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ABSTRACT

This study hierarchizes the importance of technological, environmental, social, and policy
factors on the energy efficiency of domestic refrigerators in Colombia, utilizing the Analytic
Hierarchy Process method to prioritize determinants under real-life conditions and in
low-income contexts. Through a systematic literature review and expert consultation, a
hierarchical model of criteria and sub-criteria was developed to evaluate the relative impact of
variables, including ambient temperature, door opening frequency, and regulatory standards, on
electricity consumption. The results show that environmental criteria (58.57%) and social
criteria (30.63%) jointly account for 89.20% of the expert-derived priority weight, exceeding
the relative weights assigned to techno-thermodynamic and policy criteria. The importance of
adapting regulations and educational programs to local conditions to improve energy
performance is emphasized. This comprehensive prioritisation provides decision-support
evidence for designing context-specific public and technological strategies to promote energy
sustainability in the Colombia residential sector.
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HIGHLIGHTS

* Environmental and social criteria account for 89.20% of expert-derived priority.

* Ambient temperature and door-opening frequency dominate refrigerator efficiency.
* Real-use conditions outweigh purely technological and policy-related factors.

» Environment and refrigerator use ranked as the highest-priority strategy.

* Results support tropical labelling, user guidance and context-based regulation.
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INTRODUCTION

The energy efficiency of domestic refrigerators is a major driver of household electricity
consumption, particularly in tropical climates where everyday use can intensify energy demand.
Qiao et al. [1] show, through a combined survey and experimental analysis, that refrigerator
user behaviour influences energy-saving potential, particularly through door-opening
frequency and duration. Lv and Zhang [2] show that the purchase of energy-saving
refrigerators is influenced by both supply- and demand-side factors, including
energy-efficiency awareness, environmental concern, economic motivation, and trust in
energy-efficiency information. Harrington et al. [3] demonstrate, using laboratory and
household field data, that room temperature strongly affects household refrigerator energy
consumption. In Colombia, diverse climates and uneven income distribution create variable
usage patterns, which demand a nuanced understanding of how environmental, sociocultural,
and regulatory factors interact to achieve sustainable improvements.

Previous research has used multi-criteria approaches to identify determinants of energy
performance in refrigeration and related systems, highlighting the value of structuring expert
judgment and conducting sensitivity analyses under realistic scenarios. However, most of these
studies fail to explicitly integrate environmental, social, and regulatory dimensions into a
single, replicable framework for Latin American tropical contexts. This gap hinders our
understanding of how factors such as ambient temperature, user habits, income, and public
policy interact to affect real-world refrigerator performance. To address this gap, this study
proposes the Analytic Hierarchy Process framework that (i) hierarchically structures
environmental, thermodynamic, social, and policy criteria; (ii) incorporates judgments from a
diverse panel of experts; and (iii) enables sensitivity analysis for real-world usage scenarios,
with a focus on Colombia and similar tropical regions. This methodological approach enables
the generation of actionable recommendations for industry and regulators, while also
establishing a replicable baseline for future cross-regional comparisons [4], [5].

Recent work in the built environment shows that the Analytic Hierarchy Process has
become a mature decision-support method for energy-efficiency problems - ranging from
patent-informed evaluations of green-building energy solutions [6], to multidimensional
assessment framework for retrofit projects |7], the integration of building-energy simulations
with the Analytic Hierarchy Process to rank heating-system alternatives [8], and the selection
of renewable technologies for hotel buildings using Analytic Hierarchy Process-Based
multicriteria schemes [9]. In tropical contexts, Analytic Hierarchy Process-derived
performance indicators have also been used to weight energy use, indoor air quality, and
comfort criteria for heating, ventilation, and air-conditioning-related decision-making [10].
Taken together, these studies confirm the robustness and transferability of the Analytic
Hierarchy Process in climate-sensitive energy decisions; however, appliance-level applications
that jointly incorporate real-use conditions and household socioeconomic-factors particularly
for domestic refrigeration in Latin American tropical settings — remain limited, supporting the
novelty of the present prioritisation of the factors that most determine household refrigerator
energy efficiency in Colombia.

At the global scale, the residential sector remains a major contributor to energy use and
carbon dioxide emissions [11]. In Colombia, the residential sector accounts for 20% of
national energy consumption [12]. Ramirez Sanchez et al. [13] report that refrigerators
represent between 30% and 50% of household electricity bills, especially in tropical areas
with high average temperatures, and describe the implementation of energy-efficiency
labelling through Technical Labelling Regulation (RETIQ) as well as regulatory discussions
and road-map proposals for minimum energy performance standards (MEPS) in residential
refrigeration.

Cardoso [14] shows that ambient temperature, appliance ageing, and usage habits can cause
real refrigerator consumption to differ from labelled values. Belman-Flores et al. [15] further
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demonstrate that incorporating door-opening status into refrigerator control can reduce energy
use, confirming the relevance of user behaviour and control strategies. Therefore, the impact of
energy-efficiency policies depends not only on technical efficiency but also on local climate,
equipment condition, and household use.

