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Abstract

Educational resource utilization efficiency (ERUE) and productivity growth are considered
current global challenges that the modern world faces. This study evaluates the educational
resource utilization efficiency, dynamic productivity change, and regional discrepancies in
technologies involved in educational resource utilization in 35 European countries and four
regions. DEA Super SBM, Meta frontier analysis, and Malmquist productivity index are
employed to gauge the ERUE, technology gap ratio (TGR), and total factor education
resources productivity change. A set of inputs and outputs is used from 35 European coun-
tries for the study period of 1998-2021. Results revealed that the average ERUE in Euro-
pean countries is 0.6312, Which indicates a 36.88% improvement potential in educational
resource utilization. Southern Europe continuously exhibits superior average ERUE scores
(0.6871) compared to other regions, indicating a higher efficiency in using educational
resources. Luxembourg (1.0813), Czechia (0.9356), and Slovenia (0.8984) are found to be
the top three performers in terms of ERUE level. The technology gap ratio value is highest in
Southern Europe. It demonstrates that southern European countries used the most
advanced technology in education resource utilization. The average Malmquist Index (Ml) in
European countries is 1.0349. It Indicates a 3.49% growth in educational resource utiliza-
tion. Technology is the primary determinant of productivity growth, as Technological change
is higher than efficiency change. Southern European countries showed the highest Ml of
1.0542. ltaly, Lithuania, and Serbia were found to have higher average Ml scores over the
study period (1998-2021). Finally, the Kruskal Wallis test proved that ERUE and TGR in 4
different regions of Europe are heterogeneous. In contrast, the Ml in European regions isn’t
found to be significantly different.
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1. Introduction

Education provides the skills and critical thinking needed in ever-changing societies. Educa-
tion boosts productivity, creativity, and competitiveness, improving employment access,
inequality, and foreign investment [1, 2]. Education empowers marginalized communities and
promotes inclusivity, civic involvement, and empathy, uniting various cultures [3]. Education
helps people participate and adapt to global issues like healthcare, sustainability, and technol-
ogy. Education shapes society and promotes economic prosperity, peace, and a better future
[4]. Quality education is crucial to nation-building. It gives citizens the knowledge, skills, and
critical thinking to boost economic growth, innovation, and social change. A well-educated
population creates a skilled workforce, attracts investments, and encourages entrepreneurship,
which enhances industries and worldwide competitiveness [5]. Quality education boosts com-
munity engagement, informs decision-making, and improves democratic institutions, pro-
moting stable governance and inclusive growth. Quality education empowers individuals to
contribute meaningfully to their country’s growth and ensures a brighter future for future gen-
erations [6].

Due to abundant resources, advanced technology, and qualified educators, developed coun-
tries’ educational institutions offer innovative curricula and diversified opportunities. Educa-
tional gaps arise from low funding, overcrowded schools, and scarce resources in
underdeveloped countries [7, 8]. Despite these challenges, many developing countries are
improving their systems through inclusive legislation, teacher training, and curricular revi-
sions, showing resilience and a dedication to learning. Quality education is essential for social
and economic success; bridging different systems is critical for global prosperity [9]. The effi-
cient utilization of educational resources varies across nations, reflecting their priorities and
strategies. Developed countries frequently allocate substantial funds to education to provide
modern facilities, modernized technology, and well-trained educators [10-12]. These nations
emphasize research, innovation, and interdisciplinary learning to maximize resource impact.
In contrast, developing nations confront resource limitations but strive for efficiency through
targeted investments, community engagement, and adaptable teaching methods [13]. Numer-
ous countries partner with international organizations or digital platforms to broaden educa-
tional access. Despite divergent approaches, nations recognize that optimizing resource
utilization is essential for empowering learners, driving socio-economic growth, and fostering
a globally competitive workforce [14].

The development of a high-quality education system has underpinned Europe’s progress.
Numerous European nations have well-established educational systems with rigorous stan-
dards, highly trained educators, and a comprehensive curriculum [15, 16]. These Countries
prioritize inclusive and accessible education, frequently providing citizens and international
students with free or low-cost higher education options. The European Higher Education
Area (EHEA) encourages harmonizing educational systems, student mobility, and interna-
tional collaboration [17]. In addition, innovative teaching methods, advanced research facili-
ties, and digital integration contribute to Europe’s academic reputation. Consequently,
European nations continue to shape a dynamic educational landscape that fosters critical
thinking and cultural awareness and prepares students to excel in a constantly evolving global
context [18, 19]. However, efficiency in allocating educational resources varies across Euro-
pean nations, reflecting diverse approaches and priorities. Nordic nations such as Finland and
Sweden are renowned for their equitable distribution of resources, which places a premium on
teacher training, individualized instruction, and student welfare [20]. Germany places a high
priority on vocational education, combining classroom instruction with training in practical
skills. In contrast, Southern European countries struggle with resource allocation due to
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economic constraints, resulting in disparities in infrastructure and class sizes [21]. Increas-
ingly, Eastern European nations are investing in education, leveraging technology and interna-
tional partnerships to improve resource efficiency. The commitment to quality education,
tailored to each country’s context, to cultivate a skilled workforce and societal development is
a unifying factor among diverse approaches [22, 23].

EU member states are working to improve educational resource utilization. The EU has
launched numerous measures to optimize resource allocation and use in its different educa-
tional systems, recognizing education’s vital role in economic growth, social cohesion, and
individual empowerment [24]. These programs promote member-state information sharing
and best practices. Innovative teaching methods, digital technologies, and pedagogical tactics
are shared on EU platforms. Educators can improve resource efficiency and student perfor-
mance by collaborating internationally. The EU also promotes digital technology in education
[25]. Member states have received capital and policy support for digital curriculum delivery,
evaluation, and administration tools. This streamlines resource allocation and improves edu-
cation, especially in remote or impoverished areas [26]. The European Union has actively
advocated for Open Educational Resources (OER) and materials with open access. Through
the transparent sharing of educational content among member states, there is an opportunity
to minimize redundancy, decrease textbook costs, and enhance the availability of learning
materials. This initiative aligns with the EU’s objectives of democratizing and fostering inclu-
sivity in education [27]. The EU promotes education resource efficiency in its member states
through collaborative research, policy coordination, and targeted funding. The EU uses inno-
vation, technology, and common expertise to improve education and prepare its inhabitants
for the future. Educational resources, geographical diversity, and technology variety across
Europe create significant opportunities and difficulties. Educational resources vary widely by
geography, typically reflecting economic and historical differences [28, 29].

Schools in more developed areas have superior funding, facilities, and resources. It may
improve education, educational materials, and technology access. Poorer or distant areas may
lack resources, facilities, and educational technology [30, 31]. European regional and cultural
variety affects educational agendas and curriculum needs. Countries may stress different sub-
jects or talents based on their economies, morals, and histories. Diversity broadens pupils’ per-
spectives and emphasizes the need for specialized resource allocation and curriculum
improvement [32]. Technology heterogeneity is noteworthy. Some European countries have
embraced digital innovation and integrated technology extensively into their education sys-
tems. Still, others struggle with unequal access to technology, varying levels of digital literacy
among educators and students, and different technology integration policy frameworks [33].
National and international activities address these inequities. The European Union and the
Council of Europe have funded projects to reduce educational inequality, share best practices,
and promote digital literacy between member states. Cross-border partnerships and OER shar-
ing can help close gaps and distribute educational advantages more evenly [34]. European
countries take numerous steps to enhance educational resources utilization efficiency (ERUE),
and productivity growth and minimize the regional discrepancy in their technological usage in
education sectors [35].

However, the level of success in the mission of educational resource utilization efficiency,
productivity change, and regional technological heterogeneity gaps in Europe is undiscovered
and worth comprehensive investigation. To this end, in the first stage, this study applied the
DEA Super-SBM model to estimate educational resources utilization efficiency (ERUE) for a
well-stretched period of 1998-2021. It explores the level of accomplishment in the ERUE
enhancement program over the study period in different European countries and regions. The
super SBM model also distinguishes among the efficient countries. The study employed the
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Meta-frontier analysis in the second stage to gauge the technological gap ratio in four regions
(Northern, Eastern, Western, and Southern Europe). Thirdly, the study used the Malmquist
productivity index to gauge the total factor of educational productivity in different European
countries. It evaluates the main determinant of productivity change (efficiency or technologi-
cal change) over the study period. Finally, the Kruskal-Wallis test is employed to gauge the sta-
tistically significant difference among 4 European regions for mean RUE, MI, and TGR. The
rest of the study is organized as follows. Section 2 illustrates the comprehensive, relevant litera-
ture review. Section 3 and 4 describes the methodology used in the study and Variables selec-
tion and data collection. The results and discussion are discussed in section 5. Section 6
illustrates the conclusion and policy implications.

2. Literature review

Numerous research studies evaluate the efficiency and productivity of educational resources in
different countries and regions. Guarini et al. [36] examined how private and public resources
impact educational achievement in Italy, utilizing Sen’s capability approach. They analyzed a
1993-2012 longitudinal dataset derived from the Italian Statistical Institute’s social survey and
employed a panel stochastic frontier model to address endogeneity. Their study revealed the
importance of private wealth, the synergy between it and public education spending, and the
positive effects of social capital and government quality on efficient educational resource allo-
cation. Similarly, Higgins et al. [37] summarize recent research from Heriot-Watt University
and the UK Center for Education in the Built Environment, focusing on the challenges of bal-
ancing effective teaching and resource efficiency in formative assessment. This study empha-
sizes the benefits of formative assessment, where students receive feedback for improvement
without grading. The research demonstrates the positive impact of formative assessment on
higher education learning.

