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Abstract

:

In recent years, serious energy games (SEGs) garnered increasing attention as an innovative and effective approach to tackling energy-related challenges. This review delves into the multifaceted landscape of SEG, specifically focusing on their wide-ranging applications in various contexts. The study investigates potential enhancements in user engagement achieved through integrating social connections, personalization, and data integration. Among the main challenges identified, previous studies overlooked the full potential of serious games in addressing emerging needs in energy systems, opting for oversimplified approaches. Further, these studies exhibit limited scalability and constrained generalizability, which poses challenges in applying their findings to larger energy systems and diverse scenarios. By incorporating lessons learned from prior experiences, this review aims to propel the development of SEG toward more innovative and impactful directions. It is firmly believed that positive behavior changes among individuals can be effectively encouraged by using SEG.
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1. Introduction


The increasing demand for electricity due to the electrification of heating/cooling systems in buildings and the transport system, along with the alarming rise in carbon emissions from conventional energy sources, such as coal, oil, and natural gas, compelled the world to seek alternative solutions. Despite the increasing integration of renewable energy, its availability is still unpredictable and restricted. Therefore, the relentless pursuit of innovative approaches to ensure sustainable and resilient energy systems must be continued [1]. The European Council established the European Union’s (EU) climate action strategies to achieve a climate-neutral economy with net-zero greenhouse gas emissions by 2050 [2]. By 2030, the EU set key targets, which include reducing greenhouse gas emissions by at least 40% compared to 1990 levels, achieving a minimum of 32% renewable energy share, and improving energy efficiency by at least 32.5% [3,4]. It is noteworthy that the prior strategies outlined by the European Council aimed to achieve a 27% increase in energy savings and a 27% share of renewable energy [5], which highlights the necessity of further efforts and advancements in implementing sustainable energy practices and technologies to meet these ambitious targets.



Achieving the aforementioned objectives necessitates diverse actors taking a wide range of measures, from enhancing energy efficiency in buildings and the further development of renewable energy technologies to nudging behavior change in energy use. Numerous research studies created significant insights into the technological challenges of balancing energy supply and demand [6]. These challenges encompass a wide range of factors, such as the capacity of energy systems to facilitate affordable access to energy services and ensure the security and reliability of energy supply [7].



While technological advancements play a vital role in providing sustainable alternatives, the success of our efforts ultimately hinges on our ability to transform human behavior [8]. Increasing awareness of energy-related practices in different sectors is a cost-effective approach to promoting sustainable energy transition in societies, yet changing human behavior remains a significant challenge [9].



The initial effort to enhance public consciousness regarding energy usage was established upon the premise that energy is “doubly invisible”, given that the quantity and influence of energy are abstract concepts [10]. The intangibility of energy renders it arduous for society to conceptualize it, whereas conventional energy bills are unable to completely articulate the intricate and dynamic nature of energy consumption patterns [11]. In recent years, there was a growing research interest in increasing the perceptibility of energy usage through the implementation of diverse strategies, such as providing visibility for energy use [12], and the real-time visual display of consumption levels [13]. For instance, in-home energy displays are effective in average savings ranging from 4% to 12%, with over 20% peak savings [14]. Nevertheless, in aiming for lasting behavior change, the effectiveness of this intervention primarily depends on user engagement. Accordingly, the visualization mechanisms should be thoughtfully designed to render the feedback readily understandable to users, and provide them with insights into their energy consumption patterns and routines [14]. Innovative promotion of energy applications involves an interactive, collaborative, and visual approach to maintain user engagement and allow service providers to adapt to users’ capabilities [15], which necessitates the design, development, implementation, and active use of innovative systems, technologies, and behavior change strategies [16].



Intervening in the social routines of people through traditional education programs is challenging, as they may not have the same reach and impact as modern media platforms. In recent decades, serious games, particularly cross-media-oriented and multi-player-involved role-playing games, emerged as a key approach to addressing this challenge [17,18]. There is increasing evidence that certain individuals are more receptive to receiving information and feedback presented in a fun and engaging manner. Therefore, implementing game-based and gamification strategies could be a viable solution to address this need [19].



Gamification refers to incorporating game elements, mechanics, and design principles into non-game contexts. It involves applying game-like features, such as points, badges, leaderboards, and challenges, to engage and motivate individuals, encourage desired behaviors, and enhance their overall experience [20].



With the swift progress of digital and mobile technologies, digital game-based learning emerged as a prominent approach that can overcome the constraints of time and location and enhance accessibility and engagement for learners [21]. Hamari et al. [22] introduced three key components of serious games. Firstly, initial motivational goals that encourage individuals to engage with the game. Secondly, psychological outcomes similar to traditional gaming environments, such as increased enjoyment, motivation, and engagement, and finally, desired behavior patterns established within and beyond the game context. Among other gamification models is the Octalysis framework developed by Argilès and Chou [23] with eight core drives: Epic Meaning and Calling, Development and Accomplishment, Empowerment of Creativity and Feedback, Ownership and Possession, Social Influence and Relatedness, Scarcity and Impatience, Unpredictability and Curiosity, and Loss and Avoidance.



Since teachers recognized the potential of serious games, the education was an early adopter of this approach. Serious games demonstrated high motivation levels and offer instant feedback, making them adaptable to learners’ skill levels. They also facilitate effective knowledge transfer and provide opportunities for repetition [24]. Moreover, it is worth noting that gamification was successfully implemented in various domains beyond education, including health (for general health, rehabilitation, mental disorders, and educating patients) [25], business (for motivating employees and retaining loyal customers) [26,27], and government (for promoting public participation) [28,29,30,31,32].



Gamification is also used to promote sustainable behaviors, adopt resource-efficient practices in the users’ lives, and mitigate climate change [33]. The role of serious games in developing 21st century skills that can lead to addressing the climate crisis is a potential asset [34]. In this context, some of the main developed games can be categorized as sustainability education (e.g., ‘Factory Heroes’, for improving the sustainability leadership skills in manufacturing [34]), transportation and air quality (e.g., ‘Mordor Sharper’, for incentivizing the carpooling system [35]), waste management (e.g., ‘WasteApp’ for increasing recycling [36]), energy-related applications (which are discussed in this paper), and water conservation (e.g., for increasing community engagement for water-related event preparedness such as planning to conserve water during drought [36]). The Smart H2O project, with the objective of establishing a positive feedback loop between water utilities and users, provides information about water consumption in almost real time and enables water utilities to develop strategies for water supply [37]. This project uses a gamification approach to encourage users to modify their water consumption habits, utilizing various incentives, such as virtual, physical, and social rewards to promote competition between users [38].



Web platforms also emerged to serve as a directory of serious games on sustainability, such as Games4Sustainability, where games centered around the United Nations’ Sustainable Development Goals are presented [39]. It also provides a classification of both digital and non-digital games based on their intended age range and learning objectives [40].



Serious energy games (SEGs) as interactive experiences that engage users to various energy applications are gaining prominence as an innovative approach, particularly in the realm of energy usage, distributed generation, and interaction with energy markets. An early effort in SEG is the PowerHouse [41], which was developed to motivate the reduction in energy consumption in households in the short term through simulation-based games. After the success of initial SEG in reducing energy consumption in households, researchers expanded their focus to explore the potential of this technique for other target groups and to incorporate real data into the games (e.g., Power Agent [42] and Power Explorer [43]), which allowed for more accurate simulations and personalized experiences for users. Most of these games apply the points–badges–leaderboards model, known as ‘four-square,’ which is prevalent in serious games [22]. This model incorporates game-like elements and rewards to encourage interaction, engagement, and the establishment of new behavior patterns. These elements motivate continued interest and interaction, while social comparison on leaderboards and social media platforms reinforces the desired behaviors [11].



There are few reviews in the domain of SEG. These reviews focus mainly on the potential of SEG, particularly on energy efficiency as the core energy application and user engagement [18,42,44]. To the best of our knowledge, we have not come across any reviews that thoroughly explore the wide range of energy applications and investigate the potential enhancements in engagement through the integration of social connections, personalized game environments, and data integration. The study assists the serious energy game developers and researchers to draw insights from previous experiences while addressing emerging issues and novel challenges in the field. In Section 2, the objectives and applications of prior research efforts are delved into. Specifically, the transfer of information and engaging users in these studies is examined. Furthermore, it explores the utilization of various energy applications within gamified environments, specifically focusing on demand-side management (DSM) in SEG. The role of social connection and personalization is also explored in the section, as these aspects gained prominence in recent applications. In Section 3, the integration of data sources into SEG is focused on, taking into consideration the advancements in data collection methods facilitated by emerging technologies. In Section 4, the evaluation of user performance within SEG, as well as the assessment of the game application itself, is investigated based on previous studies. Finally, in Section 5, the findings derived from this study are presented, and suggestions for future research are provided. The suggested areas for further investigation primarily focus on:




	
Incorporating advanced behavioral change models by contextualizing the intervention in the process of behavioral change, including precontemplation, contemplation, preparation, action, and maintenance steps.



	
Adopting a comprehensive approach to address various aspects of DSM, through establishing interactive feedback loops between operators and users.



	
Increasing sample sizes and study durations to enhance the applicability of research outcomes.









2. Objectives and Applications of Serious Energy Games


The energy transition is crucial for achieving a sustainable future. Still, one aspect that is often overlooked is the complexity of educating individuals on the benefits, urgency, and intricacies of renewable energy development and energy efficiency [24].



A properly designed serious game serves as an experimental platform that can effectively address multiple factors and explore different variables. This approach provides the necessary abstraction and flexibility for experimentation, scalability, and innovation within the energy behavior change context.



To take advantage of the findings and developments from a series of empirical research projects in the realm of SEG, it is beneficial to analyze their implementation of energy applications. These projects provided valuable insights and learning opportunities, including lessons from their outcomes and failures. By examining these findings, we can establish a solid groundwork for further investigation into possibilities and opportunities within the field.



An overview of the reviewed research projects is presented in Table 1. These projects were conducted between 2011 and 2021 and were sourced from scholarly publications. The table provides a comprehensive summary of the research studies, including details such as project name, type of game, study duration, medium of feedback, target group, study area, and study region.



According to Wu et al. [18], SEG can be classified into three categories based on the degree of end-user engagement: education-oriented, simulation-oriented, and application-oriented serious games. However, it is important to note that these categories are not mutually exclusive, with significant overlap between them. The latter categories often build upon and incorporate elements of the former ones. For instance, simulation-oriented games also have educational potential, and application-oriented games can integrate both educational and simulation aspects. This study also adopts the same classification to categorize SEG in Table 1. The categories are defined as follows:




	
Education-oriented serious games: games that focus on energy consumption aim to raise awareness and shape behavior by utilizing game technology and design principles. These games provide virtual experiences and data related to energy conservation, using simplified real-life complexities and offering immersive learning environments to develop critical thinking and motivation. However, transferring of knowledge from these games to real life may pose challenges.



