design. The system does not merely execute commands; it 

gradually teaches users how energy, comfort, and 

sustainability interact. Monthly summaries, real-time 

energy flow visualizations, and short explanations can 

transform invisible energy decisions into understandable 

routines. In this sense, SAI combines automation with user 

learning. 

3. Methodology: Conceptual Framework 

Development 

3.1 Research design 

This study uses a conceptual framework development 

approach. It does not claim to report a controlled 

experiment, simulation, field deployment, or statistically 

validated performance evaluation. Instead, the aim is to 

synthesize relevant literature and develop a structured 

model that can guide future empirical and technical research. 

This positioning is important because the proposed SAI 

framework is a design-oriented contribution: it defines the 

components, relationships, and expected mechanisms 

through which sustainable smart home automation can 

operate. 

The conceptual approach is appropriate for an emerging 

topic where technical possibilities are developing faster 

than integrated theoretical models. AI, IoT, renewable 

energy, and behavioral energy feedback are frequently 

discussed as separate areas. The present study connects 
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them in one framework to clarify how they can function 

together at the household level. 

3.2 Literature synthesis procedure 

The framework was developed through a narrative and 

integrative synthesis of four literature streams. The first 

stream concerns IoT-enabled smart homes and the 

challenges of interoperability, sensing, and device 

coordination. The second concerns home energy 

management systems, including appliance scheduling, 

demand response, renewable energy integration, and storage 

management. The third concerns AI and edge/cloud 

decision systems, with attention to learning, forecasting, 

privacy, and explainability. The fourth concerns behavioral 

energy feedback and user adoption, especially the need to 

reduce complexity and preserve user control. 

The synthesis followed three steps. First, the recurring 

problems in existing smart home systems were identified: 

fragmented device control, limited cross-device 

coordination, weak renewable energy prioritization, and 

insufficient user-facing explanations. Second, the technical 

and behavioral requirements needed to address these 

problems were grouped into design principles. Third, these 

principles were translated into a layered architecture and 

illustrative household scenarios. This procedure allows the 

paper to present a coherent framework without overstating 

empirical evidence. 

3.3 Scope and validation status 

The framework is intended for residential environments that 

use a combination of connected appliances, sensors, 

networked applications, and renewable energy assets such 

as solar panels, inverters, and batteries. The framework can 

also be adapted to homes without batteries or with partial 

IoT coverage, although the level of automation would be 

lower. 

The findings reported in this paper should be interpreted as 

conceptual propositions and illustrative outcomes rather 

than validated performance results. Claims about potential 

energy savings, reduced manual effort, or improved comfort 

should therefore be tested in future studies using simulation, 

controlled pilot installations, real household energy data, 

and user acceptance research. This explicit limitation 

prevents the conceptual framework from being misread as 

empirical proof. 

4. Sustainable Artificial Intelligence Framework 

4.1 Definition and core principles 

Sustainable Artificial Intelligence is defined in this paper as 

an AI-supported domestic automation ecosystem that learns 

household routines, coordinates IoT devices, prioritizes 

renewable energy, and communicates decisions in a 

transparent way. The framework is based on three 

principles. 

First, contextual awareness means that the system interprets 

energy decisions in relation to routines, occupancy, weather, 

time, device status, calendar events, and user preferences. A 

conventional smart timer may heat water every morning at 

7:00 a.m. SAI should learn that the user wakes later on 

weekends, leaves earlier on workdays, or pauses regular 

routines during travel. 

Second, energy-aware optimization means that the system 

evaluates the source, cost, and timing of electricity before 

activating flexible loads. If solar production is expected to 

peak at noon, the system can schedule laundry, dishwashing, 

water heating, or robotic cleaning around that window when 

the task is not urgent. If cloudy weather is predicted, the 

system can preserve battery capacity for essential loads. 

Third, pedagogical explainability means that the system 

should make decisions understandable. It should not rely on 

hidden automation alone. Instead, it should provide concise 

explanations, alerts, and summaries that help users 

understand the reason behind task scheduling, load shifting, 

and energy-saving actions. 