Using Data Envelopment Analysis (DEA) and two-way fixed-effect panel data analysis, the
study found that East and Southeast Asia have the most efficient educational systems among
the 53 countries studied. The study underscores the varying impact of education on competi-
tiveness based on a country’s development stage and location. It suggests that governments
should align growth priorities with their developmental stage and regional context while con-
sidering competitiveness [38]. Veremchuk et al. [39] assessed ten educational libraries and
found that users have varied objectives, with students seeking textbooks and interaction, while
scholars prioritize reference, research, and electronic resources. Bhutoria and Aljabri [40] ana-
lyze school resource and personnel management efficiency in OECD and MENA countries
using TIMSS 2019 data from 5,164 schools across 26 nations. They find technical inefficiencies
in schools in both regions, highlighting that educational resources alone do not guarantee
improved learning outcomes. The study underscores the importance of effective educational
management systems, student discipline, and personnel management in enhancing school-
level efficiency. It recommends prioritizing school-level administration, discipline, and stake-
holder engagement to improve technical efficiency rather than solely focusing on increasing
resources. Nojavan et al. [41] assess technical inefficiency in school resource and personnel
management in OECD and MENA countries. They find inefficiencies in schools and stress the
need for effective educational management and discipline, emphasizing school-level adminis-
tration and stakeholder engagement over resource quantity.

In another, the relationship between ICT adoption and school efficiency is examined using
2018 PISA data from 5,400 schools. The analysis reveals low ICT efficiency in schools, mainly
attributed to their ability to convert ICT-mediated instructional time into effective learning
experiences, highlighting challenges in transitioning to digital learning environments [42].
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Delahoz-Dominguez et al. [43] use three DEA methods to assess academic efficiency in
Colombian engineering schools. They find that 14.3%, 29.8%, and 88.7% of programs are effi-
cient. This study uniquely integrates high school and college standardized test results as input
variables, emphasizing quality and efficiency. It demonstrates that more efficient colleges can
optimize human resources and highlights the positive impact of high-quality credentials on
university productivity. The research introduces an analytical methodology for evaluating
degree programs, aiding informed decision-making in education. Munoz and Queupil [44]
evaluate the effectiveness of Chilean secondary education institutions following educational
reforms. They use Data Envelopment Analysis (DEA) to create an efficiency index, comparing
schools based on student performance and socio-economic variables. Findings indicate private
schools are more efficient, and publicly sponsored schools outperform public ones when con-
sidering socio-economic factors. This study informs Chilean educational policymaking, focus-
ing on resource allocation for enhanced quality and equity in secondary education. It
emphasizes the importance of education in social mobility and economic growth, offering a
unique and comprehensive analysis with practical implications for decision-makers.

This study introduces a data envelopment analysis (DEA) method to assess university
teaching and research efficiency. It identifies 16 key performance measures and uses joint
DEA maximization for evaluation. A hypothetical case demonstrates the model’s effectiveness,
and the study explores its potential for university performance improvement and resource
optimization, benefiting academics and administrators [45]. Xu and Liu [46] introduce a novel
method for assessing the efficiency of education and technology within national science and
education departments. Using Data Envelopment Analysis (DEA) and panel data from 53
countries, the study reveals efficiency progress in East Asian countries and some developing
nations. It also explores the impact of educational and technological efficiencies on national
competitiveness, balanced development, energy efficiency, export, and employment. Findings
indicate that technological efficiency promotes balanced development, while educational effi-
ciency hinders it. The study further highlights the evolving contributions of educational and
technological efficiency to development, influenced by economic development and policies
from 2000 to 2014. This study contributes valuable insights to inform policymaking in educa-
tion and technology, building upon relevant findings in the field [47-55].

3. Methodology

Data Envelopment Analysis (DEA) is a commonly used linear programming technique
employed to assess the relative efficiency of decision-making units (DMUs) within various
industries [56, 57]. The selection of Data Envelopment Analysis (DEA) over Stochastic Fron-
tier Analysis (SFA) is due to DEA’s non-parametric nature, flexibility with diverse inputs/out-
puts, ability for relative efficiency comparison, and ease of interpretation. The foundational
constant return to scale model (CSR) was introduced by Charnes et al. [58], and later, Banker
et al. [59] modified it to the variable return to scale (VSR) model. Building upon DEA method-
ology, Tone [60] further contributed to the field by proposing the Slack-based Measure (SBM)
model.

3.1 DEA Super-SBM model

The CCR-based radial DEA model falls short of comprehensively addressing the impact of
idleness on productivity. In response to this limitation, Tone [60] introduced the SBM (Slacks-
Based Measure) and super-efficiency SBM models as alternative methodologies. SBM repre-
sents a non-radial approach to assess efficiency in scenarios where input and output do not
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vary proportionally [61]. By amalgamating the concepts of super-efficiency and SBM, the
super-efficiency SBM model emerges as a robust modeling framework.

The core premise of the super-efficiency evaluation method involves isolating the efficient
evaluation unit from the set and appraising it independently. Consequently, the original
assessments of non-efficient values remain unchanged, while evaluations of efficient values
may exceed 1. The SBM model offers an expedient solution for addressing input excess and
output deficiency promptly. In the SBM model, the data unit remains constant, enabling the
systematic adjustment of input and output slack variables to compensate for deficiencies in an
equitable manner. A notable advantage of the SBM model over its counterparts lies in its preci-
sion when evaluating the efficiency of less efficient DMUs (Decision-Making Units).

In the context of this formulation, we have a set of decision-making units (DMUs) denoted
by 1, each comprising input and expected output vectors. Specifically, we have three vectors
x € RM y8 € R¥y® € R¥, representing the expected output of S; given m units of input. It’s
important to note that all these vectors are assumed to be positive X>0, Y>>0, Y®>>o0.

The production possibility set is defined as follows:

=[x, %,,...,%y] € RVM,

Y5 = [y, %] € RV,

Now, let’s consider the set P, which captures the relationship between these vectors and
their optimal counterparts:

P={(x,55)")],x > Xn|,y* < Yn|,y" > Yn|,n > 0} (1)

In Eq (1), it’s implied that the actual expected output (xoygo,ybo) for a given DMU (x) may
fall short of the optimal expected output achievable on the frontier. Tone’s SBM (Slacks-Based
Measure) model takes this into account by considering the slack or the difference between the
actual and optimal outputs when assessing a DMU.

The SBM model incorporates the production possibility set to evaluate how efficiently a
DMU operates relative to its full potential, considering both inputs and outputs. This allows
for a more nuanced assessment, acknowledging that DMUs might not always achieve their
optimal levels of production or output efficiency.

1M S
-5

1 st 8 s2 s

1 + §1+82 (Zr:l yfo + Zr:l y’;o

Y = min

@
)

X, =Xn+S$
y(g]:an_Sg
s.t. b v
Y=Y'n+S$

$>0,8>08>0n>0

In Eq (2), the symbol y represents the efficiency of the DMU, and its value falls within the
range of 0 to 1. The variables (S"S7,$8,8”) correspond to input, output, and slack, respectively.
A DMU is considered to be operating at the frontier of production only when its technical effi-
ciency y) is equal to 1, and | three slack variables §,88,S are equal to 0. When  is less than 1,
it indicates that the DMU is operating inefficiently. To transform the nonlinear Eq (2) into a
linear model, you can employ the Charnes-Cooper transformation. This transformation is a
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common approach in Data Envelopment Analysis (DEA) to linearize the model and facilitate
efficiency evaluations. It allows for a more straightforward analysis of the relative efficiency of
DMUs by introducing additional variables and constraints. These linearized models can be
solved using linear programming techniques.

(g

1 s1
1=T+_—— .
+31+32<Zr1y¥ rlym)
x0T =Xp+S

NT =Y:p—§
WT=YB+S
$>08>08>0p>0T2>0

Indeed, in some cases, certain decision-making units (DMUs) can be effective at assessing
the technological efficiency of alternatives. To address these situations and provide a fairer
approach to efficiency measurement, the Super SBM model (Super-Efficiency Slacks-Based
Measure model) was developed by building upon existing research. This model extends the
previous work in order to offer a more comprehensive and equitable method for evaluating
efficiency.

1 M zi
_Zizlﬁ

1 S1 yr §2 ‘?yr
s (S + T2 %
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The super-efficiency of a decision-making unit (DMU) is represented by y* in Formula (4),
and it is possible for y* to exceed 1. This signifies that the DMU is not only efficient but is
operating at a level of efficiency that surpasses the efficiency of the most efficient DMUs in the
dataset. In other words, a ™ value greater than 1 indicates that the DMU is exceptionally effi-
cient compared to its peers and represents a benchmark for others to strive towards.

3.2 DEA-meta frontier model

The Meta-frontier Model provides greater precision in estimating DMU (Decision Making
Unit) efficiency when comparing various groups. For an objective evaluation of DMUs within
the same group, where all entities have access to the same technology, it is therefore recom-
mended to conduct comparisons within that group. The Technological Gap Ratio (TGR) is a
valuable tool for measuring the technological advancement disparity between distinct groups.
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This TGR can be presented to a specific audience to illustrate the disparities between the
groups’ technological development [62].

