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Abstract: - The objective of this paper is to assess different types of chromatic feedback strategies that have 

been adopted by smart meter technology, especially regarding the technical perspective and their effects on 

household electricity consumption. In this regard, chromatic feedback involves the use of colors as a way of 

delivering information about energy consumption in real-time and has been widely used in DR programs. This 

paper provides a critical evaluation of the literature on various kinds of feedback systems, including numerical, 

auditory, appliance-specific, and social-norm-based systems. According to scientific research, the use of 

chromatic and ambient feedback may allow for energy savings of up to 5% - 20%, while peak power savings 

may exceed 40%. Yet, the sustainability of these systems often suffers from the effects of reduced novelty, 

heterogeneity in methods used, and lack of standardization of design parameters. In addition, this review 

emphasizes the superiority of multimodal and personalized feedback techniques over single-mode feedback. 

Through a critical evaluation of the methods used in evaluating such systems and their designs, it becomes clear 

that there are still several areas for future research in this field. These areas include the development of 

standardized color schemes for eco-feedback designs, longitudinal studies, and comparisons between different 

modes of feedback. 

 

Highlights: 

 Chromatic feedback achieves energy reductions of 5% to 47.4%, outperforming traditional engineering-

style visualizations in user engagement. 

 Multi-sensory systems combining color cues with acoustic signals significantly enhance real-time 

awareness and peak load reduction. 

 Long-term effectiveness is often challenged by diminishing "novelty effects," necessitating tailored and 

varied feedback strategies. 

 

Key-Words: - Chromatic feedback, Smart meters, Demand Response, Energy conservation, Energy efficiency, 

 Consumer behavior, Real-time feedback, Household electricity consumption, Demand-side 

 management. 
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1 Background 
The investigation into the technical design of the 

chromatic feedback system in smart meters and the 

behavioral effects of the technology has gained 

importance because of the growing necessity to 

manage demand and conserve energy. In recent 

years, the technological advancements in smart 

meters have made energy consumption information 

accessible, moving away from the conventional 

method of energy bill accumulation to interactive 

systems and mobile applications, [1], [2], [3].   

The above chain of events has important social 

and real-world applications since domestic energy 

consumption represents a large share of overall 

energy consumption. Energy savings may be 

achieved ranging from 5% to 20%, [3], [4]. 

Incorporating both color-based and multisensory 

feedback modalities is intended to improve the level 

of user engagement and understanding of the issue 

of invisible energy usage, and promote sustainable 

practices, [5], [6]. However, while there have been 

many developments, there is still one challenge that 

exists in designing an optimal chromatic feedback 

system to affect consumer behavior under demand 

response schemes. Studies on this issue show that 

there is a dearth of information on how the 

effectiveness of chromatic feedback can be 
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compared with other feedback mechanisms, [7], [8], 

[9]. 

In addition, there is uncertainty regarding the 

comparative benefits of aggregated and 

disaggregated feedback and the effects of 

customization on feedback acceptance, [10], [11], 

[12]. While some studies show that ambient and 

color-based feedback have an edge over 

conventional engineering visualizations for 

promoting energy reduction [5], [13], others 

underscore the need for customized goal-directed 

feedback to counter information overload and 

disinterest, [14], [15]. Amongst the possible 

outcomes of such a discrepancy is the creation of 

ineffective feedback systems that do not harness 

maximum demand response capability and 

consumer involvement, [16]. 

The theory of this literature review covers the 

concepts of feedback modes, user engagement, and 

behavioral results. Chromatic feedback devices refer 

to any system that utilizes colors to provide 

information about energy use, related to the theories 

of consumer behavioral change, focusing on 

attention, motivation, and learning, [17], [18].  

 Chromatic feedback is thus situated in this new 

typology of techniques used for eco-feedback, 

highlighting their potential usefulness when 

compared to numerical and auditory feedback 

systems in enhancing the salience and 

comprehension, [4], [8]. Inter-relationships between 

feedback system design features, user perception, 

and energy savings form the basis upon which the 

efficiency of feedback is evaluated. 

The present systematic review aims to analyze 

the technical design features of chromatic feedback 

in the context of smart meters and investigate its 

impact on consumer behavior in comparison with 

other feedback methods used in demand response 

programs. 

This systematic review seeks to bridge the gap 

in knowledge in the subject area by integrating 

evidence-based insights from scientific research and 

feedback design approaches for the benefit of 

developing more efficient feedback strategies that 

promote energy conservation in consumers. This 

systematic review adopts a multidisciplinary 

approach that will incorporate the perspectives of 

engineering, behavioral science, and human-

computer interaction in the review of literature and 

case studies in the area of chromatic and alternative 

feedback systems. 

The findings are organized to elucidate design 

heuristics, comparative effectiveness, and contextual 

factors influencing feedback success. 

 

1.1  Evolution of Smart Metering Feedback 
With the rising global demand for improved 

efficiency and increased control over electricity 

consumption, smart meters have emerged as a core 

element of modern energy infrastructure. Thanks to 

real-time and two-way communication made 

possible by such devices, a technology base is 

provided for Demand Response (DR) programs. In 

turn, to ensure visibility and manageability of the 

invisible process of electricity flows, feedback is 

required as an essential element of the mentioned 

energy infrastructure. Chromatic feedback, based on 

the use of color codes indicating levels of 

consumption, is considered one of the most common 

forms of feedback. Using colors as a means to 

provide information helps to avoid any mental effort 

related to comprehending complex figures. 

 

1.2 Chromatic Feedback and Other 

 Modalities 
Although such systems have gained popularity, 

there has been an observation that significant 

variations are evident in techniques utilized to 

measure their efficiency. Different types of methods 

and criteria have been adopted both in laboratory 

settings and practical deployments within urban 

environments. The difficulty involved in comparing 

results and making generalizations based on 

empirical data has led to the importance of 

analyzing such methods. Therefore, this paper seeks 

to carry out a critical evaluation of previous studies 

on assessing the efficiency of chromatic feedback 

systems. The objectives of this paper include 

identifying the advantages and disadvantages of 

previous methodologies while offering 

recommendations for future evaluations. 

 

 

2 Method Details  
Expanding the research question to include a more 

precise research query would help to retrieve 

articles like "appliance-level feedback in smart 

meters for ADR" and "chromatic/multimodal 

feedback designs." 

• Initial Search: 122 relevant papers were 

retrieved through the first-level search process. 

• Citation Chaining: Another 85 papers were 

retrieved using citation chaining from the initial 

papers. 

• Secondary Search: 204 relevant papers were 

finally ranked, and 50 highly relevant papers were 

synthesized. 
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The performance analysis of the chromatic 

feedback system has been conducted using various 

research methods. These research methods provide a 

unique approach towards understanding the intricate 

interrelationship between technology, information, 

and human behavior. These research methods may 

be grouped as quantitative, qualitative, and mixed 

research methods. 

 

2.1 Quantitative Methodologies 
Quantitative methods are the most common in the 

literature and emphasize the quantified impact of 

feedback on energy consumption. The main 

methodologies used are: 

 Randomized Controlled Trials (RCTs): The 

RCTs, which are considered to be the "Gold 

Standard" of impact studies, require that 

households be randomly assigned to the 

treatment group, which receives chromatic 

feedback, and the control group, which either 

does not receive any feedback or receives a 

different type of feedback. The impact of 

feedback on energy savings has been established 

in large-scale RCTs, [19], [20]. The change in 

electricity consumption in kWh over a specified 

time period is the primary outcome metric of 

choice. Statistical methods such as difference-in-

differences (DiD) are employed to estimate the 

treatment effect. 

 Quasi-Experimental Designs: However, in cases 

where randomization is not possible, researchers 

often have no option but to use quasi-

experimental designs. These could include pre- 

and post-tests on one group or on a control 

group that is not comparable. Although more 

vulnerable to selection bias and confounding 

variables, these studies provide valuable 

information in the natural settings where the use 

of RCTs is not possible. 

 Surveys and Questionnaires: Surveys have been 

commonly utilized for collecting data on user 

perceptions, attitudes, and behaviors, [21]. 

Surveys have been utilizing Likert scales to 

assess various constructs like satisfaction, 

usability, and motivation. However, surveys 

have been found to be biased in their results and 

do not reflect actual behavioral change, [22]. 

 Meta-Analyses and Systematic Reviews: As a 

result of an increase in research, numerous 

meta-analysis studies have been carried out to 

integrate the results obtained by different 

studies, [23], [24], [25]. These studies make use 

of statistical methods to determine an average 

value of the impact size of feedback 

interventions, providing a more extensive 

overview of the global impact of feedback. 

According to a study carried out by Zangheri et 

al., it has been found that feedback can lead to 

an energy savings of 5-20% on average, [23]. 

 

2.2 Qualitative Methodologies 
Qualitative research is important in understanding 

the “why” behind the data collected in the 

quantitative research. 