Garcia-Miranda et al. [16] show that income, consumption habits, household
characteristics, and technology influence residential electricity consumption in Colombian
households. More than 70% of the population lives in the lowest income stratum, resulting in
limited access to efficient technologies and a greater prevalence of old and low-performance
energy equipment, as well as higher household densities with adverse operating conditions for
refrigerators [17].

Additionally, the relationship between electricity bills and household income is affected by
subsidies and socioeconomic level [18], which reinforces the need to understand the relative
influence of refrigerator energy-consumption factors when designing public policies.
Therefore, knowing the factors that determine the electricity consumption of refrigerators, and
their level of impact is essential for establishing public policies aimed at reducing it. This
research seeks to answer this question by applying the Analytic Hierarchy Process to analyse
and prioritise the factors that influence the energy performance of domestic refrigerators in
Colombia under real-life conditions in low-income Colombian households. The authors aim to
answer the question: which factors are perceived by experts as most influential for domestic
refrigerator energy efficiency under Colombian household conditions, and how should they be
prioritised?

This study employs the Analytic Hierarchy Process to identify and prioritise the
determinants of energy consumption in domestic refrigerators in Colombia. The methodology
integrates real-world usage conditions with environmental, sociocultural, technological, and
regulatory variables. The specific objectives are to: (1) define a hierarchy of relevant criteria
and sub-criteria for refrigeration energy use in tropical contexts; (2) estimate relative weights
based on judgments from a diverse expert panel; (3) evaluate three intervention strategies —
related to usage environment, technological upgrades, and labelling standards — comparing
their expected impact on consumption; and (4) conduct a sensitivity analysis to test the
robustness of the conclusions. To our knowledge, this is the first study to apply an AHP
framework that jointly considers environmental, sociocultural, techno-thermodynamic, and
regulatory factors to prioritise domestic refrigerator energy-efficiency in a Latin American
tropical setting.

The novelty of this approach lies in its integrating real-world operating conditions and
household socioeconomic variables within a single Analytic Hierarchy Process structure to
generate actionable recommendations that bridge equipment design, user education, and
public policy.

MATERIALS AND METHODS

To obtain the factors influencing the energy performance of domestic refrigerators, a
comprehensive review of the specialised literature was conducted. The literature review
reveals that environmental (24 studies) and social aspects (23 studies) outweigh research on
household refrigerator efficiency, highlighting the significance of usage conditions and user
behaviour in influencing performance outcomes. Techno-thermodynamic (14 studies) and
policy dimensions (14 studies), although less frequently explored, provide critical insights
into technological innovation and regulatory frameworks. This thematic classification guided
the selection of criteria within the AHP model. The citation network in Figure 1 illustrates
how this research strands converge, highlighting both the historical foundations of the field
and the most influential contributions. All reviewed sources are cited appropriately in the
references section.
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Figure 1. Citation network from the reviewed literature. Source: Litmaps

The Analytic Hierarchy Process (AHP), introduced by [19], is a multicriteria
decision-making method designed to prioritise competing criteria, sub-criteria, and alternatives
within complex scenarios. Its methodology is based on decomposing a problem into a
hierarchical structure and synthesising the relationships between its elements. This systematic
approach yields a prioritised ranking that closely approximates an optimal decision, making it a
widely adopted tool for structuring and solving intricate decision-making problems , and has
been widely applied in energy and transport studies [20]. The method’s core principle involves
deriving a system’s priorities through a sequence of pairwise comparisons. This process
generates specific weights for each evaluation criterion based on the judgments provided by
experts [21], [22]. Analytic Hierarchy Process is well-suited to this study because it can
systematically incorporate expert judgments on multiple interacting factors (environmental,
social, technical, and regulatory) that affect refrigerator efficiency, as demonstrated in nuclear
safety assessments [23].

The procedure followed four operational stages. First, the specialised literature was
reviewed and grouped into environmental, social, techno-thermodynamic, and policy
dimensions. Second, these dimensions were translated into a hierarchical AHP structure
comprising four main criteria, twelve sub-criteria, and three intervention alternatives. Third,
nine experts completed individual pairwise comparison matrices using Saaty’s 1-9 scale;
individual judgments were aggregated through the geometric mean method, following standard
group AHP procedures. Fourth, priority vectors and Consistency Ratios were calculated for
each matrix, all values fell below the 0.10 threshold, and the final ranking was tested through
sensitivity analysis by varying the weights of the two dominant criteria (environmental and
social) by £20%.

The initial simplified hierarchy serves as a foundational model that can be elaborated to any
degree of complexity necessary for a realistic problem representation. A well-constructed
hierarchy must fulfil four key properties: it should be complete (representing all relevant
attributes), non-redundant, minimal (excluding superfluous elements), and operational. Its
formulation is arguably the most creative phase of the AHP and can involve negotiating
divergent perspectives among stakeholders. Securing a consensus on the final structure is
therefore an essential step before resolution. Although a single, consolidated hierarchy is a
powerful modelling tool, the model can be refined by decomposing it into more granular,
specialised hierarchies when sufficient data becomes available, a principle also highlighted in
energy system optimisation studies [24].