TGR = ———— (5)

In this context, GERUE;i represents the educational resources utilization efficiency (ERUE)
of Decision-Making Units (DMUs) belonging to a particular group. Conversely, MERUE rep-
resents the Meta-ERUE, which encompasses DMUs from the entire population, spanning all
groups. The Technology Gap Ratio (TGR) serves as a metric for quantifying the disparity
between these two categories of DMUs. It assesses how the technology level of the meta-fron-
tier (comprising all DMUs) compares to the technology level of a specific group’s frontier.
When the TGR has a value of 1, it signifies that there is no technological gap or difference
between the group’s performance and the meta-frontier. In other words, the group’s technol-
ogy is on par with the overall average technology level [63].

3.3 DEA-Malmgquist productivity index

The Malmquist productivity indices provide Decision-Making Units (DMUs) with a means to
monitor the progress of efficiency enhancements across time. Nevertheless, the reliability of
these indices is contingent upon the assumption that the production function faithfully reflects
the prevailing technological condition. DEA models are employed to pinpoint the location of
this efficiency boundary, offering insights into how efficiently resources are being utilized and
highlighting areas for potential improvement. The characteristics of a particular DMU
(DMUj) are defined by the output variation between two consecutive periods, "t" and "t+1"
[64].

Dy (™ i) DY y6) D (i, p )]
M — b 9 9
! D (xy4) Di(x,y5) D ()

o Where: D} (x}, ) indicate the TE estimation of DMUj for period t,
o DM (x™, y5') indicate the TE measurement of DMUj for period t+1.
o Di(x{™, yi") shows the change in TE from t to t+1.

« The TE of a specific DMU (DMUj) at time t+1, denoted as Dj;"' (x{, ¥} ), is determined by
using its data from period t and comparing it with the data from period t+1.

3.4 Kruskal-Wallis test

Kruskal-Wallis is a non-parametric statistical test used to compare three or more independent
samples to determine whether they originate from the same population or have statistically sig-
nificant differences. It is frequently used when the assumptions of normality and homogeneity
of variances required by conventional analysis of variance (ANOVA) tests are not satisfied.
The test, named after its creators William Kruskal and W. Allen Wallis, ranks the values from
all the samples and then calculates a test statistic based on the ranks [65]. This test statistic fol-
lows a chi-squared distribution, and its significance assists researchers in determining whether
differences between sample medians are likely due to chance or represent meaningful distinc-
tions. If the Kruskal-Wallis test reveals a statistically significant difference between groups.
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Table 1. Variables employed to estimate the educational resources utilization efficiency.

Inputs Outputs

Government expenditure on education, total (% | Literacy rate, youth (ages 15-24)
of government expenditure)

No. of Teachers in Primary Education Educational attainment, at least completed upper secondary,
population 25+, total (%) (cumulative)

No. of Teachers in Secondary Education

No. of Teachers in upper secondary education

https://doi.org/10.1371/journal.pone.0295979.t001

This study employed the Kruskal-Wallis test to gauge the Statistical Significant difference
among average ERUE, MI, and TGR in four regions of Europe.
Hoy: The average ERUE scores are the same across four different European regions.
Ho,: The average MI scores are the same across four different European regions.
Hos: The average TGR scores are the same across four different European regions.

4. Variables selection and data collection

Inputs-outputs selection in DEA estimation has great importance for the credibility of results
[66-68]. Table 1 clearly shows the factors carefully chosen to determine how well educational
resources are being used. Evaluating the efficiency of educational resources is important for
knowing how well different inputs lead to the desired educational results. The following vari-
ables are being selected based on previous studies that used DEA to gauge the efficiency of edu-
cational resources [69, 70]. One of the input factors is "Government Expenditure on
Education, Total (% of Government Expenditure),” which shows how much of a country’s
total government spending goes to education. It shows how committed the government is
financially. The "Number of Teachers in Primary Education,” "Number of Teachers in Second-
ary Education,” and "Number of Teachers in Upper Secondary Education” numbers also show
how many people are working as teachers at different levels.

On the other hand, the output factors include "Literacy Rate, Youth (Ages 15-24)," which
shows how well young people can read and write, and "Educational Attainment, At Least
Completed Upper Secondary, Population 25+, Total (%)," which shows how well adults did in
school. By looking at these factors together, stakeholders can learn much about how well edu-
cational resources are used to reach educational goals. It helps them make smart choices about
how to improve the system.

Table 2. Countries under evaluation for educational resource utilization efficiency.

Northern Europe

Denmark
Estonia
Finland
Ireland
Latvia
Lithuania
Norway
Sweden

United Kingdom

https://doi.org/10.1371/journal.pone.0295979.1002

Eastern Europe Western Europe Southern Europe
Austria Albania
Belgium Andorra
France Croatia
Hungary Germany Greece
Luxembourg Italy
Moldova Netherlands Portugal
Romania Switzerland Serbia
Russian Federation Slovenia
Spain
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1.

0.8
0.6
0.4
0.2

Denmark NN

Estonia I

Finland N
Ireland NN

Latvia I
Lithuania I

For the purpose of figuring out how well educational resources are being used, Table 2
divides 35 European countries under evaluation into four regions: Northern Europe, Eastern
Europe, Western Europe, and Southern Europe. The data for these 35 countries was collected
from world development indicators (WDI) for 1998-2021. Iceland, Bosnia and Herzegovina,
Liechtenstein, Malta, Montenegro, North Macedonia, Monaco, San Marino, and Vatican City
were excluded due to a lack of data availability.

5. Results and discussion

5.1 Super-SBM results

This study applied the super SBM model to evaluate the ERUE in 35 European countries
Using the inputs and outputs discussed in Table 1. Results in Fig 1 show that the ERUE scores
of Luxembourg, Czechia, Slovenia, Slovak Republic, Andorra, Croatia, Russian Federation,
Greece, and Estonia range from 0.80 to 1.0813. It makes them a top performer in the 35 coun-
tries under evaluation. While Bulgaria, Latvia, Romania, Serbia, Lithuania, Belarus, Ireland,
Hungary, Austria, Italy, Albania, and Switzerland scored between 0.50 and 0.80. Their perfor-
mance is counted to be intermediate among the European countries under evaluation. Finally,
Moldova, Germany, Finland, Poland, Netherlands, Denmark, Sweden, United Kingdom,
Spain, Norway, France, Belgium, Ukraine and Portugal scored less than 0.50 and found to be
least efficient in education resources utilization. Countries with lower efficiency in education
can improve their utilization of resources by implementing various strategies. These strategies
include making decisions based on data, optimizing the allocation of resources, investing in
the training of teachers and innovation in the curriculum, reducing the number of students
who drop out, involving parents and communities, monitoring performance, implementing
targeted interventions, establishing partnerships between the public and private sectors, pro-
moting inclusivity and equity, ensuring quality assurance, conducting educational research,
engaging in long-term planning, improving financial efficiency, and fostering international
collaboration. When implemented together, these measures result in improved educational
outcomes and enhanced efficiency in the allocation of resources [71, 72].
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5.2 Meta frontier analysis results

To evaluate the efficiency of the use of educational resources across a variety of European
countries, the Meta Frontier Analysis was conducted. Insightful conclusions can be drawn
about the efficiency with which these countries allocate and use educational resources by
employing this analytic approach, which incorporates both the meta and group frontier stud-
ies. The data in Table 3 showcases information about the Efficiency of Resource Utilization in
Education (ERUE) across 35 European countries from 1998-2021. These countries are further
classified into several regions, namely Northern Europe, Eastern Europe, Western Europe, and
Southern Europe. Table 3 and Fig 2 present the mean scores of (ERUE) for each geographical
region and the aggregate average for all countries. The scores measure the efficacy with which
these nations employ their educational resources, with higher values denoting greater resource
usage efficiency. The mean ERUE for 1998-2021 is 0.6312, indicating an inefficiency of
36.88% in educational resource utilization in European countries. Results revealed that ERUE
in 2020 is at its highest level, with an average score of 0.73.

Similarly, in 2013, it was at its lowest level, with an efficiency score of 0.5032. The available
data facilitates a comparative examination of resource efficiency across various European
regions and temporal periods. As an illustration, the data reveals that Southern Europe contin-
uously exhibits superior average ERUE scores (0.6871) compared to other regions, indicating
higher efficiency in utilizing educational resources. Conversely, Western Europe tends to have

Table 3. Education resources utilization efficiency (Meta frontier) in 35 European countries.

Year
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
Avg.

https://doi.org/10.1371/journal.pone.0295979.t003

Northern Europe
0.6130
0.6299
0.6369
0.6198
0.6162
0.5907
0.5559
0.5982
0.5962
0.5137
0.4896
0.4150
0.6679
0.6048
0.463
0.3447
0.4632
0.5473
0.5235
0.5585
0.6414
0.6421
0.7212
0.7357
0.5745

Eastern Europe Western Europe Southern Europe Avg All
0.7485 0.6659 0.7291 0.6921
0.7539 0.6591 0.7267 0.6961
0.8321 0.656 0.728 0.7199
0.6834 0.6369 0.7165 0.6662
0.6684 0.6352 0.735 0.6655

0.638 0.6201 0.7011 0.6385
0.5648 0.5745 0.6338 0.5822
0.6402 0.6066 0.6381 0.6221
0.6143 0.5786 0.6349 0.6078
0.5920 0.5515 0.5834 0.5615
0.5854 0.5385 0.5551 0.5436
0.6186 0.5072 0.518 0.5181
0.7438 0.5639 0.7696 0.695
0.7017 0.5525 0.7099 0.649
0.7831 0.4842 0.7396 0.6298
0.6976 0.4379 0.4964 0.5032
0.6394 0.487 0.7485 0.5917
0.7959 0.5077 0.7124 0.6529
0.6976 0.4787 0.6615 0.5998
0.6364 0.4816 0.6099 0.5786
0.6178 0.4831 0.7846 0.6398
0.6478 0.491 0.7296 0.636
0.7318 0.6207 0.822 0.7300
0.7239 0.6245 0.8069 0.7284
0.6815 0.5601 0.6871 0.6312
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Fig 2. Average ERUE (Meta frontier) in four different regions of Europe.
https://doi.org/10.1371/journal.pone.0295979.9002

lower scores (0.5601) in this regard. The ERUE scores of Northern and Eastern Europe are
0.5745 and 0.6815, respectively.