	
Simulation-oriented serious games: games that aim to guide users in reducing energy consumption and exploring renewable energy options. These games utilize real-life energy data and encourage energy-related discussions. Compared with education-oriented serious games, these games connect gameplay to real-life behaviors by suggesting home-specific efficiency improvements, reducing the gap between the virtual world and reality. However, in these games, the collected data are condensed rather than detailed, and calculations are not automatically calibrated.



	
Application-oriented serious games: games that utilize real or real-time data to provide engaging and practical experiences for users in various domains. These games go beyond entertainment, serving as effective training, learning, and problem-solving tools. By incorporating real-world data, users can immerse themselves in simulated environments that closely resemble their field’s challenges, enhancing their knowledge and abilities. These games offer a dynamic and authentic learning experience, bridging the gap between theory and practice.








The duration of the studies varies, ranging from short sessions lasting as little as 30 min to long-term investigations lasting up to two years. These studies targeted diverse groups to examine the impact of serious games on energy-related behaviors and practices. The selection of these target groups is determined by multiple factors, such as access to the target group, the necessity of intervention for a specific group, access to smart technologies, and game mechanics. Notably, domestic energy users were the primary focus of most of these studies, highlighting the importance of engaging this particular group. However, less is known about the challenges of applying SEG for different populations and sectors. For instance, Mendez et al. [45] focused on the university campus since they found it to be an ideal starting point to promote interaction between energy users and the city to improve energy awareness.



In some research studies, the target group is selected based on social criteria. Social housing, a vulnerable segment of the housing sector facing high financial pressures, is considered one of the groups most severely affected by fluctuations and increases in fuel prices. It is reported that the social housing population in Europe faces 2.5 times more difficulty adequately heating their homes than the general population [11]. Research was conducted to address financial concerns and improve housing conditions within the social housing sector by utilizing SEG [11,46,47].



While previous research explored the use of serious games for energy consumers, Polyanska et al. [48] specifically focused on the application of serious games for energy companies. Drawing on the framework proposed by Figol et al. [49], two distinct types of gamification were identified: external gamification, which focuses on increasing consumer loyalty and company revenue, and internal gamification, which aims to enhance the productivity of personnel. Considering this distinction, Polyanska et al. implemented this tool in the management of energy companies in Ukraine and reported that using gamification tools could facilitate the support of energy policy and promote the effective integration of Ukrainian energy companies into the EU energy market [48].



In some studies, participants were specifically chosen from a group of high-energy consumers based on the assumption that they would have a greater potential for energy savings [50]. Including high-energy consumers allowed for a more targeted approach to understanding the factors influencing energy consumption patterns and identifying effective strategies for reducing energy usage.





 





Table 1. Summary of the literature on SEG.
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	References
	Project Name (Acronym)
	Type of Game
	Duration of Gameplay
	Medium(s) of Feedback
	Target Group Types
	Study Area
	Study Region





	[51,52]
	EnerGAware (Energy Cat)
	Application-oriented
	24 months
	Application
	Social tenants
	House
	UK



	[45]
	Gamified HMI
	Application-oriented
	N/A
	HMI
	Students and professors
	University campus
	Mexico



	[53,54,55]
	enCOMPASS
	Application-oriented
	12 months
	Mobile application
	Households,

school classes,

office employees
	House

School

Public buildings
	Germany, Greece,

Switzerland



	[56,57,58]
	Powersaver Game
	Application-oriented
	least five weeks
	Web-based application
	Households
	House
	Netherlands



	[24]
	We Energy Game
	Simulation oriented
	Less than 30 min
	Web-based application
	Energy cooperative members

business,

municipality representatives,

students
	Virtual city
	Netherlands



	[59]
	EnergyElastics
	Application-oriented
	N/A
	Mobile application
	Households
	House
	USA



	[60]
	HotCity
	Education-oriented
	Unlimited
	Mobile application
	Individuals
	City
	Austria (Vienna and Graz)



	[61,62,63]
	Social Mpower
	Simulation-oriented
	30 min
	Mobile application
	Households
	Virtual house
	N/A



	[64]
	Energy Piggy Bank
	Application-oriented
	One week
	Mobile application
	Households
	House
	Sweden



	[65]
	Power House
	Application-oriented
	Unlimited
	Mobile application
	Households
	House
	USA



	[50]
	EnergyLife
	Application-oriented
	Three months
	Web application adapted for touch screen-enabled mobile devices.
	Households
	House
	Northern and Southern Europe (Finland and Italy)



	[47]
	Smarter household
	Application-oriented
	N/A
	Mobile application
	Social housing
	House
	UK



	[66]
	Social Power
	Application-oriented
	18 months (3 months pre-intervention, 3 months intervention, 12 months post-intervention)
	Mobile application
	Households
	House
	Switzerland








2.1. User Engagement and Information


Several research projects show that public perception of climate change does not fully align with the urgency of the issue, and the public gives a low priority to climate change policy making compared to other societal problems [24,67]. Some investigations suggested that endeavors to communicate and educate about sustainability have not met expectations. For example, while sufficient information were provided, the presentation methods were not convincing enough to effectively convey the message [68,69]. Efforts to raise awareness about energy consumption aim to reduce electricity consumption, which can lead to cost savings of 5% to 15% with little to no investment required [70,71]. This fact incentivized some researchers to investigate incorporating innovative energy-saving features [45].



Moreover, the literature emphasized the importance of engaging customers in smart grid initiatives [72]. As an example, whether deploying smart meters alone can effectively influence the energy-related behavior of residential customers is a topic of debate [73]. In this context, many studies provided evidence to support the effectiveness of integrating interactive interfaces alongside smart meter technologies [59,66,74,75]. This integration allows for the implementation of participatory and context-specific interventions that enhance users’ awareness of their energy consumption and empower them to take proactive steps towards reducing their energy usage. Specifically, in a study conducted by Wemyss et al. [66], the Social Power application was designed as a complementary tool for the smart meter rollouts in Switzerland and leveraging their added advantages.



User engagement relies heavily on the provision of information to consumers. This information serves as a crucial element in shaping their energy consumption behaviors. Darby [76] presented one of the most widely accepted classifications for feedback information as direct and indirect. On the one hand, direct feedback involves presenting raw information from energy meters or display monitors, offering immediate and easily accessible consumption feedback. On the other hand, indirect feedback involves processing the data before presenting it to the user, often through energy bills, which can result in delays in providing feedback. Direct feedback allows for user control and comprehensive representation of energy feedback, while indirect feedback offers post-processed information. The distinction between direct and indirect feedback relates to the accessibility and latency of the feedback and the level of data processing involved before reaching the user [77]. Darby [76] suggests that a well-designed combination of direct and indirect (e.g., accurate billing) feedback system is essential for achieving long-term sustainable energy consumption behaviors.



In comparison, energy bills provide limited information on energy consumption and lack actionable insights for users [78]. The lack of information on everyday energy consumption, primarily limited to monthly or yearly energy bills that offer only a general overview, makes it challenging for households to understand how and when energy is used in their daily activities [79]. Consequently, misconceptions can arise, such as underestimating the energy savings obtained through energy-efficient behaviors such as enhancing home insulation and using more efficient equipment while simultaneously overestimating the energy savings derived from curtailment behaviors such as turning off lights [80].



To enhance the engagement of feedback beyond gamification features, SEG can offer consumers various types of information, including:




	
Simple information: this includes basic details about energy usage, such as current energy consumption levels or historical data.



	
Conjunctive information: this type of information compares the consumer’s energy usage with that of similar households or benchmarks, allowing for better understanding and context.



	
Tips/Advice: information in the form of tips and advice can help consumers identify specific actions to reduce their energy consumption and make more sustainable choices.



	
Forecast information: forecasting provides consumers with insights into future energy demand and prices, enabling them to plan their energy usage more efficiently.



	
Demand response (DR) and statistics: this type of information involves sharing grid and/or market data such as the system balancing status, peak demand periods, pricing structures, and other statistical information related to energy consumption.








From another perspective, Wu et al. [18] categorized the information provided in SEG for user engagement based on their level of education into four levels:




	
Level 1: visualization of energy consumption to improve end-user understanding.



	
Level 2: delivery of energy-related knowledge to the end-users.



	
Level 3: delivery of energy-related knowledge with a feedback mechanism to prompt behavior change.



	
Level 4: enhanced engagement and behavior change through multiplayer interactions or involving the end-users family and friends via social media.








In another classification by Zangheri et al. [81], information types in energy feedback applications are classified as real-time, appliance disaggregation, social comparison, historical comparison of energy consumption, energy consumption rewards, and energy efficiency advice. Games are well suited for conveying information as they provide a contextualized environment where various factors of influence can be compared.




2.2. Demand Side Management


In the domain of SEG, researchers pursued innovative solutions to tackle pressing energy demand challenges. In this section, we reviewed these cutting-edge approaches within the context of DSM.



DSM is defined by Gellings as “planning and implementation of those electric utility activities designed to influence customer uses of electricity in ways that will produce desired changes in the utility’s load shape” [82]. DSM has diverse effects on power systems, encompassing the electricity market, environment, power system operation, and reliability. In the electricity market, consumers benefit from incentive payments, while utilities experience reduced costs, decreased load losses, and increased system efficiency. DSM initiatives enhance economic dispatch, augment electricity market performance, and mitigate market risks. Regarding power system operation, DSM aids in maintaining voltage stability, easing transmission congestion by smoothing the load profile, optimizing preventive maintenance scheduling, and postponing the necessity for facility upgrades. DSM also facilitates the integration of renewable energy sources and enhances power system flexibility [83,84].



Applying the DSM activities can take the form of voluntary subscription programs. However, the limited awareness of residential customers about DSM programs resulted in relatively low engagement. In this context, AlSkaif et al. [85] proposed a system architecture that integrates gamification elements into energy applications to enhance the participation of residential customers in the electricity supply market and bridge this gap.



The main applications for engaging energy users in DSM can be classified into three categories: energy efficiency, self-consumption, and DR. Table 2 presents the energy applications incorporated in various SEGs. These games primarily focus on energy conservation and optimizing electricity usage within homes.