4.2 Four-layer SAI architecture 

The proposed framework consists of four layers. The 

physical IoT layer includes household devices such as 

thermostats, lights, appliances, smart plugs, cameras, 

motion sensors, water pumps, alarms, and meters. Some 

devices provide both data and control, while others may 

only provide switching functionality. The renewable energy 

layer includes solar panels, inverters, batteries, grid-tie 

systems, and, where appropriate, small wind or backup 

systems. This layer provides information about energy 

production, storage, and availability. 

The application and network layer connects devices to a 

user interface and to the SAI decision system. It manages 

permissions, device discovery, user preferences, 

notifications, and local or cloud communication. This layer 

should be designed carefully because it handles sensitive 

information such as location, schedules, occupancy, and 

device usage. 

The intelligence layer is the decision-making component. It 

collects relevant inputs, identifies patterns, predicts demand, 

schedules devices, and generates explanations. Depending 

on privacy, latency, and device capability requirements, 

some processing may occur locally and some may occur 

through cloud infrastructure. A hybrid arrangement may be 

most practical: sensitive or time-critical tasks can remain 

local, while broader forecasting and updates can use cloud 

services. 

4.3 Device coordination and energy decision logic 

SAI coordinates devices by classifying household tasks into 

three groups. Essential tasks must be performed 

immediately because they involve safety, security, health, 

or basic comfort. Examples include alarm responses, 

emergency lighting, critical cooling, and essential medical 

device support. Flexible tasks can be shifted within an 

acceptable time window. Examples include laundry, 

dishwashing, robotic vacuum cleaning, water heating, and 

pool filtration. Preference-based tasks improve comfort but 

may be adjusted when energy conditions change, such as 

lighting ambiance, entertainment settings, or non-essential 

climate adjustments. 

The decision logic follows a simple sequence. First, the 

system checks user context, including occupancy, calendar 

status, expected return time, and comfort preferences. 

Second, it checks energy context, including current solar 

generation, battery charge, grid tariff, and weather forecast. 

Third, it classifies the task as essential, flexible, or 

preference-based. Fourth, it selects an action: perform now, 

delay, reduce intensity, reschedule, ask the user, or cancel. 

Fifth, it communicates the decision when the action affects 

user expectations. 
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This logic allows SAI to balance energy efficiency with 

user autonomy. The system should not maximize energy 

savings at the expense of comfort or trust. Instead, it should 

optimize within user-defined boundaries. 

 
Figure 1. Conceptual SAI architecture linking IoT devices, renewable energy assets, a mobile application, and an AI server. The figure illustrates 

system components rather than empirical validation results. 

4.4 Application onboarding and user permissions 

A practical SAI system begins with onboarding. During 

onboarding, the application discovers compatible devices 

on the local network, identifies renewable energy 

equipment, and asks the user to approve only the 

permissions needed for the selected functions. Permissions 

may include notifications, calendar access, location services, 

device control, and emergency communication. Because 

these permissions can be sensitive, the system should 

follow a minimum-data principle: collect only what is 

necessary for the user-approved automation purpose. 

User permissions should also be reversible. If a user 

disables calendar access, the system should continue 

operating with reduced personalization rather than failing 

completely. If a user disables location access, return-home 

prediction may become less precise, but occupancy sensors 

or manual schedules can still be used. This modularity is 

important for trust and adoption. 

The onboarding interface should translate technical steps 

into understandable language. Instead of listing only device 

names and protocols, the application should explain what 

each connection enables. For example, connecting the 

inverter allows the system to schedule flexible appliances 

during solar generation, while connecting the thermostat 

allows pre-cooling or pre-heating within comfort limits. 

5. Illustrative Application Scenarios 

5.1 Morning routine 

A morning routine demonstrates how SAI combines 

comfort with energy efficiency. A conventional smart home 

may activate the water heater, coffee maker, lights, and 

thermostat at fixed times. This can waste energy when the 

user wakes later, leaves earlier, or travels. SAI would 

instead combine historical routines, alarm status, occupancy, 

weather, and energy availability. If the user normally 

showers at 7:30 a.m. but dismisses the alarm late, the 

system can delay water heating. If the home battery is low 

and solar generation is expected soon, it can postpone non-

urgent tasks while preserving comfort-critical actions. 