Table 4 and Fig 3 explain European countries’ performance (ERUE) in their particular
group. Table 4 provides a complete overview of the Efficiency of Resource Utilization in Edu-
cation (ERUE) in 35 European nations from 1998 to 2021. The countries are categorized into
discrete regions, namely Northern Europe, Eastern Europe, Western Europe, and Southern
Europe, and their ERUE scores are systematically documented. The scores are indicators of
the extent to which these nations effectively utilize their educational resources, with higher val-
ues indicating a better efficiency level. The column "Avg All" provides a comprehensive aver-
age ERUE score for all countries in each corresponding year, indicating an average ERUE of
0.816 for the study period. This observation indicates that, on average, European nations have
a comparatively elevated degree of efficiency in allocating and utilizing their educational
resources. Compelling patterns and trends are revealed after a more thorough data analysis.
Eastern Europe has a leading position in ERUE ratings, consistently surpassing 0.9. It indicates
a remarkable level of efficiency in resource consumption.

On the other hand, Southern Europe has initially lower scores but demonstrates a consis-
tent improvement through time, indicating a positive trend in the efficiency of educational
resources. Western Europe also exhibits a significant enhancement, as seen by the increase in
ERUE scores, but it was still found to be the least efficient region in Europe, with a score of
0.7218. This upward trajectory indicates a favorable pattern in the region’s resource efficiency.
Northern Europe often exhibits moderate ERUE scores and secures an average score of 0.8543.
The aggregated results presented in Table 4 provide significant insights into managing educa-
tional resources across several European regions and countries. These findings demonstrate
variances in efficiency levels among regions and highlight favorable trends in resource usage
in several areas.

Table 5 and Fig 4 present comprehensive data about the Technological Gap Ratio (TGR) in
four distinct regions, namely Northern Europe, Eastern Europe, Western Europe, and South-
ern Europe, spanning the temporal range from 1998 to 2021. The technology difference Ratio
(TGR) serves as a metric for assessing the disparity in technology advancements across differ-
ent countries or regions. A greater TGR value signifies a less technological gap between the
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Table 4. ERUE (group frontier) in 35 European countries.

Year Northern Europe Eastern Europe Western Europe Southern Europe Avg All
1998 1.021 0.9594 0.9831 0.7836 0.9348
1999 1.013 0.954 0.9758 0.7811 0.9291
2000 0.9624 0.9496 0.9287 0.7755 0.9039
2001 0.9149 0.9694 0.9189 0.7656 0.8929
2002 0.9295 0.9178 0.8982 0.7809 0.8817
2003 0.9302 0.961 0.8357 0.7661 0.8779
2004 0.9066 0.7942 0.8257 0.7464 0.8171
2005 0.9083 0.9685 0.8202 0.6947 0.853
2006 0.9134 0.7985 0.8198 0.701 0.8073
2007 0.9307 0.7796 0.7737 0.7138 0.8003
2008 0.8969 0.7679 0.7404 0.8003 0.8039
2009 0.8587 0.8359 0.5076 0.8437 0.7781
2010 0.7583 0.8897 0.8792 0.7677 0.8224
2011 0.8738 0.8453 0.8881 0.7564 0.8383
2012 0.6539 0.915 0.4858 0.9016 0.7586
2013 0.743 0.9214 0.4722 0.4601 0.6671
2014 0.6338 0.8798 0.487 0.8801 0.7381
2015 0.7569 0.9276 0.5829 0.7205 0.7615
2016 0.7656 0.8533 0.483 0.7729 0.736
2017 0.7573 0.8554 0.4844 0.7416 0.7267
2018 0.7595 0.8255 0.4879 0.8462 0.7463
2019 0.7609 0.9442 0.492 0.7535 0.7576
2020 0.9271 0.9493 0.7765 0.8347 0.8796
2021 0.927 0.9603 0.7765 0.7934 0.8721
Avg. 0.8543 0.8926 0.7218 0.7659 0.816

https://doi.org/10.1371/journal.pone.0295979.t004

ERUE(Group)

NORTHERN EUROPE

EASTERN EUROPE

WESTERN EUROPE

Fig 3. Average ERUE (group frontier) in four different regions of Europe.

SOUTHERN EUROPE

https://doi.org/10.1371/journal.pone.0295979.9003

PLOS ONE | https://doi.org/10.1371/journal.pone.0295979 January 19, 2024

13/29


https://doi.org/10.1371/journal.pone.0295979.g003
https://doi.org/10.1371/journal.pone.0295979.t004
https://doi.org/10.1371/journal.pone.0295979

PLOS ONE

Educational resource utilization efficiency, technological heterogeneity, and TFP in European countries

Table 5. Technological Gap ratio (TGR) in four different regions (1998-2021).

Year Northern Europe Eastern Europe Western Europe Southern Europe Avg. All
1998 0.6222 0.8122 0.6738 0.9361 0.7675
1999 0.6434 0.8229 0.6722 0.9355 0.7756
2000 0.687 0.8988 0.7077 0.9421 0.8172
2001 0.7121 0.7466 0.7004 0.9391 0.778
2002 0.6925 0.7734 0.7182 0.9472 0.7862
2003 0.6636 0.697 0.7859 0.9211 0.7638
2004 0.6418 0.8079 0.728 0.8518 0.7605
2005 0.6889 0.7085 0.7855 0.9196 0.7731
2006 0.6796 0.8159 0.7557 0.9105 0.7931
2007 0.5864 0.8049 0.783 0.8361 0.7523
2008 0.5775 0.8066 0.7917 0.7228 0.7232
2009 0.5111 0.7631 0.9991 0.655 0.7177
2010 0.8753 0.8688 0.6808 1.000 0.8709
2011 0.7217 0.8698 0.6547 0.9692 0.8142
2012 0.7469 0.8673 0.9964 0.8452 0.8565
2013 0.5205 0.7728 0.9136 1.0000 0.8098
2014 0.7611 0.7636 0.9999 0.8741 0.8386
2015 0.7405 0.8789 0.9246 1.0000 0.8849
2016 0.6967 0.8392 0.9907 0.8976 0.8479
2017 0.7456 0.7874 0.9938 0.8789 0.8415
2018 0.8369 0.7958 0.9895 0.9381 0.8817
2019 0.8354 0.7239 0.9977 0.9891 0.8755
2020 0.789 0.8104 0.8228 1.000 0.8573
2021 0.8032 0.7943 0.8303 1.000 0.8652
Avg 0.6725 0.7635 0.776 0.8971 0.8105

https://doi.org/10.1371/journal.pone.0295979.1005

group and meta frontier. The "Avg. All" column displays the average (TGR) for all regions in
each corresponding year. The TGR in 2017 is at its highest level, with an average score of
0.8817. The TGR value of Sothern Europe is 0.8971, the highest among all four regions. It

Avg. TGR

0.7635

NORTHERN EUROPE

EASTERN EUROPE

Fig 4. Average TGR in 4 regions of Europe.

WESTERN EUROPE

SOUTHERN EUROPE

https://doi.org/10.1371/journal.pone.0295979.9004
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illustrates that technological advancement in southern European is more advanced. Western
Europe is ranked second with an average TGR value of 0.776.

Similarly, eastern and northern Europe are ranked third and fourth with an average TGR of
0.7635 and 0.6725, respectively. Implementing a comprehensive and diverse strategy to miti-
gate the disparities in technological resources within educational contexts throughout different
regions is advisable. First and foremost, it is imperative to prioritize information sharing and
collaboration cultivation, thereby promoting the convergence of different regions and facilitat-
ing the exchange of exemplary practices and technological proficiency. This process can be
facilitated by establishing partnerships and initiatives that enable technologically advanced
countries to support those nations facing significant technological disparities. Additionally,
allocating resources towards developing technological infrastructure is imperative, particularly
in areas characterized by larger Technological Gap Ratios (TGR). It may entail enhancing
internet connectivity, providing access to contemporary devices, and improving digital learn-
ing platforms. Capacity building is an essential component that involves the creation of educa-
tional programs and training efforts specifically designed for instructors and students. These
programs provide individuals with the essential skills and knowledge required to utilize tech-
nology in the educational process efficiently. In addition, stimulating innovation and bridging
technological disparities can be stimulated by promoting research and development in regions
characterized by significant technology gaps. Collaboration among academics, industry, and
government is advocated to facilitate advancements. The implementation of supportive poli-
cies is of utmost importance. These policies may encompass several measures, including pro-
viding incentives such as tax benefits for enterprises that allocate resources towards
educational technology and facilitating grants for schools to get contemporary learning equip-
ment. Promote the establishment of international collaborations to facilitate the exchange of
experiences and resources between nations or organizations that have effectively addressed the
disparities in educational technology. Finally, the ongoing review and assessment of a given
situation are crucial to pinpoint specific areas that require development. Utilizing data-driven
insights facilitates the enhancement of strategies and the efficient allocation of resources.
Through the combined implementation of these initiatives and the cultivation of a culture that
embraces technology adoption and innovation, European regions have the potential to cooper-
atively address and reduce disparities in educational resources related to technology. It confers
advantages to specific geographical areas and fosters a more egalitarian and technologically
sophisticated European educational environment.