A popular technique employed in these games is the use of quizzes, which effectively raise awareness about energy-related topics. However, it is crucial to consider the limitations of quizzes when it comes to facilitating deeper learning. Quizzes primarily activate low-level learning capabilities, corresponding to the lower tiers of Bloom’s taxonomy [87]. These lower-level cognitive skills involve memorizing and replicating isolated pieces of information.



Electricity is the most investigated energy carrier in the reviewed studies, as indicated by Table 2, though there is a growing interest in exploring the combination of different fuel types to maximize energy efficiency. This includes the integration of electricity and gas, among others. Despite this growing interest, none of the reviewed studies provided feedback specifically aimed at optimizing the energy mix.



In the following subsection, the implementation of energy applications in serious games is discussed.



2.2.1. Energy Efficiency


Over the past years, the industry’s sustained and productive effort to improve energy efficiency resulted in manufacturing devices and appliances that significantly reduce energy needs. Despite these efforts, the impact of the Jevons paradox energy consumption is more likely to increase rather than decrease as a result of economically justified enhancements in energy efficiency [88], or the rebound effect reduced the expected gains from new technologies [89,90]. This suggests that advancements in energy efficiency technologies, while promising, are inadequate in isolation and may not be sufficient to reduce personal and collective energy consumption without concurrent changes in consumption patterns.



Gamification are also widely applied in a more simple way to impact efficient energy appliance use. In these types of games, simple tricks and practices are employed to motivate energy users to engage in energy-saving behaviors such as turning off lights, reducing the use of power-intensive appliances, and closing windows [57].



The increase in energy efficiency was a prominent aspect observed across a wide range of SEG studied. In research aiming for energy efficiency activities in the game, the objective is to engage users with energy-saving tasks. As users progress in the game, they encounter new energy-saving activities and challenges in the game and their daily lives, depending on whether the game incorporates real data. The challenges considered here mostly include informative texts and tips, quizzes (such as multiple-choice questions), and photo uploads. These challenges are designed to provide information, test users’ knowledge, and encourage active participation in energy-saving behaviors within the game environment.



Recent studies utilized SEG to investigate occupants’ preferences within smart building infrastructures [47,53]. These games aim to encourage users to lower their energy consumption by considering various factors, such as thermal comfort, indoor air quality, lighting comfort, and general satisfaction. By incorporating occupant preferences, SEGs provide a platform for understanding the complex dynamics between energy efficiency and occupant comfort while balancing the two.



Additionally, SEGs often emphasize the use of more efficient appliances. Players are encouraged to select energy-efficient appliances and devices within the game environment or in real life, which promotes the adoption of energy-saving technologies. This approach emphasizes purchase behavior and often offers comparative analyses between the energy usage of users’ appliances and the nominal average demand value for such appliances. The primary objective of these games is to promote the benefits of replacing energy-intensive appliances with more efficient alternatives, thereby encouraging energy-saving practices [85].



Another approach to enhancing awareness of energy consumption among appliances is by providing disaggregated information at either the appliance level, using smart plugs, or at the room level [91]. Identifying appliances that consume a significant amount of energy allows one to consider replacing them with more energy-efficient alternatives or adopting strategies to reduce their usage [77].



In many studies, smart thermostats were utilized to gather raw data concerning the heating or cooling demand within buildings. Heating, ventilation, and air conditioning (HVAC) systems play an important role in providing thermal comfort by regulating indoor temperature. To address building insulation, some research focused on assessing the HVAC systems’ energy efficiency by comparing energy consumption against average values [44]. However, this approach fails to address the intricate relationship between HVAC systems and building insulation. Evaluating buildings’ insulation as a means of energy conservation presents a multifaceted and intricate challenge. Its complexity stems from the requirement of comprehensive assessments and interventions that extend beyond the simple replacement of appliances, making it a critical focus area for energy-saving initiatives and SEG.




2.2.2. Photovoltaic Self-Consumption


Self-consumption of photovoltaic (PV) energy entails using the electricity generated from photovoltaic systems by the power producer, contracted associates, or private household systems without injecting it into the grid. Given that PV technology is the leading contributor to distributed power generation, it presents a significant opportunity for promoting self-consumption practices [92,93]. In combination with local storage, system owners may optimize revenues by participating in energy markets, typically via aggregators.



A significant obstacle to achieving self-consumption in households is the mismatch between PV power generation and actual demand. Since a considerable portion of power production occurs when residents are away from home for work or other daily activities, the estimated potential for self-consumption without storage or DR measures ranges from 17% to 44%, depending on factors such as household size and exposure to irradiation [94]. PV electricity production follows the sun’s course during the day, typically resulting in lower feed-in of PV power during morning and evening hours. However, demand peaks tend to occur during these times, creating a disparity between high demand and low PV power feed-in. Optimizing PV system capacity with the demand as a constraint leads to placing half of the system facing East and the other half facing West [95].



PV technology faces challenges competing with wholesale electricity prices. Still, self-consumption is gaining traction since the decreasing costs of PV generation are approaching or reaching parity with retail prices.



SEG can play a significant role in encouraging users to install solar panels and addressing disparities in PV generation and demand profiles, and increasing the share of self-consumption. These games can enhance customers’ knowledge about the importance of self-consumption, provide incentives, and empower them with self-control to increase their participation in self-consumption practices [85].



In a study by Rai and Beck [96], it was found that serious games can effectively bridge the information gap and empower citizens to overcome informational and perceptual barriers, facilitating the widespread adoption of solar energy in residential settings. In this context, Papaioannou et al. [97] designed an IoT-based framework for decreasing energy waste in public buildings. The architecture also includes a solar power microgeneration forecast based on weather predictions and historical weather data. This feature aids in minimizing the daily energy load of the building by prompting players to time-shift energy-consuming actions to periods when the net energy balance (microgeneration minus consumption) is maximized, particularly in scenarios where energy storage is unavailable.



Some studies worked on the use of gamification related to the panels’ installation (e.g., Ouariachi et al. [24] developed a game in which the users learn how solar panels can be effectively placed on farmlands, or Olszewski et al. [98], presented a social gamification platform for stimulating the photovoltaic panels’ installation) and technical issues (e.g., Salim et al. [99] developed a serious game for improving the understanding and stakeholders’ decision-making ability for end of life management of PV panels).




2.2.3. Demand Response


The stability of energy grids depends on the continuous balancing of energy supply and demand. The integration of intermittent renewable energies, such as wind and solar, which are heavily influenced by factors such as weather, makes the task of balancing the energy grid increasingly challenging [100]. In this regard, an important challenge is educating individuals about the complexities of balancing supply and demand in different locations and conveying that larger locations present unique complexities [24]. It is essential to emphasize how individuals can actively contribute to the balancing process by aggregating distributed resources. Individuals can collectively form virtual power plants by pooling together smaller-scale renewable energy sources and DR capabilities. These aggregated resources can then be integrated into the grid to assist in balancing the fluctuations of intermittent renewable energies.



Accordingly, policymakers and market participants recognize the significance of demand-side flexibility, particularly through DR mechanisms, to address these challenges and efficient electricity systems. In this context, intermediaries, such as suppliers and aggregators, offer DR programs to retail customers in the energy market through voluntary participation. These programs involve a contractual agreement outlining legal and technical criteria for implementing and verifying DR and incentives to encourage customer participation [15].



Generally, DR programs are classified into incentive-based and price-based categories [101]. To promote DR programs among consumers, various strategies are employed, such as time-of-use pricing, critical peak pricing, variable peak pricing, real-time pricing, and offering critical peak rebates. Additionally, power companies implement direct load control programs to regulate energy usage by cycling appliances such as air conditioners and water heaters during peak demand periods [85].



One incentive for using gamification for promoting DR programs is explained by Konstantakopoulos et al. [102]. Implementing DR programs is typically based on contractual agreements between utility providers and consumers. However, these contracts lack the flexibility to accommodate dynamic changes in occupant behavior and preferences, leading to discrepancies in demand expectations. To address this problem, they developed an approach that incorporates a gamification interface that enables building managers to interact with occupants and allows retailers and utility companies to utilize dynamic and temporal data to customize DR programs based on observed or predicted conditions. This approach enhances the adoption of more dynamic protocols for DR [103].



From the reviewed papers, only three applications concerned DR in their games: EnerGAware (Energy Cat) [51,52], EnergyElastics [59], and Social Mpower [63]. In the Social Mpower application, the researchers incorporated load shifting as a strategy in addition to energy-saving tips and quizzes. Users were encouraged to shift their electricity loads from periods of high demand to off-peak periods. This involved tasks such as running the dishwasher, oven, washing machine, or tumble dryer during times when overall electricity demand is lower.



The scarcity of DR-related games can be attributed to several factors, including fixed energy costs, the lack of information regarding off-peak periods, and the absence of incentives to highlight the potential impact of shifting energy usage. As a result, serious games in this domain are less popular than those centered around energy conservation [104].



Lampropoulos et al. [15] identified five objectives for the integration of gamification techniques in DR applications:




	
Educating users about commercial offerings, including DR programs and self-consumption schemes.



	
Raising awareness about energy usage through advanced metering infrastructure and consumer interfaces.



	
Driving adoption of smart grid technologies and smart appliances.



	
Encouraging active participation in DR programs and self-consumption schemes through incentives.



	
Influencing behavioral changes measured by key performance indicators.








In a study by Gnauk et al. [100], gamification is used for demand dispatch. The demand dispatch system aims to encourage consumers to meet their energy demand with flexible options and maintain their engagement over the long term. They used gamification to develop an intrinsic motivational framework for consumers to explore their consumption habits enjoyably and interestingly, establishing a deep commitment to the program. The demand flexibility system proposed in this study consists of three steps: submission of new flexibility by the customer in the definition phase, utility-side review through multiple rescheduling runs, and ultimately reaching the dispatch phase. After evaluating this approach, users exhibited increased motivation and incentive to actively participate in the program.





2.3. Social Connection


The inclusion of social connections in SEG can enhance the enjoyment and attractiveness of energy applications. This social dimension not only adds an element of fun but also creates a sense of community and encourages positive energy behaviors [85].



Incorporating social elements and online interactions into gamification approaches can harness the significant potential of social connection to elevate energy-related experiences. This integration holds promise for fostering positive energy behaviors, promoting knowledge sharing, and facilitating collective problem solving, ultimately contributing to enhanced energy experiences and improved outcomes.