A panel of nine experts with backgrounds in energy efficiency, appliance engineering, and
environmental policy provided pairwise comparison judgments for all criteria and sub-criteria
using Saaty’s fundamental 1-9 scale. Each expert completed an individual comparison matrix,
which was then aggregated using the geometric mean method, following standard AHP group
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decision-making procedures. Consistency ratios were calculated for each matrix and for the
aggregated matrix to ensure acceptable logical coherence of the judgments (CR< 0.10).

The value function for each alternative is calculated as follows (Equation (1)):

F(a) = Zwivj (a) )
i=1

Where:
(a): indicates the final value of alternative a
w; denotes the weight of the i-th criterion
v; denotes the performance of the alternative in relation to the i-th criterion
Considering two vectors, X = (X1, X2, ..., Xn) and y = (Y1, V2, ..., V), their relationship can be
expressed in matrix notation as (2). Where A is the judgment matrix, given by (3).

A-x=y (2)
Wl/ W4 Wl/ %) Wl/ Wh
A= e Wy e W, W2/ Wn (3)
1" /w, " w, s

This relationship is expressed algebraically in Equation (4).
foai.x=1;i=1,2,3,..,n (4)
Since a;; % = 1, we get the Equation (5).
ay=t=1:ij1,2,3,...n (5)

Therefore, can be expressed by (6) or (7).

1
Z aij.Wj-;i =nmi=123..,n (6)
j=0
n

1 .
Zai,-.w,-ﬁ:nn =1,23,..,n (7
j=0

This can be expressed as the matrix equation (8).
Aw = nw (8)

The Consistency Index (CI), defined in Equation (9), measures the deviation of the
principal eigenvalue (Amax) from the matrix order (n). This deviation occurs because
inconsistencies in the pairwise comparison matrix (A) cause Amax to exceed n.

CI:}‘max—_n )
n—1
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The Consistency Ratio (CR) is defined by Equation (10).

_c

CR = —
RI

(10)

The RI parameter, or Random Index, represents the average CI of randomly generated
reciprocal matrices using the Saaty scale [19]. The final consistency evaluation is
performed by calculating the CR. For this research, the following interpretative scale
is adopted:

CR <0.1: Acceptable consistency

0.1 < CR < 0.2: Borderline or questionable consistency

CR > 0.2: Unacceptable inconsistency

A CR value of 0.2 or higher indicates that the pairwise comparisons at that stage are highly
inconsistent, and the expert is required to revisit and revise their judgments.

The criteria and sub-criteria were selected from the thematic classification of the
reviewed literature. Environmental aspects were addressed in 24 reviewed studies, for
example [25], [26], [27], 28], [29], [30]; social aspects in 23 for example [14], [31], [1], [15],
[12], [30], [17]; techno-thermodynamic aspects in 14 for example [32], [33], [34], [35], [36];
and policy aspects in 14 for example [28], [13], [37], [11], [17]. The criteria were refined to
avoid redundancy and ensure operational relevance: environmental criteria were defined as
contextual operating conditions external to the appliance (ambient temperature, relative
humidity, refrigerator location), while techno-thermodynamic criteria were defined as
intrinsic equipment attributes and heat-transfer mechanisms (refrigerator age, refrigeration
cycle efficiency, and cabinet/heat-exchanger heat-transfer losses).

The citation network mentioned above also qualitatively guided the selection of sub-criteria,
and its main themes and clusters are illustrated in Figure 1. This served only as a structural
reference, while all weights were strictly obtained from expert pairwise judgments in
accordance with the AHP methodology.

The hierarchical scheme of the model applied is shown in Table 1. The factors were
selected from the systematic literature review described in the previous section.

Table 1. Hierarchical scheme of the model.

Determining Criteria Sub-Criteria

Ambient temperature, Relative humidity, Refrigerator

Environmental .
location

Techno-thermodynamic Refrigerator age, Refrigeration cycle efficiency, Heat transfer

Social Door opening frequency, Thermal load, Socioeconomic strata

Energy labelling, Regulations and standards, Minimum

Policy performance standards

Environmental criteria were defined as contextual operating conditions surrounding the
household refrigerator’s use: ambient temperature, relative humidity, and equipment location.
Although these variables affect thermodynamic performance (e.g., ambient temperature raises
condensation temperature and thus reduces coefficient of performance, they are classified as
environmental because they represent external conditions of operation rather than intrinsic
design attributes of the appliance. Techno-thermodynamic criteria, in contrast, were defined as
equipment-level factors and heat-transfer mechanisms that are intrinsic to the appliance:
refrigerator age, refrigeration cycle efficiency, and cabinet/heat-exchanger heat-transfer losses.

In the AHP methodology, alternatives represent possible courses of action or scenarios that
are evaluated to determine the most suitable option according to established criteria [38].
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In this study, three alternatives were formulated to capture the various dimensions that
influence the energy efficiency of household refrigerators: (i) environment and refrigerator
usage, (ii) compressor technology, thermostat position, design, and insulation, and (iii) energy
labelling, regulations, and Minimum Energy Performance Standards.

This methodological framework enabled the identification of priority factors and
alternatives with acceptable consistency ratios, thereby strengthening the reliability of the
results presented in the subsequent section. At the same time, the general findings underscore
the need for a more contextual and nuanced multi-criteria approach to assessing refrigerator
efficiency; accordingly, the next section applies the Analytic Hierarchy Process to
systematically prioritise the identified factors.