The key point is that the system does not simply automate 

the same schedule every day. It learns the conditions under 

which the schedule should change. It also explains relevant 

changes so that the user remains aware of the system's logic. 

5.2 Daytime renewable energy scheduling 

Daytime automation is particularly important for homes 

with solar generation. During periods of high solar 

production, SAI can prioritize flexible loads such as laundry, 

dishwashing, water pumping, pool filtration, robotic 

cleaning, and charging. The system can also decide whether 

to store energy in a battery, use it immediately, or export it 

to the grid, depending on tariff structures and household 

needs. 

This scenario illustrates why sustainable automation 

requires whole-home coordination. If the washing machine, 

water heater, and dishwasher operate independently, they 

may compete for energy or activate during unfavorable 

periods. SAI coordinates these loads by ranking tasks 

according to urgency, energy intensity, and acceptable delay. 

5.3 Evening return and comfort preparation 

Evening return involves a trade-off between comfort and 

energy use. Users often want the home to be comfortable 

when they arrive, but early heating or cooling may waste 

energy if arrival time changes. SAI can estimate return time 

using approved location or calendar data and then prepare 

the home within user-defined comfort boundaries. If 

renewable energy is available or stored, the system can use 

it to pre-condition the home. If grid electricity is expensive, 
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the system may choose a more gradual adjustment unless 

the user has selected comfort as the priority. 

This illustrates adaptive decision-making. The system 

should not impose one universal rule. It should learn 

preferences and support different priorities, such as cost 

saving, comfort, carbon reduction, or balanced operation. 

 
Figure 2. Illustrative SAI application onboarding flow showing device discovery, renewable energy connection, and user permission requests. The 

interface is a conceptual example and should be refined through usability testing. 

 
Figure 3. Illustrative SAI scenario showing adaptive scheduling based on calendar information, weather forecast, solar production, and estimated 

return time. The figure represents a conceptual operating sequence, not measured system output. 
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Figure 4. Illustrative SAI notification scenario showing bill estimation and emergency-response logic. Any health- or emergency-related functions 

would require separate ethical, legal, and technical validation before real deployment. 

6. Discussion 

6.1 Theoretical contribution 

The paper contributes to smart home and energy 

management research by integrating technical and 

behavioral perspectives. Existing HEMS research often 

focuses on optimization, scheduling, storage, and demand 

response. Smart home adoption research often focuses on 

user acceptance, perceived usefulness, complexity, and 

privacy. The SAI framework connects these streams by 

arguing that sustainable automation must be technically 

coordinated, behaviorally acceptable, and explainable. 

The framework also clarifies the meaning of sustainable AI 

in the home context. Sustainable AI is sometimes used 

broadly to refer to environmentally responsible computing 

or AI for sustainability. This paper narrows the concept to 

household automation and shows that sustainability depends 

on the relationship between AI decision-making, renewable 

energy use, device coordination, and user learning. The 

proposed principles - contextual awareness, energy-aware 

optimization, and pedagogical explainability - provide a 

concise structure for future research. 

A further contribution is the distinction between connected 

homes and intelligent sustainable homes. A connected home 

contains devices that can communicate. An intelligent 

sustainable home coordinates those devices around energy, 

comfort, and human routines. This distinction helps explain 

why adding more smart devices does not automatically 

create better sustainability outcomes. 

6.2 Practical implications 

For designers and platform providers, the framework 

suggests that smart home systems should move from 

device-by-device automation toward household-level 

orchestration. The user interface should present energy 

flows, task priorities, and explanations in simple language. 

Users should be able to define boundaries, such as 

maximum temperature ranges, acceptable task delays, 

privacy preferences, and emergency overrides. 