This investigation’s specific results explain why some European countries are more efficient
than others with educational resources and point out other interesting trends and patterns.
Table 6 shows the results of Meta Frontier Analysis for different European countries and
regions. It focuses on Educational Resource Utilization Efficiency (ERUE) at the meta and
group levels and the average technological gap ratio (TGR). At first, the analysis shows that the
average ERUE of 35 European countries from 1998 to 2021 is 0.6312 at the meta-level. It illus-
trates that the European countries still have an inefficiency of 36.88% in their educational
resources’ utilization. A two-pronged strategy can be explored to improve the efficiency of
educational resource utilization in European countries. The first aspect involves optimizing
inputs, while the second focuses on enhancing output through more effective operational
practices.

Reducing inputs necessitates strategically deploying resources, including government
expenditure and teacher numbers, to focus funding toward programs that provide the most
benefit effectively. It may entail reallocating budgets following evidence-based policies and
optimizing administrative processes to reduce inefficiencies. Concurrently, enhancing output
efficiency necessitates a concentrated effort in delivering high-quality education. The
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Table 6. Meta frontier, group frontier, and TGR in educational resources of European countries.

Region Country ERUE (Meta) ERUE (Group) Avg. TGR
Northern Europe Denmark 0.4387 0.5479 0.8007
Estonia 0.856 1.3434 0.6372
Finland 0.488 0.8785 0.5555
Ireland 0.6397 1.0247 0.6243
Latvia 0.7616 0.965 0.7892
Lithuania 0.7174 0.9017 0.7956
Norway 0.41 0.5317 0.7711
Sweden 0.4332 0.6962 0.6222
United Kingdom 0.4261 0.7994 0.533
Avg. Northern European countries. 0.5745 0.8543 0.6725
Eastern Europe Belarus 0.6683 0.8435 0.7923
Bulgaria 0.7733 1.0439 0.7408
Czechia 0.9356 0.9654 0.9691
Hungary 0.6014 0.7683 0.7828
Moldova 0.4932 1.4057 0.3509
Poland 0.4479 0.4666 0.9599
Romania 0.7535 0.9266 0.8132
Russian Federation 0.8612 0.8664 0.994
Slovak Republic 0.8888 1.2068 0.7365
Ukraine 0.3919 0.433 0.9051
Avg. Eastern European countries. 0.6815 0.8926 0.7635
Western Europe Austria 0.5983 0.8397 0.7125
Belgium 0.3944 0.437 0.9025
France 0.3964 0.4811 0.8239
Germany 0.4884 0.8738 0.5589
Luxembourg 1.0813 1.0813 1
Netherlands 0.4405 0.5288 0.833
Switzerland 0.5215 0.8109 0.6431
Avg. Western European countries. 0.5601 0.7218 0.776
Southern Europe Albania 0.5703 0.7344 0.7766
Andorra 0.8742 0.7444 1.1744
Croatia 0.8667 1.0027 0.8644
Greece 0.8605 0.9355 0.9198
Italy 0.5772 0.6356 0.9081
Portugal 0.3881 0.4266 0.9098
Serbia 0.7228 0.8303 0.8705
Slovenia 0.8984 1.1323 0.7934
Spain 0.4258 0.4514 0.9433
Avg. Southern European countries. 0.6871 0.7659 0.8971
Avg All 0.6312 0.816 0.7735

https://doi.org/10.1371/journal.pone.0295979.t006

achievement of this goal can be facilitated through the implementation of novel pedagogical
approaches, the integration of contemporary technological tools, and the augmentation of
teacher professional development to optimize student educational achievements. Furthermore,
frequent assessments and feedback mechanisms can serve as valuable tools in identifying areas
requiring improvement and facilitating timely adjustments. By effectively managing the alloca-

tion of resources and optimizing operational efficiency, European countries can strive to
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enhance the efficiency of educational resource utilization, thereby positively impacting their
education systems and the future of their societies. Luxembourg (1.0813), Czechia (0.9356),
Slovenia (0.8984), Slovak Republic (0.8888), and Andorra (0.8742) are found to be top per-
formers among all 35 countries for the study period. It demonstrates that these countries opti-
mally used the educational resources to produce more output and remained the benchmark
for other countries under evaluation. The ERUE has better results at the group level, with an
average score of 0.816. The average technological gap between the group frontier and meta
frontier is 0.7735.

Further elaborating on the different regions in Europe, we found that the average ERUE
(0.6871) of Southern European countries is the highest among all four regions. While the ARUE
of Eastern European countries is 0.6815, Northern European countries are 0.5745, and Western
European countries are 0.5601. It illustrates that Southern European countries are top performers
and utilize their resources optimally to achieve higher resource utilization and education effi-
ciency. Based on the provided ERUE values, it can be deduced that Southern European countries
exhibit higher efficiency in utilizing their educational resources. The region in question has dem-
onstrated superior efficiency in allocating resources and delivering education, surpassing that of
other regions. The observed phenomenon can be ascribed to the implementation of efficient
resource allocation strategies, the formulation of successful educational policies, or other contrib-
uting elements that facilitate the optimization of education within these nations.

Group frontier results explain each country’s efficiency evaluation in its group. The average
ERUE of Eastern European countries (0.8926) is comparatively higher than other European
regions. The average ERUE of Northern European countries is 0.8543, Southern European
countries are 0.7659, and Western European countries are 0.7218. Eastern European nations
have superior average efficiency in this domain, while Western European nations demonstrate
comparatively lower efficiency levels, as indicated by their respective average ERUE measure-
ments. This information holds significant value for policymakers and other authorities inter-
ested in enhancing resource allocation and efficiency within the education sector or other
relevant sectors. It is recommended that regions adopt a comprehensive and diversified
approach to optimize the effectiveness of educational resource usage; it involves employing a
data-driven approach to decision-making to identify areas that require enhancement, optimiz-
ing the allocation of resources with an emphasis on effective programs, and investing in
teacher quality and professional development. Studies have proved that utilizing technology to
deliver content and mitigate bureaucratic obstacles can optimize operational processes and
lead to cost reduction [73, 74].

Furthermore, the implementation of inclusive education policies, the establishment of pub-
lic-private partnerships, and the adoption of innovative teaching methods have the potential to
enhance learning outcomes and optimize resource use. Long-term planning necessitates the
inclusion of crucial elements such as infrastructure development, policy reforms, and public
engagement to guarantee sustainable progress. International collaboration and the assimila-
tion of global best practices have the potential to enhance and enhance local initiatives through
the acquisition of knowledge and insights. By adopting these ideas, regions can strive towards
a more effective and fair education system that empowers learners and optimizes existing
resources [75, 76].

5.3 Malmquist productivity index results

The findings acquired from the examination are comprehensively presented in the results part
of the Malmquist productivity index analysis for education resource utilization efficiency in
European countries. This section provides a comprehensive analysis of the fluctuations in
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Table 7. Malmquist Index, efficiency change and technology change in educational resources utilization of 35 European countries.

Region Countries MI EC TC
Northern Europe Denmark 1.0206 1.0063 1.0142
Estonia 1.0448 1.0227 1.0216
Finland 1.0273 1.0189 1.0082
Ireland 1.0574 1.0245 1.0321
Latvia 1.0654 1.0019 1.0634
Lithuania 1.0786 1.0474 1.0298
Norway 1.0432 1.0322 1.0107
Sweden 1.012 0.9975 1.0145
United Kingdom 0.9999 0.9994 1.0005
Avg. Northern European countries. 1.0389 1.0168 1.0217
Eastern Europe Belarus 1.0462 1.0232 1.0225
Bulgaria 1.0679 1.0683 0.9996
Czechia 0.9912 0.9815 1.0099
Hungary 1.0721 1.048 1.023
Moldova 1.0161 0.9921 1.0242
Poland 1.0168 1.0113 1.0054
Romania 0.9978 1.0425 0.9571
Russian Federation 1.0423 0.9811 1.0624
Slovak Republic 0.9967 1.0081 0.9887
Ukraine 0.9984 0.9912 1.0073
Avg. Eastern European countries. 1.0248 1.0147 1.0100
Western Europe Austria 1.0612 1.0426 1.0178
Belgium 1.0103 1.0056 1.0047
France 1.0136 1.0108 1.0028
Germany 1.0316 1.0235 1.0079
Luxembourg 1.003 1.0003 1.0027
Netherlands 1.0083 1.0005 1.0078
Switzerland 1.0094 0.996 1.0135
Avg. Western European countries. 1.0196 1.0113 1.0082
Southern Europe Albania 1.0335 1.0235 1.0098
Andorra 1.0008 1.0132 0.9878
Croatia 1.0153 1.01 1.0052
Greece 1.0565 0.996 1.0607
Ttaly 1.1857 1.07 1.1081
Portugal 1.0375 1.021 1.0162
Serbia 1.0746 1.017 1.0566
Slovenia 1.0647 1.0316 1.0321
Spain 1.0227 1.0174 1.0052
Avg. Southern European countries. 1.0542 1.0222 1.0313
Avgall 1.0349 1.0165 1.0181