Recent literature paid significant attention to the crucial role that social ties play in SEG. For instance, social ties were recognized as powerful tools for increasing player engagement and promoting behavior modification. In the PEAR project, players establish teams with friends and encourage cooperative energy-saving acts, demonstrating the influence of peer pressure and competition in encouraging sustainable habits [105]. Similar to this, the Powersaver project makes use of household-based teams, where players track and lower their household’s energy use and then compare their results with other teams [106]. In today’s digital learning environments, social learning is a trend that is amplified by such processes. According to Bandura’s social learning theory, peer observation and utilizing social experiences can result in significant behavioral changes [107]. When players, in their neighborhood-based teams, observe peers making energy-saving decisions or implementing best practices, they are more inclined to emulate such behaviors.



The concept of collective awareness of energy use is incorporated in many SEGs and defined as an attribute found in communities or teams that help them solve collective action problems [61]. Without collective awareness, individuals may disregard community norms and fail to understand the impact of their actions. In communities with collective awareness, members take synchronized actions to achieve desirable outcomes for shared resources.



Several SEGs are designed to educate energy consumers about resource allocation, electricity prices, and grid sustainability. Some games go a step further by incorporating social connections to enhance the learning experience. One such game is Social Mpower, which aims to prevent a collective blackout. Players achieve this by individually reducing their energy consumption and coordinating their actions in synchronization with others [61,62,63].



Different methods are developed for users’ communication in SEG with social connection elements such as in-game messaging, chat or discussion forums, and team or group communication. Alskaif et al. [85] proposed to enable users’ communication by linking the application to social media or developing a private web-based or mobile-based platform.



In the Social Power project, the household participants were assigned to one of two teams: either a collaborative team where citizens in the same city try to reach a fixed, collective 10% electricity savings target together or with a competitive team that tries to save the most electricity in comparison to the other city. For social connection, the users designed a blog and Facebook page as a place for participants to interact, share experiences, and cooperate to build a creative understanding of how to save electricity at home. Players could find more detailed information about the energy-related topic of the week, post tips, offer suggestions, ask questions, and could cheer on their teammates. However, few participants were engaged in these traditional communication channels, and more interest was shown in the app challenges.



In another study, Kashani and Ozturk [59] created a gamified platform for promoting energy-saving behavior using a mobile application that users can access via their Facebook accounts. The application requests permission to access the user’s friend list, allowing them to invite friends to participate in the game’s challenges. Through this feature, the application facilitates the creation of a social network, enabling users to share information and engage in friendly competition. Additionally, the application presents other users’ energy-saving activities, creating an educational and competitive environment that encourages individuals to learn about energy-saving solutions.



In some studies, the social connections among users of SEGs were limited to the social sharing of their achievements and challenges, typically involving users sharing their progress, scores, or energy-saving accomplishments on social media platforms, fostering a sense of competition and community engagement. However, in other studies, the focus goes beyond mere social sharing. It extends to creating an energy community, in which users actively cooperate and share resources, particularly in the context of shared renewable energy sources, e.g., a co-owned PV installation shared between the residents of the community [104].



The body of research consistently underscores the capacity of both competitive and cooperative game mechanics to promote social engagement in the context of energy-related activities.



Collaboration and Competition


The surge in online gaming and the proliferation of online connections among players paved the way for the application of collaboration within the realm of SEG. This paradigm shift involves moving away from solely focusing on individual scores and achievements and embracing the concept of collective scores. It also entails transitioning from fixed user roles to user-adaptive roles, allowing players to adapt their roles based on the specific energy challenges dynamically. By leveraging the power of collaboration, SEG can foster a collective reduction in energy consumption during peak hours, leading to significant impacts on the overall energy system [85]. However, collaboration is still one element that is missed in most SEGs [108].



“We Energy Game” [24] is an excellent example of how serious games can utilize cooperative mechanics in a simulation environment. In this game, five different roles are defined as production (project leader responsible for energy production), people (the citizens), planet (responsible for clean energy production), profit (responsible for measuring the profit made by the different projects), and balance (responsible for the network operation). To obtain a positive balance, players must work collaboratively to achieve the total score for the chosen town. To do so, they must strategically use various energy sources, each offering a point value for each role. Players place these sources on a map to accumulate points and must balance the positive and negative scores to find the optimal solution with a mix of all available sources.



To foster social influence within the system, Alskaif et al., proposed applying competition by enabling the users to compare their performance with other customers of similar household size and friends, neighbors, or the average household [85]. Normative feedback can be incorporated into collaborative game designs to showcase the collective performance of a group and promote energy-saving behaviors. Grevet et al. [109] developed a social visualization system for energy-saving behavior within a scalable society. This system allows for establishing society-wide goals and aims to encourage collective energy behavior. The social visualization provides unidimensional and multi-dimensional comparative feedback, enabling participants to compare their energy-saving efforts within their group and across different groups.



In another study by Muchnik et al. [110], the authors explored the potential for competition and collaboration within saving energy applications. As a means of fostering competition, users were able to compare their energy usage with that of their peers, including friends on social networks or the average user. To ensure that such comparisons were meaningful, the authors recommended providing filters allowing users to compare their energy usage with others in similar types of buildings or apartments. Regarding collaboration, the authors defined it as an energy-saving tip exchange whereby users could share tips and utilize tips from other users.



In many studies, the normative feedback approach is employed to nudge users to change their behavior [111]. One effective aspect of this approach is the ability to compare residents’ energy usage with their peers in similar buildings, often presented through graphical representations. This comparison created social pressure among peers (peer pressure), motivating residents to embrace energy-saving practices [112,113,114]. The effectiveness of normative feedback is enhanced when it conveys that a significant majority of other users of the application already adopted the desired behavior [115].



In SEG, the normative feedback approach is commonly implemented through leaderboards, allowing users to compare their total energy consumption or energy-saving performance with others or the community as a whole. However, it is crucial to acknowledge that implementing the normative feedback approach without considering the necessity for personalization to establish a more precise basis for comparison can lead to ineffectiveness, as demonstrated in several research studies. For instance, in their study, Kim et al. [114] underscored the significance of considering the households’ demographic characteristics and any specific underlying health conditions when considering energy consumption to ensure fairness within leaderboards.





2.4. Personalization


The idea of personalization (tailoring the gaming experience to meet the individual preferences and characteristics of each player’s individual preferences and characteristics) in SEG to enhance their effectiveness and impact is receiving increasing attention in recent studies. A few of the available tools for energy conservation guidance often exhibit a generic approach, where the advice is presented in a “one size fits all” manner applicable to everyone [116].



In this context, different approaches are implemented for personalizing the game environment in both the design and implementation stages (Table 2).



Achieving this objective necessitates a comprehensive understanding of the user’s needs, expectations, typology, habits, and comfort level to provide timely, relevant, and personalized feedback [54,117].



Implementing behavior change theories in a serious energy application is an approach used in some studies for personalization. Muchnik et al. identified four key behavior aspects to address when developing an energy application [110]. Firstly, the “foot-in-the-door” technique should be used to show users that they already care about energy conservation. Secondly, users should be involved in competitions; however, it is important to consider the unexpected influence of the “boomerang effect” on low-energy consumers [118]. Thirdly, the application should provide users with feedback on their successes and failures. Lastly, information should be presented in an easy-to-understand manner.



Several theories and models regarding human behavior were developed to affect meaningful changes in users’ habits. Mendez et al. [119] identified three of them to reduce household energy consumption. The first, TTM [120] classifies the process of behavior change into six stages, including pre-contemplation, contemplation, preparation, action, maintenance, and termination. The model was utilized across multiple domains to encourage behavior change, including promoting water [121] and energy conservation [122] among residential customers.



Alskaif et al. [85] defined the requirements for energy-related behavior change and implementation of energy-related strategies in various stages based on the 5-stage TTM model, as depicted in Figure 1. These strategies include the knowledge process, learning how to use and interact with a platform for promoting energy applications, adopting new energy consumption behaviors, observing the outcome of the user’s actions, and providing incentives to sustain the new energy consumption behavior.



The second model, the Fogg model [123], emphasizes the convergence of motivation, ability, and prompt elements as necessary conditions for behavioral change. Based on this approach, Wendel suggested an iterative cycle for behavior change based on four steps: gaining insights into strategies for modifying behavior, establishing target users, desired actions, and intended results, creating a user interface that aligns with user scenarios, and evaluating outcomes and enhancing the product based on feedback [115]. Based on Wendel’s proposal, Kim et al. [114] developed an eco-feedback design to promote energy-conserving thermostat adjustment behaviors. The four steps outlined above were implemented as follows: reviewing eco-feedback strategies that were utilized by previous research, reviewing existing literature on residents’ behaviors regarding programmable thermostats to identify the target behaviors, creating an interface that aligns with users’ primary tasks and behavior scenarios, and developing a test and refinement approach to enhance the overall user experience.



The third model, the theory of planned behavior [124], posits that an individual’s behavioral intentions are shaped by three key factors: attitude, subjective norms, and perceived behavioral control. Based on the theory of planned behavior, Mendez et al. [119] proposed an energy-saving behavior model for smart homes combined with gamification elements.



In a few studies, users engaged in the application development process through co-creation and co-design sessions. This helps researchers to gain insights into users’ needs, preferences, and goals. For example, the EnerGAware project invited social tenants to develop its application. Initially, the project team collected the users’ ideas and inputs related to the initial game concepts. The same group was then utilized to test early game prototype ideas. Finally, the group was employed as the pilot for the deployment and testing of the application [54]. While the co-design and co-creation approach showed promise in various contexts, its application in developing SEG is still a work in progress, particularly due to the intricate nature of the development process for digital games.



In addition to various approaches for delivering personalized feedback to users, another effective method involves providing personalized information on demand. One such method is the ability to forecast future energy consumption, enabling users to anticipate their energy needs and make informed decisions accordingly. Another aspect involves clustering users based on their energy consumption profile, allowing them to be categorized into groups with similar energy usage patterns. This clustering helps identify user segments and tailor feedback strategies accordingly [125]. Moreover, this method provides disaggregated data on individual users by breaking down energy usage by specific appliances, time periods, or activities.



One study that stands out for its robust methodology in the area of energy consumption personalization was conducted by Fraternali et al. [53]. The authors utilized different data collection sensors, such as smart plugs and smart meters, to determine the activities of energy consumers, including sleeping, cooking, and resting. They also measured the comfort level and energy behavior of buildings and stored the extracted values in a database with a reference timestamp for use by the recommendation engine and other components of the application [53,54]. An adaptive in-context action recommendation feature was developed in their framework that computes actionable energy-saving suggestions. The recommender clusters users into categories and utilizes their activity patterns to generate energy-saving recommendations specific to their context. Furthermore, it prioritizes energy-saving recommendations based on the user’s context, activity, and suggested action’s potential impact. To overcome the cold start problem, the recommender is equipped with general rules that apply to all classes of users and buildings and are used to initialize the feedback loop between the recommender and the user.