 Interviews and Focus Groups: Semi-structured 

interviews and focus groups are conducted to 

gather detailed information regarding the 

experiences of the households in using 

chromatic feedback systems, [26], [27]. 

 Ethnographic Studies: Ethnographic research is 

a study that immerses itself in the environment 

of the participants in a real-life setting. In the 

case of chromatic feedback systems, researchers 

might immerse themselves in the homes of the 

participants to study how the participants use 

chromatic feedback systems in real-life settings, 

[28]. 

 Diary Studies: The participants are asked to 

maintain a diary that contains their thoughts, 

feelings, and actions regarding the use of 

chromatic feedback systems. 

 

2.3 Mixed-Methods Approaches 
However, recognizing the limitations of a single 

method, many researchers now advocate for and 

employ a "mixed methods" design, which 

incorporates both quantitative and qualitative 

methods, [29]. This may involve, for example, RCT 

design to assess the total effect of the device in 

relation to energy consumption, and interviews with 

sub-samples of participants to examine their 

accounts and mechanisms. 

 

 

3 Results and Synthesis 
 

3.1 Descriptive Summary of Studies 
The studies on chromatic feedback under review do 

not comprise an undifferentiated set of sources, but 

rather display notable diversity in terms of 

disciplinary background, methodology employed, 

and focus of analysis. Studies range from 

engineering approaches, which emphasize 

technology implementation in the system, through 

behavior-oriented field experiments, to usability-

centered human-computer interaction research. 

While this diversity is a natural reflection of the 

interdisciplinary nature of eco-feedback studies, it 
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also makes it difficult to compare the reported 

results directly. 

It is important to note that the effectiveness of 

chromatic feedback cannot be considered solely as a 

function of its technological implementation. The 

reviewed literature rather indicates that the results 

obtained depend on multiple factors, including the 

type of feedback, deployment context, user profile, 

and duration of the test period. 

A comprehensive summary of the reviewed 

studies, including their technical characteristics, 

behavioral impacts, user engagement levels, 

feedback comprehensibility, and demand response 

effectiveness, is presented in Table 1 (Appendix). 

 

3.2  Chronological Review of Literature 
The evolution of research themes and 

methodological developments in smart-meter 

feedback systems over time is summarized in 

Table 2 (Appendix). The body research on 

feedback systems in smart metering and their 

effect on consumer behavior has undergone 

tremendous change over the years. The field of 

research has grown from the development of 

simple feedback systems and the exploration of 

various feedback modalities to more sophisticated 

feedback systems, including chromatic and multi-

modal feedback, and the exploration of various 

feedback modalities. Recent research has focused 

on user-centered feedback systems, comparisons 

of multi-modal feedback, and the inclusion of 

psychological models in feedback systems to 

optimize responses and maximize energy savings. 

 

3.3  Thematic Review of Literature 
The principal themes identified across the 

reviewed literature and their associated findings 

are synthesized in Table 3 (Appendix). The 

thematic trends emerging from the studies 

analyzed above go beyond singular results and 

point to structural connections between feedback 

design, behavioral theory, and demand response 

effects. Unlike a singular feedback approach 

being validated, the body of literature analyzed 

above shows that efficacy depends on the degree 

of congruence between feedback design and 

human cognitive and motivational characteristics, 

along with context considerations. Chromatic 

feedback cannot be considered an independent 

variable but rather an intermediary tool used to 

interact with energy usage information. 

 

 

3.4 Agreement and Divergence Across 

 Studies 
Areas of consensus and disagreement among the 

reviewed studies are compared and analyzed in 

Table 4 (Appendix). While there is general 

consensus on the potential of feedback systems to 

modify household energy consumption behaviors, 

the reviewed literature varies significantly when it 

comes to evaluating relative efficacy and lasting 

effects. The reasons for the inconsistencies noted 

here are not due to conflicting findings but rather 

arise from the different methods employed by 

researchers and contexts within which the 

findings have been generated. An important 

comparison shows that temporary successes are 

easier to achieve than lasting modifications in 

behavior, implying that sustaining changes is the 

main issue here. 
 

3.5 Critical Analysis of Feedback Systems 
A critical assessment of the strengths and 

weaknesses of the various feedback approaches 

identified in the literature is presented in Table 5 

(Appendix). The key conclusions that can be drawn 

from this analysis of the reviewed literature suggest 

that while the effectiveness of chromatic feedback 

techniques in raising awareness and engaging 

behavior is relatively well established, this 

effectiveness is significantly hindered by a number 

of methodological challenges and shortcomings in 

terms of how these techniques have been designed. 

In many cases, the research does not isolate and 

examine the role of individual chromatic factors 

and, thus, makes findings less generalizable. 

From an analytical standpoint, it appears that 

feedback systems' effectiveness depends on 

behavior rather than on the particular nature of the 

interface itself. Nonetheless, the connection between 

theoretical understandings of behavioral dynamics 

and the application of these concepts in the design 

process seems to be underdeveloped. As a result, 

while some measures may prove effective at 

increasing awareness, they may fail to generate any 

significant behavioral change over time. 

 

3.6  Limitations of Current Literature 
The critical analysis of the literature summarized in 

Table 6 (Appendix) illustrates a number of 

persistent methodological and practical issues 

related to the available research on chromatic 

feedback systems. First, most studies use rather 

small sample sizes or participants that are located 

within a certain geographic area, reducing the ability 

to generalize the obtained results into different 

social and economic settings. In addition, many 
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studies examine the efficiency of feedback-based 

interventions for relatively short time frames and 

thus fail to clarify whether the energy savings are 

sustained beyond the initial novelty period. 

Another important issue noted in Table 6 

(Appendix) is the lack of methodological 

standardization. Diverse approaches to measuring 

and implementing the feedback make comparison of 

different studies impossible and hinder development 

of the universal recommendations for designing 

such solutions. In addition, some of the studies 

concentrate their efforts on analyzing the behavioral 

outcomes without providing information on the 

technical features that result in these outcomes (e.g., 

choice of color, intensity, interaction, and timing). 

The synthesis also draws attention to the 

problems associated with opt-in bias, research 

methods restrictions, and limited focus on users' 

diversity. These issues can affect the validity of 

results obtained and lead to discrepancies among 

empirical findings. Furthermore, few researchers 

compare systematically chromatic, auditory, social-

normative, appliance level, and multimodal 

feedback types. Overall, these issues suggest that 

more consistent methodologies need to be used for 

evidence-based design guidelines of chromatic 

feedback systems to be developed. 
 

3.7  Research Gaps and Future Directions 
The major research gaps identified from the 

reviewed studies and the corresponding future 

research directions are summarized in Table 7 

(Appendix). The main issue that is present in the 

current research is that there are no standardized 

chromatic feedback design criteria. The vast 

majority of studies offer little to no information on 

color choices, intensity of the stimuli, feedback 

dynamics, and the timing strategies used in smart 

meters. Therefore, future research should be focused 

on creating validated criteria that would help 

implement the feedback mechanism. 

Another issue to discuss is the lack of 

longitudinal studies on sustaining the behavioral 

change that occurs due to receiving feedback about 

their actions from smart meters. While many 

researchers have already discussed the effectiveness 

of smart meters and proven their ability to lower 

household energy consumption, there is still little 

evidence of how long-lasting these changes are. 

Apart from these concerns, it becomes clear 

from the examined literature review that the 

comparative effectiveness of various types of 

feedback still lacks sufficient knowledge. 

Comparisons of chromatic, numeric, social-

normative, appliance-based, and multi-modal 

systems of feedback are rather infrequent and are 

done utilizing different approaches. Randomized 

controlled large-scale trials carried out in consistent 

experimental settings will help to generate 

information about when each type of feedback 

works best. Lastly, more research needs to be done 

in order to comprehend better the behavioral 

principles at work in various households, especially 

with regard to cultural differences and other factors. 

 

3.8 Analytical and Comparative Framework 

 for Evaluating Chromatic Feedback 
Although the reviewed studies employ 

heterogeneous research designs and evaluation 

metrics, their analytical logic can be formalized 

through a unified conceptual and comparative 

framework. This section synthesizes the 

quantitative, behavioral, and comparative reasoning 

underlying prior empirical evaluations by 

articulating representative analytical, statistical, and 

conceptual mathematical formulations. Figure 1 

provides a conceptual overview illustrating how 

chromatic feedback modalities and interface 

visualization features influence behavioral 

mechanisms that mediate observed energy 

outcomes. 