Table 2 summarises the expert panel composition and the elicitation parameters used in the
AHP procedure. The nine experts were selected on the basis of their recognised professional
experience and disciplinary relevance to the study criteria.

Table 2. Expert panel composition and elicitation parameters

Parameter Description
Number of experts 9
Areas of expertise Energy efficiency, refrigeration engineering,

environmental policy, social and economic factors,
industrial engineering, electronics, sociology

Range of professional experience 12 to 30 years
Elicitation instrument Pairwise comparison matrices
Scale used Saaty scale 1 to 9
Aggregation method Geometric mean (AHP group)
Consistency threshold CR<0.10
CR of main criteria matrix CR=0.034
RESULTS

The expert panel for AHP was comprised of nine specialists with diverse backgrounds
and recognized experience in the topics associated with each defined criterion. This
methodological sequence strengthened the robustness of the analysis and guaranteed the
logical consistency of the judgments, measured through the Consistency Ratio
(CR = CI/RI), which reached an acceptable value of 0.034. The panel included experts with
professional experience ranging from 12 to 30 years, covering disciplines such as
environmental, mechanical, industrial, and electronic engineering, as well as sociology,
energy policy, and economics. Collectively, they provided insights on thermodynamic
analysis, refrigeration technologies, insulation materials, IoT-based monitoring, user
behaviors, socioeconomic factors, regulatory frameworks, and the economic implications
of energy efficiency. This combination of long-standing expertise and disciplinary
diversity, together with the careful selection of experts based on their proven relevance to
the research scope, ensured a rigorous and academically responsible evaluation of the
factors influencing refrigerator performance.

Determinant Criteria Hierarchy Analysis

The results of the pairwise comparison matrix for the determining criteria, obtained from
the aggregated judgments of the expert panel, show that the environmental factor received the
highest weight (0.5857), followed by the social criterion (0.3063). At the same time, the
techno-thermodynamic and policy criteria have a minor influence (0.0540 each). These results
highlight the significant role of environmental and social criteria in decision-making processes
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related to domestic refrigerator energy efficiency. Since the consistency ratio (CR = 0.034) is
well below the threshold of 0.10, it confirms that the judgments are consistent and the results
are reliable.

These weights should be interpreted as expert-derived priorities based on the hierarchical
model and the reviewed literature, rather than as direct measurements of electricity
consumption, refrigeration efficiency, or realised energy savings.

Table 3 presents the Consistency Ratio (CR) obtained for each pairwise comparison matrix.
All values are below the 0.10 threshold, confirming the logical coherence of the expert
judgments at every level of the hierarchy.

Table 3. Consistency Ratio per comparison matrix.

Comparison matrix Calculated Threshold Evaluation
CR

Main criteria 0.034 <0.10 Acceptable
Environmental sub-criteria 0.062 <0.10 Acceptable
Techno-thermodynamic sub-criteria 0.036 <0.10 Acceptable
Social sub-criteria 0.027 <0.10 Acceptable

Policy sub-criteria 0.000 <0.10 Acceptable (Perfect
consistency)

The aggregated pairwise comparison matrix for the policy sub-criteria yielded CR = 0,
indicating a perfectly consistent preference structure. This result is mathematically possible
when the aggregated judgments are fully transitive - i.e., when the geometric mean of the

experts’ individual matrices produces ratios that satisfy a;; % exactly for all pairs. It applies

exclusively to this specific matrix and does not imply that all individual expert judgments were
perfectly consistent.

These results are consistent with those reported by [26] and [37], who identified that
variables such as ambient temperature, relative humidity, and habitual refrigerator usage
patterns have a significant influence on actual energy consumption, especially in tropical
contexts.

The corresponding pairwise comparison matrix and priority vector for the main criteria are
presented in Table 4. To facilitate interpretation of the aggregated priorities, Figure 2
summarises the weights assigned to the four main criteria.

Table 4. Factors’ pairwise comparison matrix.

Pairwise Comparison Matrix Normal} zed
Matrix
o Environmental = Techno-thermodyna Social Policy Priority
Criteria )
1 mic Vector
Environmental 1 9 3 9 0.5857
Techno-thermo 1/9 1 1/7 1 0.0540
dynamic
Social 1/3 7 1 7 0.3063
Policy 1/9 1 1/7 1 0.0540
Zri 1.556 18 4.286 18 1

*Calculated consistency ratio: 0.034
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Figure 2. Priority weights of the main criteria derived from the aggregated expert judgments.

The significance of this research lies in the methodological innovation, which, while
acknowledging certain convergences with previous studies, moves beyond them by explicitly
integrating context-related environmental, techno-thermodynamic, social, and public policy
criteria. This multidimensional approach allows the findings to be more closely aligned with the
Colombian context, producing insights that are both context-sensitive and analytically robust. At
the same time, the framework remains sufficiently flexible to be adapted to other geographical
and sociocultural settings, thereby broadening the relevance and impact of the study.

Recent studies [1], [15], [39] demonstrate that even advanced refrigeration systems fail to
meet expectations when used in everyday, uncontrolled environments. From ambient
conditions to user habits, the context of operation proves to be just as decisive as the
technology itself in determining real energy efficiency.