Changing energy behavior can potentially negatively impact the quality of life, as individuals may have different priorities to consider [45]. In this regard, Fraternali et al. [53] classified the comfort level of the users into two categories: visual and thermal comfort. Visual comfort is determined by the human perception of luminance within a building and is assessed using the Kruithof graph, as described by Fotios [126]. Meanwhile, thermal comfort is determined by the human perception of indoor temperature and is evaluated using the predicted mean vote index, as outlined by Cigler et al. [127]. As the users progressed in the application, the researchers observed changes in their comfort level.



According to Csikszentmihalyi’s concept of “flow’’, optimal experience and engagement occur when the challenges of an activity match the users’ skills [128]. Translating this into the SEG context, the concept of flow could ensure that the challenge levels correspond to the user’s skills, promoting their active engagement and sustained interest in the game (see Figure 2). For instance, if the game’s energy-saving challenges are too easy for experienced users, they may lose interest due to boredom. Conversely, if the tasks are too difficult for novice users, they may become frustrated and disengage. Implementing a dynamic system that tailors the level of challenges to the players’ skill levels may optimize user engagement. As such, the game can effectively guide the user towards sustainable energy behaviors while keeping them motivated [129].



The “flow” can be maintained by dividing it into four main categories: engagement, learning outcomes, usability, and user experience.



	
Engagement: If the difficulty of a serious game is balanced with the users’ abilities, they are more likely to remain engaged. When the game is too easy, it can result in boredom, and the users may lose interest. On the other hand, if the game is too hard, it can lead to anxiety and frustration, which also decreases engagement.



	
Learning outcomes: The level of challenges directly influences the learning outcomes. An optimal difficulty level in a game encourages deep learning and fosters intrinsic motivation. It creates a more rewarding experience for the users, increasing the chances of returning to the game and absorbing more knowledge about energy management and savings.



	
Usability: Balancing game difficulty can also enhance the usability of a serious game. If the users perceive a game to be within their skill level, they are more likely to understand and utilize the game mechanics. This perception of competency enhances the user experience and makes the game more accessible and enjoyable [130].



	
User experience: Overall, ensuring the right level of difficulty contributes to a positive user experience. A game that is appropriately challenging enhances satisfaction, promotes longer play times, and can increase the desire to play again. All of this contributes to a more enjoyable and effective serious game. By ensuring that “flow” (optimal play state) is achieved, a significant contribution can be made towards mitigating user participant attrition and fostering sustained long-term engagement in the game.






Categorization of users is a widely used strategy for providing personalized feedback in SEG. In Table 3, different categorization techniques that were implemented in previous studies in this field are described.



The Bartle player type taxonomy [86] proposed the classification of players into four categories, each characterized by distinct propensities and motivations. Hedin et al. [64] designed the Piggy Bank game for energy saving based on this categorization to make the game appealing to all player types. While the developed game in this study considers various player types, it is concluded that individuals classified as “Achievers” may exhibit superior performance and greater enjoyment when engaging with this application.



Frankel et al. [131] presented five categories of market segments and the main characteristics of energy customers. They presented this framework to assess how providers can deliver energy efficiency opportunities to the market. Ponce et al. [132] applied this classification to design an intelligent expectation interface for adopting smart thermostats, and Mendez et al. [119] applied the same approach using a gamification structure.



In another classification by Peham et al. [133], energy target groups are divided into three categories: early adopter, cost-oriented, and energy-conscious.



Some studies utilized personality traits as a categorization technique, which has proven effective in delivering personalized feedback in SEG. Among the various categorization approaches, the big five personality traits emerged as the most frequently employed method.



Personalization plays a crucial role in elevating the effectiveness and impact of SEG. Incorporating behavior change theories, co-design and co-creation sessions with potential users, and personalized feedback strategies contribute to a comprehensive and user-centric approach. Categorization techniques, such as player types, market segments, and personality traits, further enhance personalization, allowing for tailored experiences that resonate with specific user groups. The emphasis on user comfort levels and the consideration of diverse priorities ensure that energy-related activities align with users’ needs and does not compromise their quality of life.





 





Table 3. Categorization for personalization based on the application users’ types.
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Categorizations

	
References

	
Types

	
Description






	
Player type [86]

	
[64,134,135,136,137]

	
Achievers

	
This group of players prioritizes the accumulation of points and the advancement through levels as their primary objective in the game. Their focus lies in achieving tangible progress and measurable success.




	
Explorers

	
Explorers are driven by a deep curiosity to unravel and comprehend the intricate mechanics underlying the game. The true enjoyment for them arises from the discovery process, as they strive to uncover hidden aspects and delve into the game’s intricacies.




	
Socializers

	
Socializers place a high emphasis on social interaction and forming connections with other players. They view the game as a platform that facilitates social engagement and serves as a shared space where meaningful interactions and experiences occur.




	
Killers

	
The killer archetype finds pleasure in dominating and controlling others within the game. They derive satisfaction from creating disruptions and causing distress to fellow players. The extent of their enjoyment often correlates with the magnitude of chaos they can generate within the game environment.




	
Energy end-user segments [132]

	
[119,132,137,138]

	
Green advocate

	
The most positive overall energy savings, strongest positive environmental sentiments, and interest in new technologies.




	
Traditionalist cost-focused

	
Extensive overall energy-saving behavior motivated by cost savings, limited interest in new technologies or new service programs.




	
Home focused

	
Concerned about saving energy, more interested in home improvement efforts, and driven by an interest in new technologies and cost savings.




	
Non-green selective

	
Selective energy savings behavior with a focus on set-and-forget inventions, not concerned about environmental considerations.




	
Disengaged

	
Less motivated by saving money through energy savings, not concerned about environmental considerations, not interested in new technologies.




	
Personality traits

	
[119,137,139,140]

	
Openness

	
These individuals appreciate divergent thinking. They have new social, ethical, and political ideas, behaviors, and values.




	
Conscientiousness

	
They are self-disciplined, competitive, dutiful, and responsible. They have a rational, purposeful, strong-willed attitude.




	
Extraversion

	
They are energized by social interactions and exciting and diverse activities.




	
Agreeableness

	
These individuals are altruistic, modest, and have a cooperative nature. They have a sympathetic and tolerant attitude to others.




	
Neuroticism

	
Tend to experience negative emotions such as fear and sadness.




	
Energy target groups [133]

	
[119,139,140,141]

	
Early adopter

	
Enthusiastic about new technologies, actively participates in online social communities, and lacks awareness or interest in energy conservation.




	
Cost-oriented

	
Focus on cost-oriented behaviors and try to adopt a sustainable lifestyle.




	
Energy-conscious

	
Attempt to lead a sustainable lifestyle and be energy-aware.











3. Data Integration


Data integration from diverse sources empowers SEGs to offer personalized experiences, targeted interventions, and actionable insights to the players. Combining disparate data streams, such as historical and (near) real-time energy consumption information, efficiency levels of various appliances and devices, grid information, renewable energy generation, demographic and socioeconomic data, user behavior data (e.g., gameplay interactions, progress, and choices), user perceptions and attitudes, engagement of users in gamification elements, social interaction of users, and feedback and survey data, SEGs can empower users to make informed decisions and take actions towards sustainable energy practices. Data integration in SEG can also involve external data sources such as weather data, geographical information, and energy market prices.



Table 4 provides an overview of the user participation in the research, the data collection tools, the measured variables, and the analysis methods.



The successful participation of users is crucial when evaluating the effectiveness of energy applications. The provided table outlines key details, including the sample size and the recruitment methods employed to ensure diversity and representativeness of the user population. However, some studies raised concerns about households’ willingness to invest their time and resources in these applications [110]. To address this challenge, it is essential to create a user-friendly experience with a streamlined registration process and free access to the application. Additionally, incorporating gameplay elements that encourage meaningful social interactions, such as sharing energy-saving tips with neighbors or competing with other neighborhoods, can significantly enhance users’ engagement and willingness to participate in the application.



3.1. Data Collection and Analysis


The lack of established data collection tools posed a significant hurdle during the initial development phase of serious energy and environmental games, such as PowerHouse [41] and EcoIsland [142]. As a result, the reliance on self-reporting and aggregated measures emerged as the primary means of gathering data for these games. This practical approach allowed researchers to assess the impact of these games, although it was limited by the lack of sophisticated data collection methods. Incorporating advanced data collection tools could enhance the accuracy and reliability of data collection in similar gaming contexts, such as EnergyLife [50].



Accurate energy demand simulation requires detailed information. The quality of simulation results depends on the quantity and quality of input data. Therefore, collecting and analyzing data from various sources and at different levels is crucial to ensure that the simulation is as precise and reliable as possible [110]. Wemyss et al. [66] identified a challenge in data collection related to energy consumption. They noted that gaps in the data occurred due to technical issues with data transmission. In some instances, the transmission of hourly data was unpredictably delayed or not received at all in the application server. As a result, incorrect calculations of energy savings were made. To address this issue, it is crucial to implement corrective measures, such as conducting data resets with accurate information and data imputation, to ensure the reliability and accuracy of the calculations in such cases.



Zeile et al. [60] created a serious game to produce specific incentive systems for data collection. The game draws inspiration from the “Pokemon GO” game, allowing users to report and evaluate the spatial potential of waste heat in the city. The developed application can also streamline data collection from small energy sources typically excluded in top-down methodologies.



The enCOMPASS [53] project stands out due to its comprehensive approach to data integration in SEG. In this project, various data collection tools were employed, including the use of smart plugs to measure the energy consumption of appliances, the aggregation of energy consumption data from smart electricity meters, and environmental sensors that measure the presence, temperature, luminance, and humidity, among other parameters. In addition, the project leverages psychographic variables obtained from the mobile app’s user profile information and instant polls measuring user activity or comfort conditions. To provide energy-saving recommendations to users, enCOMPASS implemented a technical architecture consisting of several interconnecting components, including sensor and user data acquisition, data analysis and user modeling, engagement engine with adaptive gamification, application programming interfaces, behavioral change application, and energy efficiency assessment console.



The data collected in most studies combined quantitative and qualitative methods. The questionnaire was the most widely used data collection tool, primarily employed to assess the increase in knowledge of energy saving and evaluate the effectiveness of SEG in engaging users. The questionnaires were administered in various ways, including paper-based surveys, online surveys, and in-person interviews, with the option of voice or video recording the interviews for future analysis, subject to the participant’s agreement. In pre-post evaluations, the questionnaires were utilized to measure changes in participants’ knowledge and attitudes regarding energy saving before and after their engagement with SEG.