 

 
Fig. 1: Conceptual framework illustrating how 

chromatic feedback modalities are translated 

through interface visualization features into 

behavioral mediation mechanisms that ultimately 

influence energy consumption and demand response 

outcomes in smart metering systems  
Source: created by the author. 
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3.8.1 General Analytical Representation of 

Feedback Effectiveness 

In abstraction, the success of feedback-based 

interventions in smart metering applications is 

gauged by alterations in consumer behavior and 

energy use. The connection can be broadly 

generalized as follows: 

Δ𝐸 = 𝑓(𝐹, 𝑈, 𝐶, 𝑇)    (1) 

 

where 

Δ𝐸: refers to the alteration in energy use or demand 

pattern, 

𝐹: stands for the feedback delivery format (e.g., 

chromatic, numeric, multimodal, and ambient), 

𝑈: pertains to user properties like energy 

knowledge, motivation, and sociodemographics, 

𝐶: alludes to context variables such as tariffs, 

domestic setting, and technology, and 

𝑇: stands for time of exposure to the feedback 

system. 

 

Such a construct highlights a basic underlying 

assumption that features prominently throughout the 

literature review – that is, savings of energy are 

realized not due to feedback delivery methods but 

because of their interaction with behavioral 

responses and context. 

 

3.8.2 Comparative Effectiveness of Feedback 

Modalities 

In order to make explicit comparisons between the 

effectiveness of various feedback modalities, the 

effectiveness of one modality k compared to another 

modality 𝑙 is defined as: 

Δ𝐸𝑘,𝑙 = 𝐸𝑘 − 𝐸𝑙    (2) 

 

where 𝐸𝑘 and 𝐸𝑙  are the observed energy effects 

related to feedback modalities 𝑘 and 𝑙, respectively, 

and  

where 𝑘, 𝑙 ∈
{chromatic, numerical, multimodal, ambient}. 

 

A positive value of Δ𝐸𝑘,𝑙  indicates superior 

effectiveness of modality 𝑘. Such an approach for 

making comparisons is similar to the analysis used 

in many previous works comparing chromatic 

feedback to numerical and informational feedback 

in relation to energy savings and peak load 

reductions. 

 

3.8.3 Behavioral Mediation between Feedback 

and Energy Outcomes 

From the examined literature, it is clear that the 

impact of chromatic feedback on energy usage is 

always mediated through cognitive and behavioral 

processes, including awareness, saliency, 

motivation, and self-regulation. This mediated effect 

can be mathematically described as follows: 

Δ𝐸 = 𝑔(𝐵(𝐹))      (3) 

 

where 𝐵 signifies behavioral effects, and 𝐹 signifies 

chromatic feedback attributes such as saliency, 

semantic consistency, immediacy, and resolution. 

 

Furthermore, the equation above can be stated 

conceptually in a linearized format as follows: 

Δ𝐸 = 𝛼𝐵 + 𝛽𝐹 + 𝜖       (4) 

where 𝛼 and 𝛽 the weights for behavioral and 

design factors, respectively, while 𝜖 indicates other 

variables that may affect the energy usage context. 

 

3.8.4 Statistical Synthesis and Meta-Analytic 

Representation 

However, when synthesizing energy savings from 

heterogeneous studies via standardized statistical 

measures, one may use a standardized effect size as 

follows: 

𝐸𝑆𝑖 =
𝜇𝑖,post−𝜇𝑖,pre

𝜎𝑖
     (5) 

where 𝜇𝑖,post and 𝜇𝑖,pre are the post-intervention and 

pre-intervention mean levels of consumption in 

study 𝑖, respectively, while 𝜎𝑖 may refer to the 

pooled standard deviation. 

 

An overall effect size estimate can be attained 

via the following formula, which implies weighting: 

𝐸𝑆combined =
∑ 𝑤𝑖

𝑛
𝑖=1 𝐸𝑆𝑖

∑ 𝑤𝑖
𝑛
𝑖=1

                                       (6) 

 

Here 𝑤𝑖 may stand for weights of each study, 

which may include sample size, duration of 

interventions, variance, and other factors, while n is 

the total number of included studies. 

 

3.8.5 Scope and Interpretative Role of the 

Framework 

The mathematical formulations used above are not 

aimed at introducing new models. Instead, they 

formalize the implicit comparisons, analysis, and 

statistics underlying all the literature discussed 

above. Thus, the integration of color characteristics, 

behavioral mediators, and energy savings within a 

single framework contributes to increased 

transparency and scientific rigor. 
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3.9 Quantitative Synthesis and Regression-

Based Interpretation of Behavioral 

Effects 
In addition to descriptions and comparisons, a 

number of other reviewed studies utilize quantitative 

synthesis methods for interpreting the effects of 

chromatic feedback on behavior. Even though 

formal meta-analysis is rare in this field because of 

diversity among designs and measures used, certain 

common approaches for weighing studies and 

interpreting results through regression analysis 

could be highlighted. 

 

3.9.1 Weighting Strategies for Quantitative 

Synthesis 

When conducting quantitative synthesis of 

outcomes found in various empirical studies, 

researchers frequently employ weighting that 

reflects differences in methodological strengths of 

the research. This weighing may take the form of a 

general function: 

𝑤𝑖 = 𝜙(𝑁𝑖 , 𝑇𝑖, 𝑅𝑖)                                             (7) 

 

where 

𝑁𝑖  𝑖𝑠 the sample size of the study 𝑖, 
𝑇𝑖 is intervention period, and 

𝑅𝑖  indicates methodological rigor (for example, 

whether an experimental study with a control was 

performed). 

 

This approach enables a more weighted 

contribution from studies that are larger in size, 

longer in duration, or methodologically more 

reliable. 

 

3.9.2 Aggregated Behavioral Impact Estimation 

By using the weighting method described earlier, 

the composite behavioral effect of chromatic 

feedback across different studies can be modelled 

by the following expression: 

𝐵agg =
∑ 𝑤𝑖

𝑛
𝑖=1 𝐵𝑖

∑ 𝑤𝑖
𝑛
𝑖=1

                                                  (8) 

 

Here 𝐵𝑖 defines the observed behavioral effect 

in the study 𝑖, which may include increased user 

awareness, engagement rate, or conservation 

intention. 

In this regard, it should be noted that equation 8 

describes the process of quantitative synthesis, 

which is used in many reviews, especially if it is not 

possible to carry out a comprehensive meta-

analysis. 

 

3.9.3 Regression-Based Interpretation of 

Behavioral Effects 

To interpret the relationship between the properties 

of chromatic feedback and observed effects, a 

number of studies use implicit regression analysis. 

Conceptually, behavioral effect can be modelled as 

follows: 

𝐵𝑖 = 𝛽0 + 𝛽1𝑆𝑖 + 𝛽2𝐼𝑖 + 𝛽3𝐶𝑖 + 𝜀𝑖                 (9) 

 

where 

𝑆𝑖  confines color salience and visual prominence, 

𝐼𝑖  concerns information clarity/consistency, and 

𝐶𝑖 takes into account context moderators, e.g., type 

of household or tariff structure, and 

𝜀𝑖  captures unobserved variability. 

 

This representation through regression takes into 

account the fact that the chromatic feedback 

variables have been commonly examined as 

predictors of user behavior modification regardless 

of the differences between research studies. 

 

3.9.4 Linking Behavioral and Energy 

Outcomes 
Effects from the behavior side, which are estimated 

through quantitative synthesis or regression 

analysis, can usually be connected with effects on 

energy in a subsequent analytical process. The effect 

can be described by means of the equation below: 

Δ𝐸𝑖 = 𝛾𝐵𝑖 + 𝜂𝑖                              (10) 

where 𝛾 provides the degree of behavior-energy 

relationship and 𝜂𝑖 contributes to the effects of other 

aspects. With equations (7)-(10), the review 

formulates a complete analytical chain that connects 

chromatic feedback design factors to behavioral 

intervention and energy performance. 

 

3.9.5 Interpretative Scope 

The above-mentioned formulations of quantification 

do not intend to establish an empirical model but 

aim to describe common practices conducted in the 

reviewed literature. With such explicit statements on 

weighting, synthesizing, and regression analysis, the 

review maintains its analytical approach and its 

reviewing scope at the same time. 

 

3.10  Methodological Limitations and 

Sources of Bias 
Despite the attempt to conduct a thorough and 

systematic review, there are some methodological 

issues that need to be discussed for the sake of 

openness and replicability of the study. First, due to 

the constraints in selecting databases, the review 

might overlook some of the relevant literature that is 
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published only in specialized databases. Despite 

being a part of interdisciplinary research, the study 

has used the most popular databases to gather 

information. However, it could miss some of the 

ongoing literature regarding chromatic feedback that 

is only available in more specific sources. 

Second, due to the necessity to define the 

criteria for inclusion and exclusion of studies, the 

study itself cannot cover all the possible 

perspectives on the topic. As such, the criteria for 

inclusion and exclusion of the papers were defined 

to make sure that the analysis would be consistent 

and focused on the topic. Nevertheless, it could have 

missed some other important pieces of literature, 

which are not always evaluated through empirical 

studies. 

Thirdly, the lack of homogeneity in 

experimental design was a considerable limitation to 

the synthesis and comparison of findings from the 

included studies. The studies included in this 

analysis varied widely in their sample sizes, the 

length of intervention, their geographical setting, 

their implementation, and even the indicators used 

to measure their results. Hence, there was no means 

of conducting any form of quantitative comparison 

or meta-analysis between these studies, and the 

findings were derived using qualitative comparison 

and aggregation. 