https://doi.org/10.1371/journal.pone.0295979.t007

efficiency and productivity over time, offering insights into the dynamic nature of educational
resource utilization within European countries. The analysis elucidates the principal patterns,
accentuates noteworthy advancements or setbacks, and provides valuable perspectives on the
underlying determinants influencing shifts in productivity. Table 7 displays the Malmquist
Index (MI), Efficiency Change (EC), and Technology Change (TC) used to assess the utiliza-
tion of educational resources in 35 European countries. These countries are further classified
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into four regions: Northern Europe, Eastern Europe, Western Europe, and Southern Europe.
The Malmquist Index provides a means to analyze the overall dynamics of production and effi-
ciency over a given period, where values greater than 1 signify positive advancements. Effi-
ciency Change pertains to the evaluation of differences in the utilization of resources,
specifically in terms of efficiency. On the other hand, Technology Change involves the assess-
ment of improvements in technology. The countries under consideration have demonstrated a
collective improvement in their productivity and efficiency in allocating educational resources
over the period, as indicated by an average Malmquist Index (MI) of 1.0349. It illustrates that
in the study period, European countries got 3.49% growth in educational resources utilization.
The EC, with an average value of 1.0165, indicates a favorable pattern in the utilization of
resources, demonstrating the collective endeavors to enhance educational processes. The
dynamic efficiency witnessed a 1.65% growth over the study period. Furthermore, the average
Technology Change (TC) value of 1.0181 highlights a persistent adoption of technical break-
throughs in education, indicating that European nations are incorporating sophisticated tech-
nologies into their educational frameworks. Technological change gets 1.81 percent growth.
The TC (1.0181) > EC 1.0165 indicates that technology is the main determinant in productiv-
ity growth. The Northern European countries under consideration have demonstrated a col-
lective improvement in their productivity and efficiency in allocating educational resources, as
indicated by an average Malmquist Index (MI) value of 1.0389 for the examined period. Fur-
thermore, the estimated average Efficiency Change (EC) of 1.0168 demonstrates a notable
increase of 1.68% in education resource efficiency, which signifies a collective endeavor to
enhance educational processes. The mean Technology Change (TC) score of 1.0217 is note-
worthy, indicating a deliberate incorporation of state-of-the-art technology into the educa-
tional systems of these countries. It highlights their dedication to fostering innovation and
leveraging technology in education, ultimately improving the efficiency of educational
resource usage. Technology change is the main determinant in productivity growth in educa-
tional resources of Northern European countries. Table 7 further presents data on Eastern
European countries, indicating significant advancements in the application of educational
resources. The Eastern European countries analyzed in this study have collectively demon-
strated an average Malmquist Index (MI) of 1.0248, indicating improved productivity and effi-
ciency in allocating educational resources over the assessed period. In addition, the average
Efficiency Change (EC) of 1.0147 indicates a noteworthy increase of 1.47% in resource effi-
ciency. It demonstrates the collective endeavors made to enhance educational processes in this
region. The Efficiency Change exhibits favorable patterns in the utilization of resources, while
the average Technology Change (TC) value of 1.0100 highlights a dedication to incorporating
technological improvements into educational institutions. The region’s steadfast commitment
to innovation highlights its focus on improving efficiency and advancing technology in utiliz-
ing educational resources, ultimately improving education quality. Efficiency change in East-
ern European countries is the main determinant of productivity growth. The Western
European countries examined in this study demonstrate an average Malmquist Index (MI) of
1.0196, indicating an overall enhancement in productivity and efficiency in allocating educa-
tional resources during the assessed period. Furthermore, the calculated average Efficiency
Change (EC) of 1.0113 demonstrates a significant increase of 1.13% in resource efficiency,
highlighting the collective endeavors to enhance educational processes. The Efficiency Change
exhibits a favorable trend in the usage of resources. At the same time, the average Technology
Change (TC) value of 1.0082 underscores their dedication to incorporating technology
improvements into their educational systems. It demonstrates a commitment to fostering
innovation and utilizing technology in education, leading to improved efficiency and effective-
ness in utilizing educational resources in Western European countries. Finally, the results on
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educational resource usage in Southern European countries indicate a significant advance-
ment in this region. The nations collectively demonstrate a noteworthy enhancement in pro-
ductivity and efficiency in allocating educational resources over the analyzed period, as
evidenced by an average Malmquist Index (MI) of 1.0542. Moreover, the mean Efficiency
Change (EC) of 1.0222 indicates a significant increase of 2.22% in resource efficiency,
highlighting the collective endeavors to enhance educational processes in the given area. One
notable aspect is the mean Technology Change (TC) score of 1.0313, which highlights their
dedication to incorporating technological progressions within their educational frameworks.
This statement highlights the commitment of individuals to fostering innovation and utilizing
technology in education, resulting in improved efficiency and effectiveness in the allocation of
educational resources in Southern European countries. Results conclude that Northern and
Southern European countries kept superior technology, which helped them in productivity
growth. While Eastern and Western European countries have higher efficiency changes in edu-
cational resource utilization. It illustrates that eastern and western European can benchmark
the northern and southern European countries for technological advancement. They could
acquire the technology from these regions to further enhance their educational resources’ pro-
ductivity growth. On the other hand, southern and northern European countries can acquire
the operational strategies of the educational sector to enhance their efficiency in educational
resource utilization. Numerous research studies endorsed that technological development is a
key factor in education resources utilization efficiency across the globe [77, 78].

Moreover, Italy (1.1857), Lithuania (1.0786), and Serbia (1.0746) were found to have higher
average MI scores over the study period (1998-2021). It illustrates that these countries are
most dynamic and productive in using educational resources. Italy, Bulgaria, and Hungary
have the highest EC in all 35 European countries. Italy, Latvia, and the Russian Federation
secured the superior TC over the study period. Enhancing the Malmquist Productivity Index
(MI), Technology Change (TC), and Efficiency Change (EC) in the allocation of educational
resources in inefficient European countries requires the implementation of an extensive plan.
It involves enhancing the educational infrastructure, encompassing physical facilities and tech-
nical resources, to create an optimal learning environment for students. Equally significant is
the allocation of resources towards teacher training and professional development, as this
enables educators to acquire the necessary competencies to deliver high-quality education
effectively. To advance educational practices, adopting technological integration and revising
curricula to cultivate critical thinking and problem-solving abilities is imperative. Enhancing
educational results can be achieved by implementing robust assessment systems, equitable
allocation of resources, and fostering cooperation with public and private partners. Incorpo-
rating inclusivity, early childhood education, and international cooperation constitutes essen-
tial components of this comprehensive approach. It is imperative to prioritize long-term
planning, implement legislative reforms, and demonstrate a steadfast dedication to continual
development to enhance educational outcomes in inefficient European countries [79, 80].

5.4 Kruskal Wallis test results

The findings in Sections 5.1, 5.2, and 5.3 illustrate the heterogeneity of ERUE, MI, and TGR
across four distinct European regions. However, the critical question about the statistical signifi-
cance of these differences is paramount in ensuring the reliability of these results. To address
this concern, the present study employed the Kruskal-Wallis test to assess whether statistically
significant disparities exist among the four European regions concerning ERUE, MI, and TGR.
Table 8 and Fig 5 display the results of the Kruskal-Wallis Test. The significance value associated
with the first null hypothesis is 0.001, less than the conventional threshold of 0.050.
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Table 8. Kruskal-Wallis test results.

Hypothesis Test Summary

Null Hypothesis Test Sig. | Decision
1 | The average ERUE scores are the same across four different European regions | Independent-Samples Kruskal-Wallis Test | .001 | Reject the null hypothesis.
2 | The average MI scores are the same across four different European regions. 711 | Retain the null hypothesis
3 | The average TGR scores are the same across four different European regions. .001 | Reject the null hypothesis

Asymptotic significances are displayed. The significance level is .050.

https://doi.org/10.1371/journal.pone.0295979.t008

Consequently, we reject the first null hypothesis, which posits that the mean ERUE scores
are uniform across the four European regions. These outcomes substantiate the contention
that the efficiency of educational resources varies significantly among these regions. Con-
versely, the significance value for the second hypothesis is 0.711, surpassing the 0.050 thresh-
old. Consequently, we retain the second hypothesis, which postulates that the mean MI scores
do not differ significantly across the four European regions. It implies that there is no substan-
tial variance in the growth of educational resource productivity across these regions, as they all
exhibit comparable levels of growth in educational resource utilization over the study period.
The significance value associated with the third and final hypothesis is 0.001. Thus, we reject
the third hypothesis, which suggests that the mean TGR scores are uniform across the four
European regions. This finding indicates that the utilization of technology in the educational
sector varies significantly across these regions, underlining the heterogeneity in technological
adoption in European educational contexts.

6. Conclusion and policy recommendations

Efficiently utilizing educational resources is crucial because it affects the quality of education
and has broader ramifications for society and the economy. It ensures that students receive the
best education possible, enhancing learning outcomes and a more skilled labor force. In addi-
tion, resource efficiency promotes social justice by making quality education accessible to all,
regardless of socio-economic status, thereby nurturing inclusivity and reducing educational
disparities. It also promotes educational innovation, propelling progress and preparing indi-
viduals for a constantly changing world. Education systems that effectively contribute to a
country’s global competitiveness, economic growth, and environmental sustainability. Euro-
pean countries are undertaking significant endeavors to enhance the efficiency of educational
resource utilization. These programs encompass the utilization of data-driven decision-mak-
ing, the provision of teacher training, the promotion of curriculum innovation, the reduction
of dropout rates, and the integration of digital technology. Public-private partnerships, the
promotion of diversity, and the provision of open-access materials are further tactics imple-
mented to improve the quality of education and the allocation of resources. Differences in effi-
ciency, productivity growth, and technology heterogeneity among European countries are
notable obstacles to the equitable utilization of educational resources. The collective endeavors
mentioned enhance educational achievements, foster economic expansion, and bolster
Europe’s position in the global market. However, the success in this mission of ERUE, Produc-
tivity growth, and technological heterogeneity among different European regions are unex-
plored and need comprehensive investigation.