Environmental Sub-Criterion Hierarchy Analysis

The pairwise comparison matrix for the Environmental dimension sub-criteria proves
that ambient temperature is the most critical factor, with a 0.7235 weight, followed by
relative humidity at 0.1932. In contrast, refrigerator location has the least importance, with a
0.0833 weight, and an acceptable consistency ratio of 0.062. These results emphasise that
variations in ambient temperature exert the most decisive influence on the energy
consumption and performance of domestic refrigerators. In contrast, humidity and
placement conditions, although relevant, play secondary roles, aligning with prior
experimental results [27], [37].

The results identify ambient temperature as the most influential sub-criterion, with the most
significant relative weight within this category. This finding confirms that minor thermal
variations can have a substantial impact on energy consumption. Relative humidity, although it
carries less weight, maintains a moderate level of influence, evidencing its secondary yet
relevant role. In contrast, the location of the refrigerator within the home obtained the lowest
priority, suggesting a more limited effect compared to the other sub-criteria evaluated. These
results align with those reported by [28] and [40], who have empirically demonstrated the
pre-eminence of thermal conditions over other contextual factors in the energy efficiency of
domestic refrigeration.

The results shown in Table 5 indicate that alternative 41, focused on environmental criteria
and real-use operating conditions, received the highest priority, with an approximately 63%
weighting. In the Colombian context, Ramirez Sanchez et al. [13] place residential
refrigeration within the national energy-efticiency policy discussion and show the relevance of
labelling and minimum-performance approaches for regulating household appliance energy
demand. Hasanuzzaman et al. [27] experimentally show that ambient temperature and cabinet
load influence heat transfer and refrigerator-freezer energy consumption under warm and
humid conditions. Biglia et al. [29] provide large-scale household monitoring evidence linking
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ambient temperature, appliance temperature, electricity consumption, and user practices in
domestic cold appliances. Andrade-Ambriz et al. [41] further show that frost accumulation on
evaporator surfaces reduces heat-exchange capacity and that accurate frost classification can
support the optimization of defrost operation. Together, these studies support the prioritisation
of A1, since environmental exposure and real-use conditions directly affect refrigerator
performance and should be considered when designing context-sensitive energy-efficiency
strategies.

Table 5. Analysis of alternatives for environmental sub-criteria

Sub-criterion/Alternatives Al A2 A3 Priorities
' Al 1 3 5 0.63
Ambient A2 13 1 3 0.26
Temperature
A3 1/5 1/3 1 0.11
Sub-criterion/Alternatives Al A2 A3 Priorities
_ Al 1 3 5 0.63
Relative A2 1/3 I 3 0.26
Humidity
A3 1/5 1/3 1 0.11
Sub-criterion/Alternatives Al A2 A3 Priorities
' Al 1 5 1 0.45
Refrigerator A2 1/5 115 0.09
Location
A3 1 5 1 0.45

Techno-Thermodynamic Sub-Criteria Hierarchy Analysis

The analysis shows that the refrigeration cycle efficiency received the most significant
weight (63.33%). This is consistent with prior experimental and simulation studies, which have
demonstrated that cycle design improvements, such as more efficient compressors, electronic
expansion valves, and adaptive control, can enhance system performance under realistic load
and temperature conditions.

Heat transfer (25.97%) is the second most influential sub-factor, highlighting the
importance of insulation quality, heat exchanger design, and frost control as determinants of
thermal performance to further reductions in energy consumption [32], [33]. This is further
supported by experimental findings in hybrid cooling systems, where optimised surface
configurations — such as finned tubes and corrugated plates — have demonstrated up to
threefold improvements in heat transfer efficiency under variable flow and temperature
conditions [34].

Finally, equipment age obtained a lower weight (10.70%), which reinforces that, while
technical innovations can improve energy efficiency, their impact is less significant if they are
not accompanied by a favourable installation and use environment.

Table 6 supports that alternative 42, which focuses on incorporating comprehensive
technological improvements, achieved the highest priority within the techno-thermodynamic
criterion analysis, with a 66% weighting. This alternative considers key elements, including the
selection of appropriate technologies, correct thermostat placement, thermally efficient design,
and the use of advanced insulation materials. This result is aligned with recent studies that
highlight the potential of emerging technologies such as oil-free linear compressors, low global
warming potential refrigerants, and phase-change materials to reduce both energy consumption
and the environmental footprint [33], [35], [36], [42]. Prioritising this alternative validates the
need to focus innovation and regulation efforts in these areas to achieve substantial
improvements in energy efficiency under real-life operating conditions.
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Table 6. Alternative analysis for techno-thermodynamic sub-criteria.

Sub-criterion/ Alternatives Al A2 A3 Priorities
Al 1 1/5 1/5 0.09
Refrigerator Age A2 5 1 1/3 0.30
A3 5 3 1 0.61

Sub-criterion/Alternatives Al A2 A3 Priorities
Refrigeration Cycle Al ! 15 > 0.25
Efficiency A2 5 1 5 0.66
A3 1/5 1/5 1 0.09

Sub-criterion/Alternatives Al A2 A3 Priorities
Al 1 1/3 5 0.30
Heat Transfer A2 3 1 5 0.61
A3 1/5 1/5 1 0.09

Social Sub-Criteria Hierarchy Analysis

Door opening frequency (66.89%) was the most relevant social sub-criterion, followed by
internal heat load (26.74%) and socioeconomic status (6.40%). These results evidence that user
behaviour has a significant impact on energy consumption, especially in environments with
high food turnover or shared equipment. This type of behaviour is not easily controlled by
technology, which represents an additional challenge for manufacturers.