Fourthly, the likelihood of publication bias was 

another factor that limited this review. Positive or 

statistically significant findings on the behavioral 

and energy-saving impacts of feedback 

interventions tend to get published compared to 

studies reporting neutral or negative findings. 

Hence, the resulting evidence base is more likely to 

have an overrepresentation of favorable results, 

especially when considering short-term energy 

savings and user participation levels. 

Last but not least, despite efforts to maintain 

consistency in the extraction and synthesis of 

outcomes, variability in definitions, metrics used for 

evaluations, and reporting approaches added another 

layer of complexity. Variability in the way energy 

savings, behavior change, and engagement are 

defined and measured makes replication of the 

synthesis process difficult. 

Acknowledging these challenges is crucial in 

order to interpret the results of the current study 

accurately. Further research may be improved by 

using consistent reporting standards, expanding 

database search parameters, including grey 

literature, and developing a set of common 

analytical criteria. 

 

 

4   Discussion 
In contrast to the above analysis, which provided a 

descriptive report on the findings of each study, this 

section goes beyond mere description to analyze and 

interpret interstudy patterns, disparities, and 

underlying explanations. In the following sections, 

methodological and interpretative synthesis takes 

priority over the purely descriptive reporting of 

previous literature. 

Despite common observations regarding the 

effectiveness of chromatic feedback systems, it 

becomes apparent upon comparing studies that the 

variance in results is due mainly to methodological 

or contextual considerations, rather than just the 

feedback type itself. Interventions that employ 

controlled methodology or randomized trials report 

less variance or greater stability of energy savings, 

compared to opt-in studies or short-term 

interventions that are likely to suffer from self-

selection or novelty biases. Moreover, as with other 

forms of feedback, prolonged exposure yields 

diminishing returns, suggesting habituation rather 

than formation. 

Finally, household income level and energy 

knowledge serve as moderating factors in chromatic 

feedback interventions. Not only do these affect 

participation and usage, but they can also play a 

mediating role in translating feedback into energy-

saving behavior. As such, it becomes clear how the 

existence of other factors can explain discrepancies 

between similar studies and their seemingly 

inconsistent results. 

 

4.1  Theoretical Implications 
The results confirm theories that claim that for 

successful energy feedback, cognitive, affective, 

and social motivational routes must be activated to 

promote behavioral change, [17], [18], [47]. This 

emphasizes the importance of behavioral science 

models and technical design in the development of 

chromatic feedback systems. This is supported by 

the notion that three dimensions of feedback 

design, information, timing, and display, are critical 

for successful feedback design to impact learning, 

motivation, and attentional mechanisms. 

Contrary to popular belief, disaggregated feedback 

has been found not to perform better than aggregate 

feedback in promoting energy savings, and in fact, 

results indicate that aggregate feedback performs 

equally well or better than disaggregated feedback 

in general populations, implying that trust and 

engagement with feedback modalities are critical 

determinants of successful feedback design and 

implementation [9], [10], [11], and thus a 
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refinement of existing theoretical models to include 

perception and trust as mediators of feedback 

efficacy is required. 

The significance of the role of multisensory and 

chromatic feedback as subtle ambient cues also 

supports the theory of non-intrusive behavioral 

nudging, thereby expanding the conventional 

visual-centric eco-feedback theory [5], [8], [13]. 

This implies that the role of affective and sensory 

affordances can increase the engagement of users 

beyond the cognitive processing of information. 

The differences in individual and contextual 

factors, such as demographic factors and cultural 

factors, underscore the need for adaptive and 

customizable feedback systems, thereby supporting 

the theory of the need for the customization of 

behavior change interventions for users, [12], [33], 

[34]. 

The short-term persistence of savings in the 

studies also supports the theoretical criticism of the 

habituation of users with respect to the feedback 

theory, thereby underscoring the need for dynamic 

and evolving feedback strategies that can increase 

the salience of the feedback over time, [3], [30], 

[52]. 

The inclusion of social comparison and 

normative feedback mechanisms in chromatic and 

multimodal systems has been shown to support 

social influence theories, highlighting the potential 

of social context and competitions to influence 

conservation behaviors appropriately, [41], [49], 

[53]. 

 

4.2  Practical Implications 
To the practitioners, the study results encourage the 

implementation of smart feedback designs for smart 

meters, which include chromatic feedback, among 

other modalities, for the purpose of leveraging 

multisensory engagement, which may improve the 

effectiveness of peak demand reduction and energy 

saving, [1], [5], [13]. 

To the policymakers, the study results 

encourage the implementation of feedback 

technology standards and incentives, which 

prioritize user-centered design principles, including 

customization options for meeting diverse user 

needs, which may improve the effectiveness of 

feedback technology, [12], [15]. 

To the practitioners, the study results encourage 

the implementation of tiered feedback designs, 

which include chromatic feedback, among other 

modalities, for the purpose of improving the 

effectiveness of feedback technology, [1], [47], 

[49]. 

 

To the practitioners, the study results encourage 

the implementation of real-time, in-home displays, 

which may be implemented on mobile technology, 

for the purpose of improving the effectiveness of 

feedback technology, although there is a need for 

further research on usability, trust, and motivational 

factors, [2], [7], [35]. 

Considering the inconclusive results on the 

effectiveness of disaggregated and aggregate 

feedback, in practice, it would be important to 

assess the cost-benefit of implementing 

disaggregated feedback systems in comparison to 

aggregate feedback systems, especially in terms of 

enhancing user understanding and trust to 

maximize the benefits of water and energy saving, 

[10], [11], [54]. 

Lastly, the incorporation of behavioral insights 

in the technical development of feedback systems 

could help in the development of feedback systems 

not just to educate, but to motivate and empower 

consumers, especially in terms of enhancing the 

success of DR and sustainable energy consumption 

practices, [17], [47], [50]. 

 

4.3  Comparative Efficacy 
The comparative results presented in Table 8 

(Appendix) and the information gathered from 

Table 4 and Table 5 (Appendix) reveal that the 

success of smart meter feedback mechanisms is 

dependent not only on the feedback mechanism 

used, but also on characteristics of the consumer 

and contextual conditions, interface design, and 

behavior change. In particular, chromatic and 

ambient feedback mechanisms prove to be 

advantageous in comparison to the others due to 

their intuitiveness, immediate response, and user 

engagement. The translation of electricity usage 

into visual clues helps to process the information 

efficiently and even allows to achieve statistically 

significant reduction in energy consumption of 

households. 

Also, the information revealed that feedback at 

an appliance level has better informational depth 

and can yield more significant decreases in the 

energy consumption of a device targeted. At the 

same time, this type of feedback system is likely to 

have more complexity and, thus, may decrease the 

trust of users and become less efficient in the case 

of low energy literacy consumers. 

A further technique that can be employed 

involves the use of social normative feedback since 

this method involves behavioral modification based 

on social comparison and peer influence strategies. 

Though the level of energy savings reported using 

such a strategy may not be higher than those 
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obtained from some chromatic and appliance-level 

methods, such techniques usually boost the user's 

motivation and promote conservation practices 

when combined with real-time feedback systems. 

In conclusion, the analyzed body of literature 

clearly shows that multimodal feedback systems 

present the most promising avenue for further 

application of smart meters. Combining various 

types of feedback, including chromatic signals, 

auditory cues, social comparison strategies, and 

appliance-level feedback, such systems are able to 

activate multiple behavioral channels at once and 

obtain more efficient demand response results, 

compared to single-modality feedback strategies. 

Thus, the gathered evidence points towards the 

necessity of further developing personalized and 

user-centric multimodal feedback frameworks. 

 

4.4  Future Directions 
Although the value of chromatic feedback is clear, 

the existing literature does not provide any standard 

design characteristics (e.g., the strength of colors 

and timing). The lack of homogeneity in the 

methodologies used and the limited size of the 

participant pool make any assertions of its 

superiority over other sensory channels problematic. 

Further research should explore the effectiveness of 

studies beyond one-year periods and adaptive 

models, taking into account various demographics 

and cultural contexts. 

 

 

5  Conclusion 
This review presents an analysis of the design 

features, evaluation methods, and behavioral 

influence of chromatic visual feedback devices in 

smart meters. The results show that chromatic 

feedback and visual stimuli can positively affect 

users' awareness, interaction with smart meters, and 

result in substantial energy savings during the 

residential demand response program. 

Evaluation practices used in the reviewed 

papers range from RCTs to quasi-experiments and 

mixed field experiments, user surveys, and focus 

groups. Although RCTs offer higher reliability and 

causal power for inference, the reviewed scientific 

literature faces several methodological limitations, 

such as opt-in bias, short-period interventions, 

heterogeneous outcome measures, and low 

standardized practice in feedback device design and 

assessment process. 