This study employed DEA Super-SBM, Meta-frontier Analysis, and Malmquist productiv-
ity index for 1998-2021 to evaluate the educational resources utilization efficiency, production
technology heterogeneity, and resource productivity growth in 35 European countries. Results
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Fig 5. ERUE, MI and TGR distribution in 4 European regions.
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illustrate that the mean ERUE for 1998-2021 is 0.6312, indicating an inefficiency of 36.88% in
educational resource utilization in European countries. Southern Europe continuously exhib-
its superior average ERUE scores (0.6871) compared to other regions, indicating a higher effi-
ciency level in the utilization of educational resources. Conversely, Western Europe tends to
have lower scores (0.5601) in this regard. The ERUE scores of Northern and Eastern Europe
are 0.5745 and 0.6815, respectively. Luxembourg (1.0813), Czechia (0.9356), and Slovenia
(0.8984) are found to be the top three performers in terms of ERUE level. The results of the
group frontier demonstrate that Eastern Europe is superior among all, while Northern Europe,
Southern Europe, and Western Europe are ranked second, third, and fourth, respectively. The
technology gap ratio value is highest in Southern Europe. It demonstrates that southern Euro-
pean countries used the most advanced technology in education resource utilization. While
Western, Eastern, and Northern Europe secure 2", 3™ and 4™ positions, respectively, to dem-
onstrate their technological level.

The analysis of European countries’ educational resource allocation and productivity
reveals a collective improvement, indicated by an average Malmquist Index (MI) of 1.0349.
Over the study period, there was a 3.49% growth in educational resource utilization, underlin-
ing the region’s commitment to enhancing efficiency. Technology adoption played a pivotal
role, with a 1.81% growth in the Technology Change (TC) index, making it the main driver of
productivity growth. Northern European countries led in productivity gains with an MI of
1.0389, emphasizing efficiency and technology adoption. Eastern European nations followed
suit, with an MI of 1.0248, highlighting efficiency improvements and technology integration.
Western European countries also improved, with an MI of 1.0196, focusing on efficiency and
technology enhancements. Notably, Southern European countries showed significant advance-
ment, boasting an MI of 1.0542, driven by efficiency gains and a strong commitment to tech-
nology adoption. These findings suggest opportunities for knowledge exchange between
regions, with Northern and Southern Europe excelling in technology and Eastern and Western
Europe demonstrating resource efficiency expertise. Italy (1.1857), Lithuania (1.0786), and
Serbia (1.0746) are found to have higher average MI scores over the study period (1998-2021).
It illustrates that these countries are most dynamic and productive in using educational
resources. Finally, the Kruskal Wallis test proved that ERUE and TGR in 4 different regions of
Europe are heterogeneous. In contrast, the MI in European regions isn’t found to be signifi-
cantly different. Effectively managing educational resources poses a significant objective and a
multifaceted dilemma for European nations. The study’s policy recommendations have sub-
stantial consequences for policymakers and stakeholders in the field of education.

One of the primary suggestions is the crucial need to prioritize providing education of supe-
rior quality. Efforts should be focused on channeling efficiency benefits towards strengthening
the overall quality of education, aiming to improve learning outcomes and cultivating a com-
petitive and adaptive workforce. It involves allocating resources towards highly skilled educa-
tors, updated curricula, and advanced educational tools. By cultivating a milieu that prioritizes
high standards and quality in the realm of Education, European countries may effectively
equip their population with the necessary skills and knowledge to effectively navigate the com-
plexities and prospects of the contemporary day.

Simultaneously, adopting a fair and just method of distributing resources is imperative to
foster social justice and inclusiveness. Education is a potent instrument for mitigating socio-
economic inequalities, and via equitable resource allocation, European nations may provide
inclusive possibilities for individuals irrespective of their socio-economic backgrounds. The
dedication to inclusivity not only yields advantages for marginalized people but also enhances
the cohesion of societies. Inefficient countries and regions in Europe can adopt the strategies
and resource allocation methods from efficient European countries and regions.
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Another crucial recommendation is to promote educational innovation. In an era charac-
terized by swift transformations, educational systems must constantly adapt to maintain rele-
vance. It is imperative for policymakers to actively promote the adoption of innovative
pedagogical approaches and the incorporation of digital technologies inside educational insti-
tutions. The integration of digital technology in education enriches students’ educational jour-
ney and empowers them with the essential digital literacy competencies required to thrive in
contemporary knowledge-driven economies. The study found that the production technolo-
gies of southern Europe are more advanced and current. Therefore, the other regions can
acquire the production technologies to improve their technological level in the education
sector.

Furthermore, given the significant impact of education on a nation’s competitiveness, eco-
nomic growth, and environmental sustainability, European countries must persist in allocating
resources toward initiatives that enhance educational efficacy. By strategically optimizing
resource allocation, nations can effectively position themselves in the global economy while
simultaneously reducing the environmental impact of educational institutions.

Utilizing data-driven decision-making is a highly valuable approach to optimize the alloca-
tion of resources. It is imperative for policymakers to actively advocate for the use of data in
shaping educational policies, enabling educational institutions to effectively identify and
address areas in need of development while making decisions grounded in empirical facts. The
utilization of a data-driven strategy not only serves to optimize efficiency but also facilitates
the ability of educational institutions to respond effectively to dynamic situations. Enhancing
educational quality necessitates allocating resources toward teacher training and curricular
innovation. Highly skilled educators play a pivotal role in the foundation of any education sys-
tem, and by providing them with contemporary teaching approaches and methodologies,
nations can enhance the overall standard of education. Furthermore, updating curricula to
align with current challenges and possibilities is essential to provide students with an educa-
tion that is both pertinent and captivating.

Addressing the issue of high dropout rates is an additional opportunity to improve overall
efficiency. It is imperative to ensure that students who continue their education receive opti-
mal resources and that efforts to reduce dropout rates are prioritized to maximize the effective-
ness of educational spending. Public-private partnerships (PPPs) can facilitate the
development of creative solutions and enhance the availability of resources. It is imperative for
policymakers to proactively facilitate partnerships between public and private institutions to
infuse the educational sector with novel perspectives and resources. Ultimately, facilitating the
interchange of knowledge throughout different locations is vital for collective advancement.
Through exchanging best practices and disseminating lessons learned, European nations can
derive reciprocal advantages from one another’s achievements and difficulties. Northern and
Southern European countries, renowned for their advanced technological capabilities, have
the potential to contribute their experience in technology adoption. Conversely, Eastern and
Western European countries, recognized for their proficiency in resource efficiency, stand to
gain significant insights in this domain.

Although this research offers significant contributions to understanding the efficiency, pro-
ductivity growth, and technology heterogeneity related to the usage of educational resources in
European countries between 1998 and 2021, it is crucial to recognize several constraints inher-
ent in our study. The study’s chronological limitations may hinder its capacity to encompass
the most recent advancements in swiftly moving educational systems. Furthermore, the depen-
dence on data, which can exhibit disparities in both quality and accessibility across different
countries, increases the possibility of introducing bias. From a methodological standpoint, it is
important to acknowledge that the techniques we have selected, namely DEA, Super-SBM,
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Meta-frontier Analysis, and Malmquist productivity index, provide valuable insights. How-
ever, it is crucial to recognize that these techniques are accompanied by certain assumptions
and restrictions. The categorization of European countries into regions conducted in this
study may potentially oversimplify the intricate variations that exist within these regions. Con-
sequently, it is necessary to conduct further examination into the dynamics at the sub-regional
level. In order to overcome these constraints, future investigations may consider doing more
detailed regional analyses, employing longitudinal study designs, integrating qualitative
research methods, evaluating the effects of enacted policies, and examining comparative view-
points with nations outside of Europe. Furthermore, the inclusion of sustainability in the man-
agement of educational resources would serve to augment the practical significance of the
study. These aforementioned factors will enhance the depth of comprehension regarding the
exploitation of educational resources and provide valuable guidance for formulating more effi-
cacious policy recommendations for European countries.

Author Contributions

Conceptualization: Gang Hao, Wasi Ul Hassan Shah.

Data curation: Gang Hao, Rizwana Yasmeen, Wasi Ul Hassan Shah.
Formal analysis: Huayue Liao, Rizwana Yasmeen, Wasi Ul Hassan Shah.
Methodology: Gang Hao, Wasi Ul Hassan Shah.

Resources: Huayue Liao.

Software: Huayue Liao, Rizwana Yasmeen.

Supervision: Huayue Liao, Rizwana Yasmeen, Wasi Ul Hassan Shah.
Validation: Huayue Liao, Gang Hao, Rizwana Yasmeen.

Visualization: Huayue Liao, Gang Hao, Rizwana Yasmeen, Wasi Ul Hassan Shah.
Writing - original draft: Gang Hao, Rizwana Yasmeen.

Writing - review & editing: Gang Hao, Rizwana Yasmeen.

References
1. Taimur S.; Sattar H. Education for Sustainable Development and Critical Thinking Competency. In;
2020.