The alternative analysis of these criteria (see Table 7) shows that the A1 option, focused on
user behaviour and thermal management, has the highest weighting (72%), confirming the
direct influence of practices such as door opening frequency and thermal load on energy
consumption [31], [43]. These habits can compromise efficiency even in technologically
advanced equipment, emphasising the need for awareness and education strategies to modify
user behaviours and enhance technological benefits [37], [44].

Furthermore, socioeconomic and cultural factors influence access to and effective
use of efficient technologies, maintenance decisions, and perceptions of energy
savings [14], [45], [46]. These results reinforce comprehensive approaches that articulate
technology, education, and differentiated policies, taking into consideration the specific
social context. Additionally, they emphasise the importance of public policies and
educational programs that focus on user behaviour, as well as design strategies
incorporating technologies aimed at mitigating inefficient use, such as opening sensors,
alarms, or thermal compartments, as suggested [42], [47].

Table 7. Alternative analysis for social sub-criteria.

Sub-criterion/Alternatives Al A2 A3 Priorities
Door Opening Al ! 7 > 0.72
Frequency A2 1/7 1 1/3 0.08
A3 1/5 3 1 0.19

Sub-criterion/Alternatives Al A2 A3 Priorities
Al 1 7 5 0.72
Thermal Load A2 1/7 1 1/3 0.08
A3 1/5 3 1 0.19

Sub-criterion/Alternatives Al A2 A3 Priorities
Socioeconomic Al ! / 3 0.64
Stratum A2 1/7 1 1/5 0.07
A3 1/3 5 1 0.28
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Policy Sub-Criteria Hierarchy Analysis

The analysis of the policy criteria revealed that regulation and standards have a dominant
influence (71.43%), while energy labelling and MEPS each account for 14.29%. The consistency
ratio obtained in this comparison was 0, which indicates perfect coherence in the judgments and
confirms the reliability of the results. This finding suggests that, in countries like Colombia,
where energy regulations are not yet mandatory or are outdated, their impact on market energy
efficiency is limited. This hierarchy stresses the role that regulations play in implementing
effective energy policies for domestic refrigeration by establishing a mandatory framework that
guides both manufacturers and consumers. Several studies have demonstrated that strong
regulatory frameworks are crucial in catalysing the transition to more efficient technologies,
while labelling and MEPS act as complementary mechanisms that facilitate informed
decision-making and promote technological renewal [21]. These findings reaffirm the need to
update public policies in Colombia, integrating regulatory, informational, and incentive
components that respond to real operating conditions and the national socioeconomic context.

Table 8 shows that alternative 43, which integrates energy labelling, regulatory frameworks,
and mandatory minimum performance standards under real-life operating conditions, achieved a
priority of nearly 70%. This high weighting reinforces the importance of strengthening
regulatory frameworks and labelling systems that more accurately reflect actual efficiency losses,
thereby facilitating the adoption of more efficient technologies [13], [28], [48].

Table 8. Policy sub-criteria alternative analysis

Sub-criterion/Alternatives Al A2 A3 Priorities

Al 1 1/5 1/7 0.07
Energy Labelling A2 5 1 1/5 0.23
A3 7 5 1 0.70

Sub-criterion/Alternatives Al A2 A3 Priorities
) Al 1 1/5 1/7 0.07
Reggig;);:nd A2 5 1 /5 023
A3 7 5 1 0.70

Sub-criterion/Alternatives Al A2 A3 Priorities
Al 1 1/5 1/7 0.07
MEPS A2 5 1 1/5 0.23
A3 7 5 1 0.70

The repeated pattern in Table 8 reflects the aggregated expert preference structure for the
policy sub-criteria: both energy labelling and MEPS received identical priority weights
(0.1429) because the geometric mean of individual judgments placed them at equal importance
relative to regulations and standards. The Consistency Ratio for this specific aggregated matrix
is CR = 0, a mathematically valid result that arises when the preference ratios in the matrix are
fully transitive. This does not imply that all individual expert judgments were perfectly
consistent; it reflects the outcome of the group aggregation for this particular comparison.

Several studies have highlighted the effectiveness of integrated policies, which combine
regulation, economic incentives, and consumer education, in accelerating the transition to more
efficient household refrigerators [3], [28], [49]. Together, these results consolidate a
multidimensional vision for strengthening the Colombian regulatory framework, aimed not
only at updating public policies but also at promoting technological innovation and defining
research priorities in line with global energy sustainability challenges.

To complement the numerical results reported in the tables, Figure 3 provides a visual
summary of sub-criteria weights within each dimension, showing the dominance of ambient
temperature (72.4%), door-opening frequency (66.9%), refrigeration cycle efficiency (63.3%),
and regulations and standards (71.4%) as the leading sub-criteria in their respective categories.
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Figure 3. Priority weights of sub-criteria within each main dimension, derived from the aggregated
expert pairwise comparison matrices.