The effect sizes estimated from empirical 

research demonstrate that, on average, there are 

energy savings between 5% and 20%. Moreover, the 

reduction of the peak demand can reach up to 40% 

in selected examples of successful integration of 

chromatic stimuli in the feedback system, together 

with multimodal or tiered feedback. Nonetheless, 

the sustainability of the observed effect remains a 

significant question. 

From the evidence presented from other studies, 

it is clear that chromatic feedback proves superior to 

numeric feedback in immediacy, intuition, and 

understanding. However, in some circumstances, 

appliances and multimodal feedback may have the 

ability to elicit changes in behavior that are even 

more deep-seated than those triggered by chromatic 

feedback, especially when dealing with motivated or 

energy literate users. This evidence shows that the 

impact of feedback does not lie just on modality, but 

other factors like trust and usability need to be 

considered as well. 

Notwithstanding the wide range of variations 

among study designs, there are a number of 

behavioral pathways that prove robust in the current 

literature. Such pathways involve increased salience 

of energy use from visual feedback, motivational 

signaling by means of color cues, social 

comparison, and self-regulation. 

In conclusion, this review highlights important 

methodological and design issues that need to be 

tackled to facilitate further progress in the study of 

chromatic eco-feedback systems. Research needs to 

focus on the creation of taxonomies of design, on 

conducting studies over longer periods of time, and 

on comparing different types of feedback (i.e., 

chromatic, numerical, norm-based, and multimodal). 

It is necessary to meet these challenges to ensure 

that there is an increase in the scientific rigor of 

chromatic eco-feedback systems. 
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APPENDIX 
 

Table 1. Summary of studies 
Study Technical 

Design 

Complexity 

Behavioral 

Impact 

Magnitude 

User 

Engagement 

Levels 

Feedback 

Modality 

Comprehensibility 

Demand 

Response 

Effectiveness 

[1] Multi-sensory 

tiered system 

with color and 

acoustic cues 

integrated in 

smart meter 

47.4% peak 

demand 

reduction 

High engagement 

via progressive 

nudges 

Visual and acoustic 

cues easily 

interpreted 

Strong peak 

load reduction 

and pattern 

change 

[2] 

Overview of 

smart metering 

feedback 

channels in 

Europe 

Energy savings 

uncertain; 

internet 

feedback less  

favored 

Engagement 

varies by feedback 

channel 

Internet feedback  

less accepted than  

direct displays 

Channel 

choice critical 

for demand 

response 

success 

[3] 

Literature  

review on 

energy 

feedback 

effectiveness 

5 -20% 

consumption 

reduction 

typical 

Engagement 

linked to 

feedback 

timing and 

customization 

Clear, meaningful 

feedback improves 

comprehension 

Feedback 

timing critical 

for demand 

response 

[4] Review of 

diverse 

visualization 

techniques, 

including AR 

and thermal 

imaging 

Not 

quantified 

Varied 

engagement 

depending on 

visualization 

type 

Statistical 

visualizations 

essential; 

combinations 

recommended 

Visualization 

impacts user 

engagement 

variably 

[5] Multisensory 

feedback via 

gradual color 

change in 

product 

interface 

Reduced 

fridge door 

open time 

User 

experience 

enhanced by 

multisensory 

cues 

Color change 

feedback easily 

understood 

Behavioral 

change 

through 

subtle sensory 

cues 

[6] 

Eco-feedback 

interface 

design for 

location 

based services 

Multiple 

interface 

types tested 

for user skill 

levels 

Engagement 

linked to 

interface type 

and incentives 

Interfaces support 

comprehension 

variably 

Incentives 

critical for 

demand 

response 

[7] 

Numerical, 

analog, and 

ambient in 

home display 

designs tested 

Energy 

savings 

observed but 

no significant 

difference by 

design 

Engagement 

influenced by 

display 

presence, not 

type 

Numerical 

preferred in lab; 

ambient better in 

field 

Presence of 

display 

reduces 

consumption 

generally 

[8] Sonic 

interaction 

design via 

energy-aware 

sound feedback 

User 

understanding 

of sonification 

evaluated 

Non-intrusive  

sonic feedback 

supports 

engagement 

Sound feedback 

requires learning  but 

is 

comprehensible 

Potential for 

alternative 

feedback in 

Demand 

Response 

[9] Comparison of 

monthly reports, 

online  

feedback, and  

in-home  

displays 

4-12% energy 

savings 

depending on 

feedback type 

Varied 

engagement 

in-home 

displays more 

immediate 

Real-time feedback 

more 

comprehensible 

than monthly 

feedback 

better for 

demand 

response 
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Study Technical 

Design 

Complexity 

Behavioral 

Impact 

Magnitude 

User 

Engagement 

Levels 

Feedback 

Modality 

Comprehensibility 

Demand 

Response 

Effectiveness 

[10] 
Appliance 

level feedback  

integrated in  

smart meters  

An additional 

5% savings over 

aggregate 

feedback 

Increased 

engagement 

with appliance 

specific data 

Appliance-level  

feedback improves  

understanding  

Appliance 

feedback 

effective for 

peak 

reduction 

[11] 
Systematic 

review of 

disaggregated 

feedback 

studies 

Average 4.5% 

reduction; 

aggregate 

feedback 

similarly 

effective 

Engagement 

varies; trust 

issues with 

disaggregation 

Aggregate 

feedback often 

more trusted and 

comprehensible 

Disaggregated 

feedback not 

conclusively 

superior 

[12] 

Mobile app 

interface 

design 

tailored to 

Indian users 

Up to 20%  

savings with 

preferred 

feedback 

types 

Engagement 

linked to 

customization 

and cultural 

context  

User preferences 

affect feedback 

comprehension 

Customization 

enhances 

demand 

response 

effectiveness 

[13] 

Comparison of 

engineering bar 

charts vs 

ambient cartoon 

tree visualization 

Ambient 

visualization 

led to 

significant 

savings 

Higher 

engagement 

with ambient 

visualization 

Ambient feedback 

more intuitive than 

engineering type 

Ambient 

feedback 

more effective 

in short term 

[14] 

User-centered 

smart meter 

interface for 

appliance 

efficiency 

Personalized 

monetary 

savings 

feedback 

Engagement 

linked to 

appliance 

specific info 

Personalized 

feedback improves  

comprehension  

Appliance 

level feedback 

enhances 

demand 

response 

[15] 

Review 

identifying 10  

key 

parameters for  

in-home 

display design 

Behavioral  

change linked  

parameters  

to design 

Interaction 

maximized by 

design 

considerations 

Interface design 

critical for 

comprehension 

Design 

parameters 

improve 

demand 

response 

outcomes 

[16] 

Psychological  

model for 

smart meter 

feedback 

design 

Feedback 

alone 

insufficient for 

behavior 

change 

Engagement 

depends on 

behavioral stage 

targeting 

Comprehensive 

info strategies 

improve 

comprehension 

Multi-stage 

feedback 

enhances 

demand 

response 

[17] Framework 

linking 

feedback 

design 

dimensions to 

behavior 

Not directly 

quantified 

Timing and 

display affect 

engagement 

levels 

Granularity and 

modality impact 

comprehension 

Design 

dimensions 

influence 

demand 

response 

success 

[18] 

Eco-feedback  

affordances  

classification  

Feedback 

informs, 

incentivizes, 

educates, 

controls 

Engagement 

linked to affordance 

type 

Theoretical 

grounding needed 

for comprehension 

Affordances 

guide demand 

response 

design 

[23] 
Meta-study 

review of 

feedback 

systems 

Energy 

savings vary 

5 -20% by 

feedback type  

Engagement 

influenced by 

feedback 

customization 

Customized 

feedback improves  

comprehension  

Feedback 

effectiveness 

linked to 

delivery 

method 
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Study Technical 

Design 

Complexity 

Behavioral 

Impact 

Magnitude 

User 

Engagement 

Levels 

Feedback 

Modality 

Comprehensibility 

Demand 

Response 

Effectiveness 

[26] 

UK focus  

groups on 

energy 

feedback 

perceptions 

Limited  

awareness 

and short 

lived 

engagement 

Desire for more 

visual, mobile, 

engaging 

feedback 

Current feedback 

poorly 

comprehended 

Feedback 

design needs 

improvement 

for demand 

response 

[30] Color-based 

dashboard with 

3D and mobile 

integration for 

smart homes 

19% annual 

energy 

reduction 

Sustained 

engagement 

over one year 

Color-coded 

feedback rated 

highly 

comprehensible 

Effective for 

long-term 

energy savings 

[31] Taxonomy of 

feedback 

application 

design 

elements 

Behavioral  

impact linked  

to design 

preferences 

User preference  

data collected  

for design 

elements 

Design elements 

influence 

comprehension 

and behavior 

Design critical 

for effective 

Demand 

Response 

[32] 