For homeowners, SAI offers a way to reduce manual 

configuration while keeping control. Rather than requiring 

users to create multiple "if-then" rules, the system can learn 

patterns and suggest actions. However, the user must retain 

the ability to approve, reject, or modify automation. 

Sustainable automation should feel supportive, not coercive. 

For policymakers and energy service providers, the 

framework highlights the importance of interoperability and 

demand-side flexibility. Smart homes can support 

renewable energy integration and grid stability only when 

devices, tariffs, data standards, and user protections are 

aligned. Incentives for flexible loads, smart meters, and 

renewable storage can strengthen the conditions under 

which SAI becomes effective. 

6.3 Implementation challenges 

Several challenges must be addressed before SAI can be 

deployed at scale. Interoperability is the first challenge. 

Different brands use different protocols, applications, and 

data structures. Without open standards or reliable 

integration layers, whole-home coordination will remain 

difficult. 

Privacy and cybersecurity are also central. SAI may process 

sensitive information about routines, occupancy, location, 

appliance use, and security settings. Strong encryption, 

local processing where possible, user consent, data 

minimization, and transparent governance are necessary. 

Emergency or health-related functions require especially 

careful validation because incorrect decisions could create 

serious risks. 

A third challenge is prediction error. Weather forecasts, 

user schedules, and device behavior are uncertain. The 

system must therefore include fail-safe logic. For example, 

if the forecast is wrong, essential loads should not be 

compromised. If the user returns earlier than expected, 
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comfort should be restored quickly. If a device fails to 

respond, the system should notify the user rather than 

continue assuming successful execution. 

A fourth challenge is user diversity. Households differ in 

routines, housing types, climates, income, renewable energy 

access, digital literacy, and comfort expectations. Future 

implementations should therefore allow personalization 

rather than imposing one model of sustainable living. 

6.4 Limitations and future research 

This paper has several limitations. It is a conceptual study 

and does not provide empirical evidence of energy savings, 

cost reduction, user acceptance, or carbon reduction. The 

figures and scenarios are illustrative and should be treated 

as design examples. The paper also focuses primarily on 

residential smart homes and may not directly apply to 

apartments, shared housing, commercial buildings, or 

regions with limited renewable energy infrastructure. 

Future research should test the SAI framework in four ways. 

First, simulation studies can evaluate how different 

scheduling strategies affect energy cost, renewable energy 

use, and comfort under different weather and tariff 

conditions. Second, pilot deployments can test the technical 

feasibility of device integration and renewable energy 

coordination. Third, user studies can evaluate trust, 

perceived control, privacy concerns, and explanation quality. 

Fourth, longitudinal studies can examine whether SAI 

reduces decision burden and supports durable energy-saving 

habits over time. 

Future work should also develop evaluation metrics. These 

may include renewable self-consumption, grid import 

reduction, battery cycling efficiency, task completion 

reliability, comfort deviation, explanation usefulness, user 

override rate, and perceived autonomy. Such metrics would 

allow researchers to move from conceptual promise to 

measurable performance. 

7. Conclusion 

This paper proposed Sustainable Artificial Intelligence for 

renewable smart home automation. It responded to the 

limitations of fragmented smart home systems by 

presenting SAI as an integrated framework that connects 

IoT devices, renewable energy assets, application services, 

and AI decision logic. The framework is guided by three 

principles: contextual awareness, energy-aware 

optimization, and pedagogical explainability. 

The main argument is that sustainable smart homes require 

more than connected devices. They require systems that can 

learn routines, coordinate household loads, prioritize 

renewable energy, and explain decisions clearly. When 

designed carefully, SAI can reduce manual configuration, 

support flexible energy use, and make sustainability easier 

to practice in everyday life. 

At the same time, this paper has deliberately avoided 

presenting conceptual scenarios as validated results. The 

proposed framework should be understood as a foundation 

for future simulation, pilot testing, and user-centered 

evaluation. Its publication value lies in clarifying the 

architecture, principles, and research agenda needed to 

move sustainable smart home automation from fragmented 

device control toward integrated, explainable, and 

renewable-aware household intelligence. 
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