(a) Environmental sub-criteria (b) Techno-thermodynamic sub-criteria
(c) Social sub-criteria (d) Policy sub-criteria
Determinant Criteria Alternative Analysis

The final ranking of the three alternatives evaluated through the Analytic Hierarchy
Process is reported numerically in Table 9 and visualised in Figure 4. Alternative A1 ranked
first, followed by 42 and 43

Table 9. Prioritisation of energy efficiency strategies for refrigerators.

Alternatives Code Priorities
Environment and use of refrigerators Al 0.61
Technology of the compressor, thermostat position,
. . . A2 0.22
design, and insulation
Energy labelling, regulations and MEPS A3 0.17

A3 - Labelling,
regulations & MEPS
A2 - Technology

(compressor, insulation)

Al - Environment

& refrigerator use

I 17%

I 22%
T 61%

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Priority Weight

Figure 4. Global priority ranking of energy efficiency strategies derived from the AHP analysis.
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Alternative A1 stands out for prioritising educational and awareness-raising interventions,
as well as adjustments to equipment layout, which address the root causes of the main
consumption factors reported in the specialised literature [50], [51], [46], [31]. For example,
campaigns aimed at reducing the frequency of door openings or encouraging proper
maintenance can generate savings greater than those derived solely from technological
improvements, as highlighted by [43] and [45].

The alternative A2 leverages advances in technologies proven effective in other
contexts [32], [36] and advanced insulation, although its deployment in Colombia is
constrained by economic and regulatory factors, as noted by [17], [44]. Furthermore, the
feasibility of rapidly disseminating these innovations depends on proper integration with
existing domestic infrastructure.

Alternative A3 enhances the effectiveness of energy policies through continuous
improvements in labelling and the adoption of MEPS tailored to local conditions [37]. The
success of these measures is linked to their adaptation to domestic operational reality and the
widespread dissemination of information that guides consumer behaviour [14].

The robustness of the AHP model, tested against significant variations in the weights of the
most sensitive criteria, confirms that alternative 41 remains a priority even if technological
incentives or regulatory requirements were increased. To teste robustness, we varied the
weights of the most influential criteria-environmental (0.5857) and social (0.3063)- by 20%
without altering the overall ranking. Even with such variations, the alternative focused on the
environment and real-world use remained the highest priority (61%), well above the
technological (22%) and regulatory (17%) options. This means that only changes greater than
39% (the absolute difference between A1 and 42) could invert the ordering, confirming the
robustness of the model.

This underlines the importance of developing integrated strategies where user participation
and the treatment of contextual criteria are the core of any energy efficiency intervention.

In summary, the convergence of evidence reveals the need for future policies, designs, and
regulations to prioritise both user education and awareness, as well as technological and
regulatory adaptation to Colombia’s specific challenges, aiming at a holistic perspective that
has proven to be more effective in reducing actual energy consumption and moving toward
sustainability.

DISCUSSION

The energy performance of domestic refrigerators is determined by environmental,
techno-thermodynamic, social, and policy factors, which influence their power consumption,
the efficiency of the refrigeration cycle (COP), and the heat load the system must
extract [52].

Among these, environmental factors play a particularly critical role. Household indoor
temperature is the most influential environmental factor in domestic refrigerators’ energy
consumption [29], accounting for up to 18% of a refrigerator’s annual energy consumption [3].

This is because the higher the indoor temperature, the greater the temperature gradient
with the interior. The compressor operates longer, resulting in increased energy
consumption [53], [54]. In addition, it raises the condensation temperature of the refrigerant,
decreasing COP and also increasing electricity consumption [27].

High humidity introduces water vapour into the cabinet when the door is opened, which
condenses and freezes in the evaporator, adding a latent heat load that forces the system to
carry out additional compression or defrost cycles, thereby worsening the energy
performance [43].

In tropical humid environments, frost control links environmental and
techno-thermodynamic dimensions because moisture ingress during door openings may
condense and freeze on evaporator surfaces, increasing thermal resistance and defrost demand.
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The refrigerator’s physical location influences its efficiency. If it is placed close to heat
sources, near the walls, or in areas with poor ventilation in the condenser, it raises the
condensation temperature, thus reducing energy efficiency [30], [55]. The importance of this
factor lies in the fact that it is the only environmental determinant that refrigerator users
can control.

In addition to environmental influences, techno-thermodynamic aspects also play a
fundamental role. The techno-thermodynamic dimension considers design, technology, and
operating conditions of their components as factors that determine their energy efficiency
throughout their lifespan. The age of the refrigerator negatively influences energy consumption,
due to deteriorating thermal insulation and door seals, as well as wear of compressors and
control systems, which increases heat loss and reduces the coefficient of performance,
resulting in energy loss between 10% [3] and 30% [56] compared to a new one.

The efficiency of the refrigeration cycle is highly contingent on the type of compressor,
refrigerant, and technology used. Modern models with inverter compressors and refrigerants
such as R-600a can adapt their operation to thermal demand, reducing start-stop cycles and
improving the COP compared to conventional equipment [57].