Taxonomy of 

feedback 

technologies 

by hardware 

and display 

Not 

quantified 

Engagement 

varies by device 

category 

Device 

characteristics 

affect user 

comprehension 

Technology 

type 

influences 

demand 

response 

potential 

[33] 

Customized 

feedback 

interventions 

based on 

customer 

segmentation 

Behavior 

changes vary 

by customer 

type 

Engagement 

varies with 

feedback 

customization 

Tailored feedback 

improves 

comprehension 

Customized 

feedback 

supports 

targeted 

demand 

response 

[34] 

High 

resolution 

feedback via 

mobile app in 

Korean 

households 

Mixed results:  

13% reduction  

to 20% 

increase 

Engagement 

influenced by 

awareness and 

demographics 

Comprehension 

linked to cost and 

climate concern 

Demographic 

factors affect 

demand 

response 

success 

[35] 

Systematic 

review of 

mobile/web 

feedback  

interfaces  

Effectiveness 

promising but 

effect size 

unclear 

Engagement 

varies widely 

across studies 

Comprehensibility 

depends on 

interface design 

Mobile/web 

feedback 

potential for 

demand 

response 

[36] 

Study on 

acceptability 

of various 

digital 

feedback 

types 

High intention 

to use 

temporal and 

normative 

feedback 

Engagement 

linked to 

feedback 

acceptability 

Temporal and 

normative 

feedback most 

comprehensible 

Acceptability 

influences 

demand 

response 

uptake 

[37] 

Tangible 

visualization 

linking energy 

use and 

production 

Increased 

energy 

literacy and 

awareness  

High 

preference for 

simple, 

immediate 

feedback 

Simple interfaces 

improve 

comprehension 

Tangible 

feedback 

supports 

demand 

response 

awareness 

[38] 

User 

experience 

study on 

mobile energy  

consumption  

visualizations  

Different 

visualizations 

affect 

transparency 

and 

evaluation 

User 

experience 

varies by 

visualization 

type 

Visualization form 

impacts 

comprehension 

Visualization 

design affects 

demand 

response 
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Study Technical 

Design 

Complexity 

Behavioral 

Impact 

Magnitude 

User 

Engagement 

Levels 

Feedback 

Modality 

Comprehensibility 

Demand 

Response 

Effectiveness 

[39] 

Review of home 

energy  

monitoring 

systems' 

design pitfalls 

Engagement 

affected by 

user 

experience 

design 

Poor design 

reduces 

sustained 

engagement  

User experience 

crucial for 

comprehension 

Design 

influences 

demand 

response 

effectiveness 

[40] 

Analysis of 

persuasive 

technologies 

for demand side 

management 

Interface 

types vary in 

persuasion 

coverage 

Engagement 

depends on 

interface and 

persuasion step 

Interface design 

affects 

comprehension 

Persuasive 

design 

enhances 

demand 

response 

[41] 

Study on 

comparative, 

community 

based 

feedback in 

mobile/social 

media 

Social 

comparison 

motivates 

energy saving 

Engagement 

enhanced by 

social and 

comparative 

feedback 

Social feedback 

comprehensible 

and motivating 

Social 

feedback 

effective for 

demand 

response 

[42] 

loT-based 

energy 

feedback 

platform with 

social 

comparisons 

11% year 

over-year 

savings; 3.5% 

from social 

comparison 

Engagement  

increased by 

real-time social 

data 

Social 

comparison 

aids demand 

response 

Social 

comparison 

feedback well 

understood 

[43] 

Design of 

energy 

awareness 

artefact with 

behavioral 

focus 

Increased 

attention to 

electricity use 

Artefact 

integrated 

naturally in 

households 

Simple visual 

feedback easily 

comprehended 

Behavioral 

integration 

supports 

demand 

response 

[44] 

Demand 

responsive 

thermostat 

with learning 

algorithms 

Mixed results 

in learning 

temperature 

preferences 

User interaction  

with interface  

varied  

Graphical feedback  

comprehensible  

but complex 

Adaptive 

feedback 

supports 

demand 

response 

[45] 

Feedback design 

heuristics for  

energy  

conservation  

Design 

heuristics 

address 

visceral 

influences 

Engagement 

improved by 

ergonomic 

design 

Heuristics improve  

feedback 

comprehension 

Design 

heuristics 

support 

demand 

response 

[46] 

Meta-analysis 

of in-home 

display 

feedback in 

Australia 

3-5% realistic 

conservation 

effect 

Engagement 

varies with 

sample and 

recruitment 

Real-time displays 

moderately 

comprehensible 

Cost 

effectiveness 

questioned for 

demand 

response 

[47] 

Behavioral 

science- 

informed 

interactive 

feedback 

interfaces 

Motivational 

categories 

guide 

interface 

design 

Engagement 

enhanced by  

cognitive, 

social, affective  

cues 

Human-centered 

comprehension 

design improves 

Motivational 

design 

supports 

demand 

response 

[48] 

Real-time 

feedback pilot 

in 

Newfoundland 

and Labrador 

18.1% 

electricity 

reduction 

observed 

Engagement 

influenced by  

socio-economic  

factors 

Real-time feedback  

well understood  

Socio-economic 

targeting 

improves 

 

demand 

response 
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Study Technical 

Design 

Complexity 

Behavioral 

Impact 

Magnitude 

User 

Engagement 

Levels 

Feedback 

Modality 

Comprehensibility 

Demand 

Response 

Effectiveness 

[49] 

Field 

experiment on  

real-time 

social 

comparisons 

6.7% average 

energy 

reduction 

Engagement 

driven by 

continuous 

social feedback 

Social comparisons  

comprehensible  

and motivating  

Social 

feedback 

effective for 

peak 

reduction 

[50] 

Meta-analysis 

of feedback 

systems and 

energy 

savings 

Savings vary 

by feedback 

type and 

persistence 

Engagement 

linked to 

feedback 

delivery and 

incentives 

Feedback coupled 

with comparisons 

improves 

comprehension 

Regulatory 

options 

proposed for 

demand 

response 

[51] 

Design 

focused 

studies on 

energy  

feedback 

engagement 

Activity-based  

feedback 

preferred over  

units 

Engagement 

constrained by 

household 

dynamics 

Avoidance of waste  

emphasized for 

comprehension 

Social norms 

feedback 

supports 

demand 

response 

[52] 

Study on real 

time feedback 

methods and 

social 

dynamics 

Mixed results 

on sustained 

behavior 

change 

Social group 

dynamics 

enhance 

engagement 

Variety of feedback 

needed for 

comprehension 

feedback 

supports 

sustained 

demand 

response 

[53] 

Appliance 

specific 

feedback with 

social 

comparisons  

17% reduction  

conditioning  

in air 

use 

Engagement 

enhanced by 

appliance 

specific info 

Appliance 

feedback improves  

understanding 

Appliance 

feedback 

effective for 

demand 

response 

[54] 

Tailored 

feedback for 

re-engaging 

smart grid 

users  

Behavioral 

changes 

observed with 

tailored 

feedback  

Engagement 

improved by 

personalized 

reports 

Tailored feedback  

enhances 

comprehension 

Tailored 

feedback 

supports 

demand 

response 

[55] 

Discussion on  

challenges of  

per-appliance  

feedback  

Feedback  

complexity 

affects user 

acceptance 

Engagement 

challenged by 

feedback 

accuracy 

Complexity 

reduces 

comprehension 

Complexity 

impacts 

demand 

response 

effectiveness 

[56] 

Mixed 

methods 

study on 

energy 

feedback and 

demand 

response 

Feedback and  

dynamic 

pricing 

effective 

Engagement 

influenced by 

feedback and 

tariffs 

Feedback clarity 

affects 

comprehension 

Combined 

strategies 

improve 

demand 

response 

[57] 

Survey of IHD 

pilot 

programs and 

feedback 

impact 

7% average 

reduction with 

IHD use 

Engagement 

higher with 

active IHD 

users 

IHD feedback 

comprehensible 

and actionable 

IHDs augment 

demand 

response 

impacts 

Source: created by the author 
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Table 2. Chronological Review of Literature 
Year Range Research Direction Description 

2008- 

2011 

Early Feedback 

Devices and Social 

Norms 

The initial studies primarily examined the in-home display of 

information and the smart meters, focusing on the basic visual and 

acoustic feedback mechanisms. The role of social norms and 

comparative feedback was also examined as a motivational factor, 

underscoring the significance of the ‘visibility’ of energy 

consumption. These studies revealed the problems of user 

engagement as well as the effectiveness of basic feedback 

mechanisms. 

2012- 

2014 

Expanding Modalities 

and Feedback 

Diversity in research: Research was conducted in a comparative 

manner, focusing on the various forms of feedback, such as online, 

mobile, and display feedback. A taxonomy for classifying feedback 

technologies was also constructed, alongside guidelines for 

designing feedback interfaces. 
Source: created by the author 

 

Table 3. Thematic Review of Literature 
Theme Theme Description 

Effectiveness of 

Chromatic and Visual 

Feedback Systems 

Research findings have all indicated that the use of chromatic or visually rich 

feedback systems, including color-based dashboards or ambient displays, can 

successfully engage users and result in significant reductions in energy consumption, 

with savings of between 10% and almost 50% achievable. These systems use the 

power of intuitive colors to increase users' awareness of the need for engagement, 

thereby outperforming other forms of feedback, including numerical or textual 

displays[1], [5], [7], [30], [45]. 