With the growth of smart technologies, new data collection tools were developed to gather data from SEG more efficiently. Smart energy meters and smart thermostats are among the most common tools discussed in the following subsections [53].



3.1.1. Smart Meters


Achieving the transition of conventional electricity grids to smart grids, which facilitate the bidirectional flow of electricity and information from power generation units to all points along the grid until delivery, is essential for the integration of renewable energy sources, management of energy demand, and improving reliability and security of the grid [143]. Smart metering plays a critical role in the transition to smart grids by serving as a fundamental basis for monitoring the grid load’s performance and energy utilization characteristics, making it an essential component of the transition process. Thereby, policy and regulatory initiatives emphasized the need for the deployment of smart metering. For instance, the EU Recommendation 2012/148/EU for reaching 80% implementation by 2020 insists on minimum functional requirements of this infrastructure and active participation of individual customers in the planning and use of electricity [144].



A smart meter is a digital electric meter that measures and keeps a record of the electricity consumption in real time, including calculation hardware, software, calibration, and two-way communication capabilities between the utility and the customer for monitoring and billing processes [145].



The rollout of smart metering systems in various countries in recent years has presented an opportunity to implement feedback systems. These systems leverage the capabilities of smart meters to provide users with detailed information and insights regarding their energy consumption patterns [146]. Smart meters played a central role as the primary data collection tool for developing SEG. With the assumption that smart meters will be installed in every household in the future, these meters hold immense potential for scaling up the proposed platforms. This scalability opens up opportunities to engage a broader audience and promote various energy applications and DR programs on a larger scale.



Recent research on smart meters highlighted their potential for supporting analyses in various areas, including a better understanding of energy use, developing data-driven models for future energy prediction, and determining the potential for peak load reduction [147]. However, nearly all reviewed studies primarily focused on the first aspect, leaving a potential research gap for further exploration of the development of advanced techniques or methodologies for utilizing smart meter data in the context of peak load reduction and optimizing energy management strategies. Smart meter data can be utilized to derive valuable insights regarding housing characteristics (e.g., socio-economic status, dwelling types, and appliances) and the clustering of buildings based on their energy consumption patterns [148,149].




3.1.2. Smart Thermostats


Smart thermostats’ adoption rate is considerably lower than that of smart meters, as smart meter installations are mandated by regulations [144]. In contrast, smart thermostats are predominantly purchased by building owners or provided by utilities [147]. Thermostats can regulate heating, ventilation, and air conditioning systems, making them a viable tool for demand optimization. Recent studies provided evidence of the effects of smart thermostats on energy conservation and peak load reduction in residential and commercial buildings. Findings indicate that peak load reductions ranging from 10% to 35% and energy savings up to 17% can be achieved using smart thermostats [147].



Mendez et al. [150] have identified six behavioral and thirteen usability issues associated with adopting smart thermostats. These challenges and issues led to a failure among users to use smart thermostats correctly, resulting in increased energy consumption. Accordingly, they proposed a gamification framework to tackle the behavior and usability problems to motivate end-users to adopt smart thermostats more effectively.



One challenge in integrating smart thermostats into SEG is that the data acquired solely from smart thermostats may not be sufficient to provide comprehensive feedback to users. Additional data, such as the occupancy status of the building, is needed to ensure accurate analysis and effective feedback. A more robust and comprehensive understanding of energy usage patterns can be achieved by triangulating multiple sources of data, including smart thermostat data, occupancy data, indoor temperature, and potentially other relevant environmental or user behavior data.



Additionally, the potential of connecting thermostats to the grid and enabling utility companies to remotely control them by adjusting the setpoint temperature presents an opportunity [151], which can be leveraged for SEG to integrate this technology.



Data integration in SEG is pivotal in enabling personalized experiences, targeted interventions, and actionable insights for players. Advanced data collection tools, such as smart meters and smart thermostats, present opportunities for scaling up these platforms. Moreover, integrating data from various sources allows for a more comprehensive understanding of energy usage patterns and user preferences, leading to more effective and engaging gaming experiences. These data-driven insights significantly contribute to the development of more robust performance indicators for users, enabling researchers to evaluate the impact and effectiveness of SEG with greater precision and accuracy, which is further discussed in the following section.






4. Performance Assessment


A wide range of approaches and considerations are employed in assessing the performance of SEG, as illustrated in Table 4. These assessments encompass various aspects, including user performance, behavior, engagement and motivation, cognition, social interactions, and more.



Based on a proposal by Kim et al. [114] the metrics devised for evaluating the energy performance of the serious game users can be classified into three primary categories. Firstly, self-assessment of one’s current status involves the evaluation of one’s present standing and progress. Secondly, monitoring oneself using personal historical data facilitates tracking and observing individual energy consumption patterns and trends, thereby identifying areas that warrant improvement. By leveraging their historical data, users can gain valuable insights and make informed decisions to optimize their energy usage. Lastly, the evaluation of potential behavioral impact focuses on analyzing and predicting changes in individuals’ behavior resulting from specific interventions. This category enables researchers and practitioners to anticipate the potential consequences of their initiatives, interventions, or policies, thereby informing the development of effective strategies for promoting positive behavioral changes.



To enhance comprehensibility and practical application, tangible metrics such as kWh electricity consumption, m3 fuel consumption, CO2 production and/or emission reduction, and other relevant units are used to gauge users’ performance, progress, and environmental impact within the application.



A commonly used approach in most studies is the pre-post evaluation method [51,52,56,57,66]. This method involves assessing participants’ energy consumption before and after introducing an intervention or feedback. In the phase before the intervention, which serves as the baseline, no feedback or intervention is provided to the participants. During this phase, researchers gather energy consumption data from historical records. It provides valuable insights into participants’ typical energy consumption habits and serves as a benchmark for evaluating any changes following the intervention. Additionally, the pre-post evaluation is used to assess energy literacy and acquisition of energy-related knowledge, using surveys before and after the intervention to observe changes in knowledge, behavior, and social processes [152,153]. The potential of developed applications to engage users in energy-related activities beyond the initial gameplay experience and over the long term is a topic that was only addressed in a limited number of studies [66].



While the visualization of gamification elements and scenarios is used in existing studies, data visualization is also widely implemented to provide players with an overview of energy usage. Energy-related data are visualized using different forms, such as charts, graphs, and gauges [154]. However, the ability of users to interpret and make informed decisions based on trends and patterns remains an issue that requires further exploration [155].



One of the primary areas of investigation in previous studies is the assessment of user engagement by monitoring user activity on the interface, which can include the amount of time spent on the application, the information accessed, the preferred game element, and the actions taken.



In this regard, Kotsopoulos et al. [156] proposed a new measure named “gamification quotient” to assess the content of a gamified app in terms of game design elements. This measure was established in response to previous research, which found that gamified environments lacked sufficient tools to engage users effectively [157]. The measure evaluates the gamification quotient of an app based on the inclusion of more advanced and significant gamification design elements. Its primary purpose is to answer the question, “How gamified is an application?”.




5. Conclusions and Future Directions


The field of SEG gained increasing attention among researchers, as these games offer an interactive and evolving platform for engaging users in energy-related topics and applications. They effectively provided experiences that enhance users’ understanding of the abstract energy concept, which can often be challenging to grasp through traditional educational approaches.



However, challenges in designing and implementing SEG caused certain issues that need to be addressed. One of the key challenges lies in carefully selecting and designing game elements to ensure they effectively convey energy-related concepts and engage users. Suboptimal design choices have the potential to impede the learning experience and user engagement. Notable examples of these challenges include complexity overload, misaligned rewards, an overabundance of gamification elements, inadequate integration of educational content, and a deficiency of real-world contextualization.



When incorporating gamification features, it is important to consider creating a streamlined and effective environment. This involves removing extraneous elements that have the potential to distract individuals from the objectives of an energy game.



The issue of establishing an effective incentive structure within SEG to foster genuine behavior change and mitigate the risk of false or misguided incentives is a critical consideration. Previous research never sufficiently addressed the comprehensive cycle of behavioral change within this context. To achieve lasting alterations in behavior, it is imperative to integrate gamification components with state-of-the-art behavioral change models. In this regard, it is important to notice that most of these studies concentrated on influencing the determinants of behavior, such as attitudes and beliefs, without contextualizing the intervention in the process of behavioral change, including precontemplation, contemplation, preparation, action, and maintenance steps.



Building up from the previous point of a successful gamification and unhindered user experience, a remedy could be designing with “flow” in the mind of the user. The “flow” theory suggests that individuals reach a state of optimal experience, or “flow” when the challenge of an activity is matched with their skills’ level. In this state, people become completely absorbed in their activity, experience heightened focus, and can even lose sense of time.



One of the main limitations of previous studies is that energy conservation receives the predominant and exclusive focus. In contrast, other important aspects of DSM, such as DR and self-consumption, are relatively overlooked. This narrow focus limits the comprehensive understanding of the potential benefits and synergies achieved through a holistic approach. In this regard, previous studies failed to fully consider the perspectives and involvement of different electricity system operators, including transmission system operators, distribution system operators, market operators, and aggregators. The absence of operators’ considerations restricts the effectiveness and realism of DSM strategies within SEG. Establishing interactive feedback loops between operators and users facilitates the exchange of information, enabling operators to communicate grid conditions, pricing signals, and incentives to the users. Simultaneously, users can provide feedback on their energy consumption patterns, DR actions, and self-consumption practices, facilitating a collaborative and iterative learning and improvement process [56]. While some efforts were made in previous studies to involve operators, their role was often limited to observing demand without meaningful user interaction.



Another primary drawback observed in previous studies is the constrained scalability and limited generalizability of their findings. They often suffer from a small sample size or focus on specific populations, which restricts the applicability of their findings to real-world scenarios. Small sample sizes limit the statistical power of the studies and can lead to biased results or findings that may not hold when applied to a larger population. While researchers did not intend to use small sample sizes, their struggles convincing a larger pool of participants to participate in their research contributed to this issue. Another similar challenge arises when participants lose their motivation midway through the research and voluntarily drop out. As the initial excitement of the intervention wears off, researchers noticed a decline in the participants’ interest and commitment to completing the challenges. After a few weeks, they become less actively involved in the intervention activities and eventually discontinue their participation altogether. This challenge reduces the sample size further and introduces potential bias in the results. When participants lose interest or fail to follow through with the study, their data might not accurately represent the entire population under investigation. This can undermine the reliability and validity of the study’s findings. To address this issue, some researchers went beyond just virtual rewards and provided real-life incentives or rewards.