The heat transfer between the condenser, evaporator, and the environment is a critical
aspect: dirty exchangers, accumulated frost, or poor ventilation increase thermal resistance,
which in turn increases electricity consumption [27].

Beyond these technical aspects, social factors also exert a considerable influence. People’s
habits and socioeconomic status have a significant influence on the energy performance of
refrigerators. The frequency of door openings is one of the most critical factors that increases
the thermal load and the compressor operation time [43]. Also, the thermal load, resulting from
the quantity and temperature of the food introduced, drives the compressor’s operating time.
Those factors can account for more than 13% of the yearly energy consumption in real
operating conditions [58]. Finally, socioeconomic conditions influence both the acquisition of
efficient equipment and its usage patterns: higher-income households tend to replace older
equipment with more efficient models. They are usually more able to maintain energy-efficient
practices, while lower-income families tend to have outdated equipment and habits that
increase energy consumption [55].

In parallel, policy-related factors also play a decisive role in shaping energy performance
outcomes. Regulatory frameworks and consumer information define the technological offering
and users’ purchasing decisions. Energy labelling enables consumers to compare the energy
efficiency of different models, introducing market incentives for manufacturers incorporating
technological improvements that enhance energy performance [28]. The regulations and
standards established by governments ensure that appliances meet basic efficiency levels.
Minimum Energy Performance Standards are the primary policy instruments, as they
progressively strengthen requirements, forcing the industry to innovate in compressors,
insulation, and control systems [3]. However, these standards do not always account for
performance degradation due to ageing [56]| or variations resulting from actual usage
conditions, which limits their ability to reflect energy consumption throughout the entire life
cycle accurately.

Despite the widespread enforcement of Minimum Energy Performance Standards and
labelling schemes, the evidence suggests that a critical energy performance gap between rated
laboratory efficiency and actual electricity consumption of domestic refrigerators in tropical,
developing economies remains.

Existing policy and design paradigms fail to bridge this gap because they often treat
efficiency determinants in isolation, overlooking the complex, non-linear interdependencies
between demanding ambient thermodynamic conditions, resource-constrained user behaviours,
and technological obsolescence.

Consequently, there is a distinct lack of comprehensive, multi-criteria decision-making
frameworks capable of systematically quantifying and hierarchising these heterogeneous
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variables (environmental, social, techno-thermodynamic, and policy). This deficiency hinders
the formulation of robust, evidence-based strategies to decouple the growing demand for
residential cooling from intensive energy use, thereby constraining progress toward genuine
sustainability in the sector.

CONCLUSIONS

This study delivers four principal contributions. First, it provides a replicable
methodological framework for prioritising the determinants of refrigeration energy
consumption in tropical, low-income settings by integrating context-specific environmental,
social, techno-thermodynamic, and policy dimensions. Second, the expert-derived Analytic
Hierarchy Process priorities indicate that environmental and real-use variables were judged to
be highly influential in domestic refrigerator energy performance, although these priorities
should not be interpreted as direct field measurements of electricity consumption or quantified
expected energy savings. This finding highlights the need to complement technological
improvements with contextual strategies related to operating conditions, user behaviour, and
policy adaptation. Third, for manufacturers, the results support tropicalised design strategies,
improved insulation, robust heat-exchanger performance, and door-opening sensors or alarms.
For regulators, they support labelling and minimum energy performance standards that better
reflect tropical real-use conditions. For educators and energy-efficiency programmes, they
support targeted guidance on door-opening frequency, thermal load, equipment location, and
maintenance. Finally, the study establishes a foundation for subsequent research to apply this
methodology in other tropical nations and to supplement it with empirical field data. The scope
of this work is deliberately focused on the Colombian context and comparable tropical regions.
Although the expert panel was intentionally selected for its disciplinary diversity and proven
experience in energy efficiency, refrigeration technologies, user behaviour, socioeconomic
analysis, and policy frameworks, the findings remain conditioned by expert elicitation and
literature-informed criteria. Therefore, the Analytic Hierarchy Process priorities should be
interpreted as a structured expert-based ranking rather than as direct evidence of measured
electricity consumption or quantified expected energy savings. Future research should validate
these priorities through in-situ household measurements, assess their relationship with
measured household energy savings, and test the transferability of the framework in other
tropical regions.
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NOMENCLATURE
Symbols
A judgment matrix -]
Ccl consistency index -]
CR consistency ratio -]
F(a) final value of alternative a -]
n matrix order -]
RI random index -]
Vi performance of the alternative in relation

to the i-th criterion -]

Journal of Sustainable Development of Energy, Water and Environment Systems 16



Arencibia Avila, K. J., Cabello Eras, J. J., et al. Year 2027

Beyond Technology: An Analytic Hierarchy Process-Based... Volume 15, Issue 1, 1140762
w vector of weights -]

Wi weight of the i-th criterion -]

X vector x -]

y vector y -]

Greek letters

Amax principal eigenvalue -]

Subscripts and superscripts

i i-th criterion -]

j index j -]

Abbreviations

AHP Analytic Hierarchy Process

CO: carbon dioxide

COP coefficient of performance

MEPS minimum energy performance standards

VCTI Vice-Rectorate for Science, Technology and Innovation
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