Technical Design 

Features of Feedback 

Interfaces 

Significant design aspects that research has focused on include granularity, modality, 

timing, and interactivity. Effective feedback has been seen to include multimodality, 

disaggregation levels, goal setting, and customization. Various design heuristics and 

taxonomies have been proposed for designing effective feedback systems, indicating 

the need for flexible and user-centric design approaches[14], [15], [17], [31]. 

Behavioral Mechanisms 

Influencing Energy 

Conservation 

The behavioral theories of attention, motivation, and learning form the basis of the 

responses of users. Chromatic feedback is based on attention by using salient visual 

changes. Social comparison is the basis of motivation for normative feedback. 

Research has identified habit modification, increased awareness, and emotional 

engagement as the key drivers of energy-saving behavior [16], [18], [47], [49], [51]. 

Comparative 

Effectiveness of Feedback 

Comparative studies reveal that while chromatic and ambient feedback can produce 

significant short-term reductions, appliance-level and multimodal feedback often 

yield deeper energy savings by improving user. 

Modalities in Demand 

Response 

Understanding of specific consumption sources. Social normative and acoustic 

feedback modalities provide motivational aspects but have different effectiveness 

depending on the context or demographics of the users [8], [10], [11], [49], [53]. 

Appliance-level and 

Disaggregated Feedback 

Impact 

Disaggregated appliance-level information can improve users' knowledge and 

support reductions in specific appliances, especially during peak hours. However, 

the literature has raised the issue of opt-in bias, with aggregate information 

potentially sufficing for the general population but appliance-level information 

suiting motivated groups [10], [11], [14], [54]. 

User Engagement and  

Customization in 

Feedback Systems 

User engagement is found to decrease over a period unless appropriate feedback 

strategies are employed. Customization of interface components such as modality, 

information type, and cultural adaptation has been found to increase user acceptance 

and promote sustained energy conservation behavior. Various studies have proved 

that feedback that suits user preferences and context, such as age and culture, 

increases the effectiveness of feedback [12], [30], [33], [34], [35]. 

Multisensory and 

Acoustic Feedback 

Approaches 

Apart from visual cues, the use of multisensory feedback with sound and tactile 

stimuli appears promising for increasing energy awareness and facilitating 

behavioral change. Sonic interaction design, including energy-aware sound cues, 

offers non-intrusive, real-time feedback that can be used in conjunction with 

chromatic systems and accommodate different sensitivities of users[5], [8].  
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Theme Theme Description 

Long-term Sustainability 

of Energy Savings with 

Feedback 

Though initial savings achieved by feedback can be considerable, there are 

challenges involved in maintaining such savings. Longitudinal studies have found 

that providing a combination of chromatic feedback, goal setting, social incentives, 

and tailored interventions can reduce engagement decay, resulting in sustained 

behavioral change [1], [30], [54]. 

Social Comparison and 

Normative Feedback 

Effects 

Comparison feedback using real-time displays or mobile applications can serve as 

motivation to save energy by leveraging the competitive and normative influences at 

play. Nonetheless, the influence of these factors is not persistent and depends on 

demographic characteristics and environmental attitudes within households, 

according to [41], [42], [49]. 

Challenges and 

Opportunities in Smart 

Meter Feedback Design 

Other papers highlight current challenges, including user understanding, trust 

problems, difficulties with interface design, and privacy concerns. The opportunities 

include using behavioral sciences, precise feedback, and developing adaptive 

learning algorithms [2], [16], [39], [44]. 
Source: created by the author 

 
Table 4. Agreement and Divergence Across Studies 

Comparison 

Criterion 

Studies in Agreement Studies in Divergence Potential Explanations 

Technical Design 

Complexity 

The chromatic feedback 

systems can be described 

as intuitive in nature and 

use colors effectively for 

modifying behavior. This 

becomes evident in the 

experiments conducted by 

[1], [5], [30]. The 

experiments conducted 

have shown that both 

visual and auditory cues 

can be used to modify 

behavior. 

Other research suggests that 

there is a need for complex 

multimodal or appliance-

specific feedback systems to 

improve specificity and 

effectiveness, especially 

beyond chromatic design [10], 

[14], [53]. 

The difference arises 

from the objectives of 

each system since the 

use of chromatic design 

emphasizes 

comprehension, whereas 

appliance-level feedback 

requires high levels of 

processing. 

Behavioral Impact 

Magnitude 

Chromatic and other 

modality-based feedback 

systems tend to lower 

energy consumption, often 

by anywhere from 5% to 

20% [1], [3], [23], [30]. ]. 

In addition, there may be 

extra savings due to the use 

of real-time and 

disaggregated feedback 

systems [10] 

Some other research on the 

topic has shown mixed results, 

with the saving rate sometimes 

being lower than 5%, or 

varying significantly 

depending on the users' type 

[26], [34], [46]. There was also 

some discussion of how the 

effectiveness of energy-saving 

diminishes over time [30], [52]. 

Variation arises from 

contextual factors such 

as population 

demographics, feedback 

duration, and whether 

feedback is combined 

with incentives or social 

comparison. 

User Engagement 

Levels 

Visual and chromatic 

feedback maintain user 

engagement better than 

numerical or acoustic 

alone[5], [13], [30]. 

Multimodal feedback 

enhances sustained 

interaction[1], [5], [45]. 

Some emphasize the 

importance of 

customization to user 

preferences for 

engagement [12], [33]. 

Contrarily, some findings 

suggest that despite initial 

engagement, user interaction 

with feedback interfaces often 

declines over time [30], [52], 

[54]. Also, some users find 

complex interfaces 

overwhelming or 

disengaging[6], [44]. 

Differences may be due 

to feedback complexity, 

novelty effects, cultural 

factors, and whether 

additional motivational 

elements are included. 

Long- term engagement 

remains a challenge. 
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Comparison 

Criterion 

Studies in Agreement Studies in Divergence Potential Explanations 

Feedback Modality 

Comprehensibility 

In addition, color-based 

displays, as well as 

ambient displays, tend to 

be found as more readily 

understandable, both 

cognitively and 

emotionally, than 

numerical displays, which 

can be described as 

engineering-type displays 

[5], [7], [13], [30]. Simple 

color-based displays can 

effectively convey energy 

status [1], [5]. 

Other research has warned 

that, although detailed, 

numerical or disaggregated 

feedback may be less 

understandable and credible, 

and hence less effective, in 

some cases [6], [11], [38]. 

Other research has found that 

some people want detailed 

data, even if it is complex, in 

feedback [12], [14]. 

Comprehension depends 

on users\’ energy 

literacy, design 

simplicity, and cultural 

context. Trade-offs exist 

between detail and ease 

of understanding. 

Demand Response 

Effectiveness 

Feedback, especially when 

used with social 

comparison or goal-setting, 

is known to be effective for 

peak load reduction and 

behavior change [1], [49], 

[53].  Appliance feedback 

can be used for peak time 

savings [10], [53]. 

Some evidence suggests that 

aggregate feedback can be as 

effective as disaggregated 

feedback for overall 

conservation, where social and 

motivational factors can play a 

critical role in conservation 

behavior[9], [11], [34]. 

Differences arise from 

which behavioral 

mechanisms are targeted 

(e.g., awareness, 

motivation), 

measurement methods, 

and whether feedback is 

contextualized with 

pricing or social norms. 
Source: created by the author 

 
Table. 5. Critical Analysis of Feedback Systems 

Aspect Strengths Weaknesses 

Technical Design 

Features of Chromatic 

Feedback 

As research shows, the use of chromatic 

feedback in an innovative way, like the use 

of acoustic feedback in conjunction with 

multi-level visual feedback, may result in a 

substantial decrease in the peak demand by 

47.4%[1]. The use of chromatic feedback, 

which may save on average 19% of energy, 

allows engaging users for extended periods 

[30]. 

Most research does not describe in 

detail specific parameters of 

chromatic design (such as color 

sets, intensity, timing), making it 

difficult to achieve standardization 

and wide applicability [7], [15]. 

Individual preference for particular 

display types may not necessarily 

translate to actual behavior change 

[7]. 

Comparative 

Effectiveness of 

Feedback Modalities 

Regarding reducing energy usage, ambient 

and chromatic visualizations outperform 

traditional engineering visualizations, with 

the former yielding statistically significant 

results in reducing energy consumption and 

stimulating engagement [13]. Combining 

real-time data with social norm-based 

feedback proves to yield small, yet 

statistically significant, savings (2–7%) [49], 

[51]. In accordance with the concept of social 

norms, device-specific feedback shows 

significant reductions in energy consumption 

(e.g., 17% for air conditioning) [53]. 