The limited duration of studies, typically ranging from a few weeks to a few months, poses another significant challenge. Energy behavior change often demands continuous reinforcement and ongoing engagement, aspects that might not be thoroughly assessed in shorter-term studies. Consequently, this limitation led to serious difficulties in accurately assessing users’ performance and progress in adopting sustainable energy behaviors. Short-term studies fail to account for potential fluctuations in participants’ motivation or external factors, such as the impact of weather conditions on energy consumption. Moreover, none of the previous studies effectively assessed and reported the long-term effectiveness of energy games after the intervention period. Furthermore, it was noticed that the seasonal bias in the scheduling of some studies could potentially impact the results. For instance, several studies initiate the experimentation phase during winter months and end in summer months. This period coincides with a natural reduction in energy usage due to milder weather conditions, which could confound the results, leading to overestimating the games’ effectiveness in inducing energy-saving behaviors. Considering these limitations, we propose the need for a future study designed with a longitudinal approach, extending over a period of a year or more. The continuation of these studies, adopting a more longitudinal perspective, can provide a deeper understanding of the potential of serious games as an educational tool for energy applications.



Considering the data integration challenges, the primary hurdle lies in the accessibility of smart technologies for users. Without readily accessible technologies, data collection from various sources becomes difficult or even impossible. In many research projects, these technologies were provided to users for free, which, while beneficial for their participation, diminishes the likelihood of finding a scalable solution and creates further complications. In this context, games based on data from smart meters can offer users a good range of data, providing insightful information about their energy usage patterns. Additionally, utilizing standard smart meters offered by distribution system operators for such games can lead to a highly replicable solution, enabling widespread implementation and impact.



These limitations hindered the realization of the full potential and impact of SEGs within the broader field. When we compare the application of serious games in the energy sector with other domains, such as education or medicine, it becomes evident that the field could significantly benefit from embracing more holistic approaches and incorporating advanced methodologies. The relatively limited number of empirical studies that successfully implemented and rigorously tested these games on user behavior underscores the need for further research in this area. Furthermore, inadequately described methods and the absence of precise assessment criteria raised questions regarding the suitability of serious games in the energy sector, which should be addressed in future research endeavors.



In conclusion, serious games have the potential to promote various energy applications. By drawing on insights gained from past experiences, this review aspires to guide the evolution of SEG in a direction that fosters innovation and delivers more substantial impacts. As the prevalence of intermittent renewable energies and distributed resources continues to grow, active participation of energy users becomes essential for effectively balancing energy supply and demand across different geographical locations and varying weather patterns. This paper aims to elucidate the ways in which SEG can be applied to meet the evolving expectations of energy users within a rapidly changing energy landscape. However, the current research is limited, leaving ample opportunities for further exploration and investigation. Recommendations for future research center around enhancing gamification design, incorporating advanced behavioral change models, taking a comprehensive approach to address different aspects of DSM involving electricity system operators, and increasing sample sizes and study durations for greater applicability. To achieve more robust outcomes and innovative solutions, it is essential to emphasize inter/trans-disciplinary collaboration, bringing together expertise from diverse fields. In addition, another crucial area that requires attention in future research is the data integration process, particularly regarding privacy and ethical concerns. Currently, many studies lack proper consideration of these vital issues, posing potential privacy risks when integrating data from various sources, especially sensitive information about individuals. To ensure responsible data integration, researchers must address these ethical concerns adequately and implement measures to protect users’ privacy throughout the data collection and analysis.



Every investigation is subject to methodological limitations. In this work, to avoid potential biases, different databases, such as Google Scholar, the Web of Science (WoS), and Scopus, were searched to retrieve relevant literature. The domain boundary was defined using the terms “serious game” and “energy”, resulting in the acquisition of highly relevant and comprehensive references. During the articles selection process, reviews of their titles, abstracts, keywords, and in some cases, body content, were conducted. Therefore, even if authors do not use “serious game” in their title, abstract, or keywords, the chance of omitting important data is reduced. Furthermore, a cross-reference approach was also utilized to ensure a comprehensive coverage of the relevant literature and reduce the bias of applying a single method. However, it is noteworthy that the final selection was subjectively made.
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Figure 1. Energy-related behavior change requirements based on the TTM model [120]. 
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Figure 2. Illustration of the “Flow” theory (optimal playstate) by Csikszentmihalyi [128]. 
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Table 2. Overview of energy applications, social connection, personalization methods, targets, and outcomes in different projects.
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	References
	Project Name (Acronym)
	Energy Application
	Energy Carrier
	Scale
	Social Connection
	Personalization Method
	Targets
	Outcome





	[51,52]
	EnerGAware (Energy Cat)
	Energy efficiency,

demand response
	Electricity, gas
	End-user
	No
	Implementing an iterative process, wherein the game requirements were identified based on feedback received from potential users during a series of gameplay scenario focus groups.
	Achieving significant energy consumption and emissions reduction, upgrading electric appliances (i.e., changing energy-guzzling boilers for more energy-efficient models), improving the building’s thermal performance by modifying external walls, roof, and windows, and changing the behavior of the humans living in the house with energy-efficient actions such as closing the windows while the house is being heated, using the shower for a shorter time, and turning the light off when a room is unoccupied.
	The electricity-saving intervention resulted in a significant energy reduction of 3.46%, in contrast to the control group’s average increase in electricity consumption by 1.68%, and houses in the experimental group used less gas during the reporting period in relation to the baseline period (2.73%). As expected, this saving was even greater in the experimental subgroup (7.48%). In contrast, houses in the control group used slightly more gas during the reporting period than in the baseline period (1.15%).

The intervention did not reduce the average home electricity peak demand and average power demand at the network peak period.



	[45]
	Gamified HMI
	Energy efficiency
	Electricity

(cooling)
	Building, community,

campus
	Individuals can interact with others and visualize the winning building, promoting competitions to motivate each team to reduce energy consumption.
	Applying eight-core gamification drives, their associated personality traits, and game elements.

Using a predeveloped database with personality traits per country, gender, and age.
	Exploring the energy effects of utilizing distinct cooling settings on thermostats in classrooms.

Make the students aware of the significance of effectively managing the cooling set point.

Analyzing six scenarios (by increasing the cooling setpoint starting from 22 °C and increasing 0.5 °C for each research scenario, ending with 24.5 °C) to investigate the energy impacts of using various cooling values on thermostats during classes.
	Changing the thermostat setpoint from 22 °C to 24.5 °C resulted in a 50% savings in energy consumption.

The recommended cooling setpoint for a classroom is 22 °C or higher.

Collaboration promotes social interaction, strengthens relationships, and improves skills.



	[53,54,55]
	enCOMPASS
	Energy efficiency
	Electricity
	End-user,

building
	No
	The recommender system generates personalized recommendations that are adapted to the user’s current context and activity based on inputs from both the sensor and consumption data.

Applying the Transtheoretical Model (TTM) of behavioral change.
	Long-lasting energy efficient behaviors to produce energy consumption reduction.

Encouraging individuals and groups to respond in specific ways to energy conservation policies.
	The preliminary findings show that residential consumers achieved a reduction in consumption, ranging from 10% to 12%, compared to the control group.



	[56,57,58]
	Powersaver Game
	Energy efficiency
	Electricity,

gas
	End-user
	No
	Customized avatars
	Influence household energy consumption.
	After the intervention, the test group exhibited a 21.4% reduction in energy consumption compared to their pre-intervention usage. In contrast, the control group showed a 12.2% increase in energy consumption.

The mean knowledge score increased from 4.27 to 5.8 points.

There was no significant difference observed in engagement levels.



	[24]
	We Energy Game
	Energy supply
	Electricity
	City/town
	Users work together to design a town with a sustainable energy supply, ensuring adequate production, meeting the needs of people, the planet, financial viability, and maintaining a well-balanced energy supply.
	No
	Creating awareness about the difficulties of supplying renewable energy to a town or city by aiming for the creation of an ideal sustainable energy mix in a simulation game.

Examining communicational and educational aspects of the game.

Revealing the players’ perspective following their gameplay experience.
	The game was both enjoyable and educational for players.

They enjoyed making decisions and working collaboratively.

Almost all of the students reported feeling more knowledgeable and conscious about the energy transition.

The game helped students explore the challenges of providing affordable renewable energy to a whole town or city.



	[59]
	EnergyElastics
	Energy efficiency

Demand response
	Electricity
	End-user
	Users can create a social network and invite their friends to join their social network.
	Implementing a feedback system in which the adoption of energy-saving advice by each user is monitored and reflected in the application.
	Motivating users intrinsically to reduce energy consumption that can lead to long-term engagement.

Incentivizing behavioral changes by implementing energy pricing strategies and analyzing the disparity in carbon dioxide emissions resulting from energy usage during peak versus non-peak hours.
	N/A



	[60]
	HotCity
	Energy efficiency (identifying waste heat sources)
	Heating
	End-user
	No
	No
	Providing users with the ability to spatially report and evaluate sources of waste heat in the city.

Visualizing the potential sources of waste heat that were reported through an interactive process assessing the economic viability of utilizing these waste heat sources.
	The 31 users identified approximately 230 spots with waste heat potential.

The developed tool appears to be an excellent starting point for experts to filter the most promising waste heat locations and estimate their potential.



	[61,62,63]
	Social Mpower
	Energy efficiency

Demand response
	Electricity
	End-user
	Players can communicate with each other through a chat feature accessible on the game interface.
	The game is designed with a feature named “build” in which the players can personalize their house environment and

customizable avatars.
	Enabling participants to observe weather changes and understand the use of renewable energy.

Social networking empowers users to create collective awareness and collective action in decentralized community energy systems.
	The rate of successful collective action increases in tandem with the rise in the number of features aimed at enhancing collective attention.



	[64]
	Energy Piggy Bank
	Energy efficiency
	Electricity
	End-user
	No
	Categorizing users in the game using the Bartle Player Type Taxonomy [86].
	Decreasing household energy consumption by facilitating and encouraging users to adopt new energy-saving habits (28 activities were included in the game).
	Among the 39 engineering students who participated in the game, their level of interest in performing the activities varied. The breakdown is as follows:

For three activities, including turning off lights when leaving a room, disconnecting chargers when not in use, and using a lid when boiling water, over 50% of the participants expressed interest in performing these activities.

For seven activities, approximately 40% to 50% of the participants indicated their interest in performing them.

Around 30% to 40% of the participants expressed interest in eight activities.

Lastly, for ten activities, less than 30% of the participants showed interest in performing them.