There is no consensus in the 

literature regarding the superiority 

of chromatic feedback to numerical, 

auditory, or social feedback due to 

diverse methodologies used [3], 

[11]. Aggregate feedback has 

proven to be equally effective as 

disaggregated [10], [11]. Durability 

of savings is often limited, with 

effects diminishing over time [3], 

[30]. 
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Aspect Strengths Weaknesses 

Behavioral 

Mechanisms and 

User Engagement 

Important behavioral mechanisms that rely on 

chromatic feedback include improved visibility 

and prominence of energy consumption, 

motivational cues via color, and increased 

awareness that results in conscious decision-

making [1], [18]. User-oriented designs using 

cognitive, social, and affective motivational 

classes strengthen the connection [47]. The 

provision of feedback according to attention, 

learning, and motivation is well timed and 

appropriately contextualized [17]. 

There has been little consideration in 

many studies about household factors, 

such as conflict between members of 

the household or lack of engagement 

by other members [26], [51]. 

Increased complexity of chromatic 

feedback without proper training for 

users might have negative 

implications on effectiveness, 

especially in different cultural and 

demographic groups [12], [26]. 

Absence of longitudinal studies 

hinders understanding of long-term 

effects. 

Multimodal and 

Appliance-Level 

Feedback Systems 

Combining chromatic feedback with other 

types of stimuli (audio, comparison to peers) is 

potentially useful in improving user experience 

and saving energy [1], [8]. Feedback at the 

appliance level is associated with better user 

understanding and further behavioral impacts 

besides aggregated feedback [10], [53]. 

Multimodal feedback suffers from 

problems like user overload, interface 

design, and varying user preferences 

[7], [36]. Research on multimodal 

feedback is limited and disconnected 

[35], [40]. Some people lack trust in 

detailed breakdowns [11]. 

Methodological 

Robustness and Data 

Quality 

Several studies rely on randomized controlled 

trials, field experiments, and large-scale 

surveys, delivering reliable quantitative 

evidence on energy savings and user interaction 

[1], [48], [53]. ]. The use of mixed methods, 

such as qualitative interviews and user 

experience analysis, enhances insight [26], 

[41]. 

Many studies suffer from opt-in bias, 

small sample sizes, short intervention 

durations, and lack of control groups, 

constraining generalizability and 

validity[3], [11], [34]. Heterogeneity 

in feedback types, metrics, and 

behavioral outcomes complicates 

meta-analyses. Few studies 

systematically isolate effects of 

chromatic feedback [2], [51]. 

Sustainability and Long-

Term Impact of 

Feedback 

Some longitudinal studies report sustained 

engagement and energy savings over periods 

up to one year, particularly with dynamic, 

interactive, and personalized features [30], 

[54]. Goal setting, rewards, and social 

incentives support longer-term behavior change 

[1], [54]. 

A common limitation is the observed 

decline in user engagement and 

energy savings over time, with 

diminishing returns after initial 

novelty effects fade [3], [30], [52]. 

The literature highlights a need for 

adaptive feedback designs that evolve 

with user behavior and preferences 

[34], [35]. 
Source: created by the author 

 
Table 6. Limitations of Current Literature 

Area of 

Limitation 

Description of Limitation Papers which 

have limitations 

Small Sample Sizes The majority of existing literature is based on a small number of 

participants or specific communities, which limits the overall 

external validity of a particular study. Small sample sizes may not 

represent various consumer behaviors across different demographics 

and geographic locations. 

[1], [30], [48] 

Geographic Bias Furthermore, feedback research has predominantly focused on 

Western cultures or specific geographical regions, making it 

challenging to generalize the results to other societies or socio-

economic environments. The geographic bias limits the external 

validity of research outcomes concerning the efficacy of feedback 

worldwide. 

[1], [12], [34] 
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Area of 

Limitation 

Description of Limitation Papers which 

have limitations 

Short-Term 

Evaluation 

A large number of studies have measured the influence of feedback 

over short durations, ranging from weeks to months, overlooking the 

longevity of behavior change and the sustained energy savings 

achieved. 

[3], [30], [52] 

Lack of 

Standardization 

Differences in feedback modality, metrics, and experimental design 

make inter-study comparison and meta-analysis difficult. Lack of 

standardization in experimental design slows the accumulation of 

knowledge and development of universally effective feedback 

systems. 

[17], [35], [50] 

Limited Focus on 

Technical Design 

Details 

Other articles may emphasize behavioral outcomes but lack a 

thorough investigation into the technical design characteristics of 

chromatic feedback systems. Such a restriction would limit the body 

of knowledge that explores how certain designs impact engagement 

and energy efficiency. 

[7], [14], [15] 

Opt-in Bias Researchers often recruit volunteers whose interest in environmental 

issues could positively influence their behavior and yield 

exaggerated savings. Such a selection procedure could undermine 

the validity of the findings’ applicability to the broader populace. 

[11], [46]  

Insufficient 

Multimodal 

Comparison 

The literature lacks comparative analyses between chromatic 

feedback and other feedback types like auditory and norm-based 

feedback. Such research is essential for determining which feedback 

type should be prioritized in demand response programs. 

[1], [5], [8] 

Overreliance on 

Aggregate Feedback 

There is a gap in the research concerning the feedback of aggregate 

consumption versus the feedback of appliance consumption or 

disaggregated consumption, which could be beneficial to further 

enhance our understanding of consumer behavior. 

[10], [11], [53] 

Limited 

Consideration of 

User Diversity 

Notably, there are several cases where feedback schemes fail to 

address issues of heterogeneity within users' cultures, behaviors, and 

individual preferences. This gap undermines the generalizability of 

the results obtained from such schemes. 

[12], [33], [34] 

Methodological 

Constraints 

Another issue that emerges in some literature is the lack of proper 

control groups and experimental design techniques, which could 

undermine the causal validity of such studies' results concerning the 

effectiveness of feedback mechanisms. 

[9], [35], [54]  

Source: created by the author 
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Table 7. Gaps and Future Research Directions 
Gap Area Description Justification Future Research 

Directions 

Research 

Priority 

Lack of 

standardized 

chromatic 

feedback design 

parameters 

Existing studies often 

lack detailed, 

standardized 

descriptions of 

chromatic feedback 

design elements such as 

color schemes, 

intensity, and timing, 

limiting replicability 

and optimization. 

Standardization is 

essential to 

enable consistent 

implementation 

and comparison 

across studies, 

improving design 

efficacy and user 

comprehension 

[7], [15]. 

Develop and validate 

standardized design 

guidelines for 

chromatic feedback 

systems through 

controlled experiments 

and user- centered 

design processes. 

High 

Insufficient 

longitudinal 

studies on 

sustained 

behavioral impact 

Few studies have 

rigorously examined the 

long-term sustainability 

of energy savings and 

sustained user 

engagement with 

chromatic and 

multimodal feedback 

systems. 

Understanding long-

term effects is critical 

to designing 

feedback systems 

that maintain 

effectiveness beyond 

initial novelty phases 

[3], [30], [54]. 

Conduct longitudinal field 

trials assessing 

engagement decay and 

energy savings persistence 

over multiple years, 

incorporating adaptive 

feedback mechanisms. 

High 

Limited 

comparative 

effectiveness data 

across feedback 

modalities 

The relative 

effectiveness of 

chromatic feedback 

compared to numerical, 

acoustic, social- 

normative, and 

multimodal feedback 

remains inconclusive 

due to heterogeneous 

methodologies. 

Direct 

comparisons are 

necessary to 

identify the most 

effective feedback 

types for different 

user groups and 

contexts [3], [11], 

[49]. 

Design large- scale, 

randomized controlled 

trials directly 

comparing chromatic 

feedback with other 

modalities under 

standardized 

conditions. 

High 

Underexplored 

behavioral 

mechanisms in 

diverse household 

contexts 

Behavioral mechanisms 

driving responses to 

chromatic feedback are 

not well understood, 

especially considering 

intra- household 

dynamics and user 

heterogeneity. 

Tailoring 

feedback to 

cognitive, social, 

and affective 

behavioral 

contexts can 

enhance 

engagement and 

energy 

savings[12], [26]. 

Investigate behavioral 

mechanisms through 

mixed- methods 

studies across diverse 

household contexts. 

Medium 

Source: created by the author 

 

 
Table 8. Comparative Efficacy 

Modality Key Findings 

Chromatic/Ambient 
Higher engagement and more intuitive than numerical data; statistically significant 

savings. 

Appliance-Level 
Reductions of up to 17% for specific appliances, but it faces trust and complexity 

barriers. 

Social-Normative Meaningful reductions (2-7%) through social comparison require reinforcement. 

Multimodal Combining visual/acoustic cues offers non-intrusive, real-time reinforcement. 
Source: created by the author 
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