	[65]
	Power House
	Energy efficiency
	Electricity
	End-user
	Players have the option to observe their virtual neighborhood, where they can see the virtual houses and achievements of their friends within their social network.
	Customized avatars
	Connecting smart meters to a gaming platform grounded in real-world social networks, allowing players to track their energy use.
	N/A



	[50]
	EnergyLife
	Energy efficiency
	Electricity
	End-user
	No
	The application customizes the tips provided based on the consumption data collected by the sensors.
	Increasing consumers’ awareness about energy conservation and providing consumption feedback through long-term engagement strategies.
	Users found the application useful for managing electricity consumption, increasing awareness, and changing consumption habits.

Users became aware of the consequences of seemingly insignificant habits, such as leaving devices on standby or using the TV as background noise. The game motivated users to actively pursue better habits and observe the effects of their actions.

Users developed a routine of regularly checking for updated quizzes and tips and actively engaging with the application to stay informed.



	[47]
	Smarter household
	Energy efficiency (energy use habits)
	Electricity

Gas
	End-user
	No
	Personalized feedback based on the energy consumption of each user.
	Enhancing householders’ awareness of their energy consumption patterns.

Analyzing the relationship between daily routines, behaviors, appliances energy consumption, and indoor environmental conditions.
	Daily actions and choices have a direct impact on our electricity consumption.

Activities such as cooking, cleaning, and personal care can influence the condition of our indoor environment. Temperature, humidity, and air quality are affected by these daily activities.

Imbalances in these factors can result in discomfort and negative health consequences.



	[66]
	Social Power
	Energy efficiency (50 electricity-saving related challenges), energy efficiency of appliances, and load shifting
	Electricity
	End-user
	Yes (collaboration and competition)
	Personalized feedback
	Encouraging social interaction (collaboration and competition) and fostering behavioral changes to promote household-level electricity conservation.
	The collaborative game approach resulted in higher energy savings, with an average of 42.2 kWh, compared to the control group, where energy usage increased during the game period.

The competitive game also led to significant energy savings, with an average of 28 kWh, compared to the control group. Neither of the competitive teams reached the 10% electricity savings target.

There was no significant difference in electricity savings between the collaborative and competitive groups.

Low community cohesion was observed within the game, despite its intended focus on promoting community engagement.
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	References
	Project Name (Acronym)
	Participation of Users
	Data Collection Tools
	Measured Variables
	Data Collection Method and Data Analysis
	Performance Assessment





	[51,52]
	EnerGAware (Energy Cat)
	The social housing survey was sent by post to 2772 social houses; 137 confirmed they wanted to take part in the monitoring stage, from which 88 monitoring systems were deployed; half of them were in the experimental group and half in the control group. Reminders were sent out to encourage households to complete and return the survey.
	Energy metering sensors, an optical pulse reader, and a standard wireless M-Bus pulse counter were attached to the existing electricity meters.

A data concentrator collected monitoring data and periodically sent it to a remote data server.
	Energy consumption,

energy consumption behavior and energy awareness,

peak demand,

social media activity and energy knowledge sharing,

IT literacy,

socio-economic status and health,

energy price,

perceived physical comfort,

usability and usefulness,

and game interaction.
	Pilot households’ gaming experience data, available from the game server.

Energy consumption data were collected by the energy monitoring system installed in the pilot homes.

Local weather data, available from an automatic web weather service, was used to analyze the weather impact on the energy consumption profile.

A baseline survey to all pilot homes asking about energy consumption behavior, energy awareness, IT literacy, and self-reported manual meter readings to cross-check automatic readings.
	The energy consumed by a house in one week is compared to the energy consumed the same week the year before.

Three months after the implementation of the game, the same survey was sent again to all pilot homes, with questions to collect feedback on the game from houses in the experimental group.

Face-to-face interviews were held with the tenants to gather detailed feedback on the game.



	[45]
	Gamified HMI
	N/A
	Thermostats located on the university campus.
	Weather data,

construction materials of buildings,

classroom schedule and loads,

setpoint and setback for cooling and heating,

building location and orientation, and

personality traits.
	From the user’s interaction with the interface, their game feature preferences and personality traits are determined,

the thermostat setpoints data are collected to be used in a two-layer feed-forward artificial neural network decision-making system, which was modeled to predict the electricity requirement for cooling each building.
	Energy consumption is compared before and after adjusting the thermostat setpoint.



	[53,54,55]
	enCOMPASS
	The enCOMPASS platform was implemented in three pilot sites in Switzerland, Germany, and Greece, with approximately 100 participating households in each pilot. Additionally, each pilot includes at least one public building and one school.
	Electricity meters, sensors installed at the user’s premises, and user’s actions on the gamified application.
	Energy consumption from smart electricity meters and smart plugs at the individual appliance level.

Sensor data, including the presence, temperature, luminance, and humidity at the user’s premises.

Psychographic variables from mobile apps (e.g., household composition and existing appliances) and results of instant polls (e.g., quick feedback on comfort conditions).
	The sensor data stream is exploited by an activity tracker subsystem, which infers the current activity of the user in the building; the consumption data stream is exploited by a disaggregator, which estimates the partition of the total metered consumption into end uses (e.g., water heating, specific appliances, etc.).

Algorithms for extracting activity data from sensor measurements and app data, profiling different types of user behavior, inferring activity context, and predicting reactions to stimuli (e.g., energy-saving tips).
	Comparing the changes in energy consumption with the control group.



	[24]
	We Energy Game
	A group conversation was arranged for 15 students, ranging in age from 21 to 33. The researchers presented the game to the students and then assigned them to play in groups of five for 40 min. After the game’s completion, the students engaged in a 15-min group discussion.
	Survey.
	Users’ attitude towards their engagement in the game, interest in learning more about energy transition, and willingness to their energy-saving behavior.
	N/A
	After playing the game, the users’ attitudes were examined through a survey.



	[59]
	EnergyElastics
	N/A
	Smart meter,

mobile application.
	Energy consumption,

application use data.
	Saved energy within a specific time,

users’ reaction to energy-saving feedback,

CO2 production,

information on the performance of each user’s social network.
	N/A



	[60]
	HotCity
	N/A
	Mobile application,

survey.
	Waste heat sources in the city.

Usability and acceptance of the app.

The functionality of the app for identifying waste heat sources.

Participant location using GPS data.
	After a 2–3 week test phase, an online survey was administered to all participants to collect feedback on their experience using the application.

The waste heat experts reviewed the images and input data submitted by the testers in the application to verify the waste heat potential.
	The participants were asked to complete a questionnaire to provide feedback on various aspects of the application, such as its usability, security features, integration of game elements, and overall structure.

Waste heat experts evaluated the participants’ performance to ensure correctly classified waste heat sources based on the tutorial and GPS position.



	[64]
	Energy Piggy Bank
	The study involved 39 engineering students who were required to participate in a course. One participant opted out, and five did not complete the assigned tasks, resulting in a total of 33 students who completed the study according to the prescribed requirements.
	Survey,

mobile application.
	Type of player using the Bartle test.

Activity opportunity of each user (e.g., one task in the application involved fixing a leaking toilet. However, this task was only relevant for users who had a leaking toilet in their household).

Level of motivation and engagement, self-estimated behavior change, and activity performance.
	Various questionnaires were utilized at different stages of the study.
	After the trial period, participants were asked to complete a questionnaire to estimate their anticipated future behavioral changes. They were presented with a list of activities featured in the application.



	[65]
	Power House
	N/A
	Smart energy meter,

mobile application.
	Energy consumption,

application use data.
	The application’s dashboard offers users a comprehensive view of their energy consumption (i.e., a graph for displaying the energy consumption of the last 24 h, the possibility for comparison with previous days, detailed summary of their in-game status).

Chat forum for users to engage with each other by making comments or answering questions posed by the player community.
	Pre- and post-test survey.



	[50]
	EnergyLife
	The study involved 24 participants (11 men, 13 women) with an average age of 34.87. Field tests were conducted in Finland and Italy, with four households per country participating. The selected households were urban dwellers owning their homes, chosen for their high saving potential and representation in both regions. None of the households included project members.
	Sensors installed for specific appliances (i.e., washing machine, PC, TV, microwave, refrigerator, and two other devices of the participants’ choice), survey, and visit with participants.
	Real-time electricity consumption of the appliances, access to the application,

and satisfaction and experience of users with the application.
	Wireless sensors were used to measure the energy consumption of appliances by inserting them between the plugs and sockets. The collected data were transmitted to a base station within the house and then sent to a cloud service. The cloud service communicated with smartphones running the application,
	The general acceptance and usability of the application were evaluated using a questionnaire.

Player’s awareness.



	[47]
	Smarter household
	The trial comprised 19 households from different towns in the UK, representing various housing types. Most participants were categorized as low-income earners, including the unemployed and retirees. A social housing provider contacted the target group through emails and text messages. Interested households were then invited to complete an expression of interest form to participate in the research.
	Smart energy meter,

Sensors for monitoring the indoor condition in the lounge and kitchen areas.
	Real-time energy consumption, estimated energy cost, indoor humidity, indoor temperature,

and CO2 level. Semi-structured interviews and activity diaries are being employed to collect qualitative data.

Participants’ engagement with the dashboard and serious game.
	The unprocessed data were stored in a remote database. Following that, it undergoes a thorough cleansing, analysis, and visualization process, all to foster user awareness.

The participants’ daily activities (e.g., sleeping, walking, and daytime activities) were identified, and their correlation to the activities’ energy consumption and indoor environmental conditions was analyzed.
	N/A



	[66]
	Social Power
	The study was conducted in two cities where 120 households were initially targeted. However, 108 households participated in the experiment. Control groups were included as benchmarks, consisting of 30 households in each city selected anonymously, to compare electricity consumption during the same time period as the experimental group that received the intervention.

Participants were divided into two game environments: collaboration and competition. In the collaboration game, users from the same city worked together to reach a 10% electricity-saving target. Meanwhile, the competition game involved a competition between the two cities, aiming to achieve the highest level of electricity saving.
	Smart energy meter,

mobile application.
	Approximately real-time hourly energy consumption.

Application use data.
	The electricity use feedback is presented in the application’s dashboard,

The hourly and weekly comparison of energy consumption with historical consumption was provided for the users.

The competitive interface provided a thorough comparison of savings progress, points earned, and the number of challenge activities completed between the two cities.

The collaborative interface provided the individual household’s savings progress concerning their team’s performance and a visual representation of their proximity to milestone targets.
	To establish comparable conditions, the control groups were carefully constructed using a stratified sampling approach to ensure a similar distribution of household types (such as single individuals versus families, apartments versus houses) as the participating teams.

The electricity-saving progress of the participating households was analyzed by tracking their electricity consumption patterns before, during, and after the intervention period to compare the outcomes based on the specific treatment received.
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