2. Lorente-Echeverria S.; Canales-Lacruz |.; Murillo-Pardo B. The Vision of Future Primary School Teach-
ers as to Education for Sustainable Development from a Competency-Based Approach. Sustainability
(Switzerland) 2022, https://doi.org/10.3390/su141811267

3. Savelyeva T.; Park J. Blockchain Technology for Sustainable Education. British Journal of Educational
Technology 2022, https://doi.org/10.1111/bjet. 13273

4. McKimm J.; Redvers N.; El Omrani O.; Parkes M.W.; EIf M.; Woollard R. Education for Sustainable
Healthcare: Leadership to Get from Here to There. Medical Teacher2020, https://doi.org/10.1080/
0142159X.2020.1795104 PMID: 32776858

5. Zapp M. The World Bank and Education: Governing (through) Knowledge. International Journal of Edu-
cational Development 2017, https://doi.org/10.1016/j.ijedudev.2016.11.007

6. KiwfoK.; Yeerum C.; Ayutthaya P.I.N.; Kesonkan K.; Suteerapataranon S.; Panitsupakamol P.; et al.
Sustainable Education with Local-Wisdom Based Natural Reagent for Green Chemical Analysis with a
Smart Device: Experiences in Thailand. Sustainability (Switzerland) 2021, https://doi.org/10.3390/
su132011147

7. Haleem A.; Javaid M.; Qadri M.A.; Suman R. Understanding the Role of Digital Technologies in Educa-
tion: A Review. Sustainable Operations and Computers 2022, https://doi.org/10.1016/j.susoc.2022.05.
004

PLOS ONE | https://doi.org/10.1371/journal.pone.0295979 January 19, 2024 25/29


https://doi.org/10.3390/su141811267
https://doi.org/10.1111/bjet.13273
https://doi.org/10.1080/0142159X.2020.1795104
https://doi.org/10.1080/0142159X.2020.1795104
http://www.ncbi.nlm.nih.gov/pubmed/32776858
https://doi.org/10.1016/j.ijedudev.2016.11.007
https://doi.org/10.3390/su132011147
https://doi.org/10.3390/su132011147
https://doi.org/10.1016/j.susoc.2022.05.004
https://doi.org/10.1016/j.susoc.2022.05.004
https://doi.org/10.1371/journal.pone.0295979

PLOS ONE

Educational resource utilization efficiency, technological heterogeneity, and TFP in European countries

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,
25.

26.

27.

28.

29.

30.

SunH.; Yuan C.; Qian Q.; He S.; Luo Q. Digital Resilience Among Individuals in School Education Set-
tings: A Concept Analysis Based on a Scoping Review. Frontiers in Psychiatry 2022. https://doi.org/10.
3389/fpsyt.2022.858515 PMID: 35432032

Price R. Inclusive and Special Education Approaches in Developing Countries. K4D Helpdesk Report
3732018.

De Witte K.; Lépez-Torres L. Efficiency in Education: A Review of Literature and a Way Forward. Jour-
nal of the Operational Research Society 2017.

Johnes J.; Portela M.; Thanassoulis E. Efficiency in Education. Journal of the Operational Research
Society 2017, https://doi.org/10.1057/s41274-016-0109-z

Queiroz M.V.A.B.; Sampaio R.M.B.; Sampaio L.M.B. Dynamic Efficiency of Primary Education in Brazil:
Socio-economic and Infrastructure Influence on School Performance. Socio-Economic Planning Sci-
ences 2020, https://doi.org/10.1016/j.seps.2019.100738

Miningou E.W. Quality Education and the Efficiency of Public Expenditure: A Cross-Country Compara-
tive Analysis; 2019;

Gavurova B.; Kocisova K.; Belas L.; Krajcik V. Relative Efficiency of Government Expenditure on Sec-
ondary Education. Journal of International Studies 2017, https://doi.org/10.14254/2071-8330.2017/10-
2/23

EC/EACEA/Eurydice Structural Indicators for Monitoring Education and Training Systems in Europe.
Eurydice Report 2022.

Schulze-Cleven T. The Education Systems of Europe. Compare: A Journal of Comparative and Interna-
tional Education 2011, https://doi.org/10.1080/03057925.2011.598024

Kushnir I.; Brooks R. UK Membership(s) in the European Higher Education Area Post-2020: A ‘Eur-
opeanisation’ Agenda. European Educational Research Journal 2022, https://doi.org/10.1177/
14749041221083073

Nancy W.; Parimala A.; Merlin Livingston L.M. Advanced Teaching Pedagogy as Innovative Approach
in Modern Education System. In Proceedings of the Procedia Computer Science; 2020.

Yuryevna Tsibizova T.; Gennadievich Poyarkov N.; Viktorovna Mamaeva S.; Vladimirovich Rubtsov A.;
Mefodyevna Plekhanova E.; Viktorovna Kolchina V.; et al. Forming A Pedagogue’s Research Compe-
tences in Innovative Educational Environment. International Journal of Engineering & Technology
2018, https://doi.org/10.14419/ijet.v7i4.38.27797

Stumbriené D.; Zelvys R.; Zilinskas J.; Dukynaité R.; Jakaitiené A. Efficiency and Effectiveness Analy-
sis Based on Educational Inclusion and Fairness of European Countries. Socio-Economic Planning Sci-
ences 2022, https://doi.org/10.1016/j.seps.2022.101293

OCED Vocational Education and Training in Germany Strengths, Challenges and Recommendations.
OCED publication 2010.

Busemeyer M.R.; Garritzmann J.L.; Neimanns E.; Nezi R. Investing in Education in Europe: Evidence
from a New Survey of Public Opinion. Journal of European Social Policy 2018, https://doi.org/10.1177/
0958928717700562

Bergbauer A.B. How Did EU Membership of Eastern Europe Affect Student Achievement?*. Education
Economics 2019, https://doi.org/10.1080/09645292.2019.1673702

The European Education Area and the 2030 Strategic Framework for Education and Training. 2021.

Alexiadou N.; Rambla X. Education Policy Governance and the Power of Ideas in Constructing the New
European Education Area. European Educational Research Journal 2022, https://doi.org/10.1177/
14749041221121388

Symeonidis V. Revisiting the European Teacher Education Area: The Transformation of Teacher Edu-
cation Policies and Practices in Europe. Center for Educational Policy Studies Journal 2018, https://doi.
org/10.26529/cepsj.509

Veiga A.; Magalhaes A.; Amaral A. Disentangling Policy Convergence within the European Higher Edu-
cation Area. European Educational Research Journal 2019, https://doi.org/10.1177/
1474904118804429

Adebayo G.O. Counter-Radicalization Policies and Policing in Education: Making a Case for Human
Security in Europe. Heliyon 2021, https://doi.org/10.1016/j.heliyon.2020.e05721 PMID: 33644429

McPhillips M.; Licznerska M. Open Innovation Competence for a Future-Proof Workforce: A Compara-
tive Study from Four European Universities. Journal of Theoretical and Applied Electronic Commerce
Research 2021, https://doi.org/10.3390/jtaer16060134

McKenna M. Improving Educational Outcomes through Getting It Right for Every Child in Glasgow.
European Review 2020, https://doi.org/10.1017/S1062798720000927

PLOS ONE | https://doi.org/10.1371/journal.pone.0295979 January 19, 2024 26/29


https://doi.org/10.3389/fpsyt.2022.858515
https://doi.org/10.3389/fpsyt.2022.858515
http://www.ncbi.nlm.nih.gov/pubmed/35432032
https://doi.org/10.1057/s41274-016-0109-z
https://doi.org/10.1016/j.seps.2019.100738
https://doi.org/10.14254/2071-8330.2017/10-2/23
https://doi.org/10.14254/2071-8330.2017/10-2/23
https://doi.org/10.1080/03057925.2011.598024
https://doi.org/10.1177/14749041221083073
https://doi.org/10.1177/14749041221083073
https://doi.org/10.14419/ijet.v7i4.38.27797
https://doi.org/10.1016/j.seps.2022.101293
https://doi.org/10.1177/0958928717700562
https://doi.org/10.1177/0958928717700562
https://doi.org/10.1080/09645292.2019.1673702
https://doi.org/10.1177/14749041221121388
https://doi.org/10.1177/14749041221121388
https://doi.org/10.26529/cepsj.509
https://doi.org/10.26529/cepsj.509
https://doi.org/10.1177/1474904118804429
https://doi.org/10.1177/1474904118804429
https://doi.org/10.1016/j.heliyon.2020.e05721
http://www.ncbi.nlm.nih.gov/pubmed/33644429
https://doi.org/10.3390/jtaer16060134
https://doi.org/10.1017/S1062798720000927
https://doi.org/10.1371/journal.pone.0295979

PLOS ONE

Educational resource utilization efficiency, technological heterogeneity, and TFP in European countries

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Weichelt R.D.; Zeitler E. SECOND HOME PROPERTY OWNERSHIP AND PUBLIC-SCHOOL FUND-
ING IN WISCONSIN’'S NORTHWOODS. Geographical Review 2022, https://doi.org/10.1080/
00167428.2020.1855583

Lepori B. The Heterogeneity of European Higher Education Institutions: A Configurational Approach.
Studiies in Higher Education 2022, https://doi.org/10.1080/03075079.2021.1968368

Bertoletti A.; Berbegal-Mirabent J.; Agasisti T. Higher Education Systems and Regional Economic
Development in Europe: A Combined Approach Using Econometric and Machine Learning Methods.
Socio-Economic Planning Sciences 2022, https://doi.org/10.1016/j.seps.2022.101231

Bruni R.; Catalano G.; Daraio C.; Gregori M.; Moed H.F. Studying the Heterogeneity of European
Higher Education Institutions. Scientometrics 2020, https://doi.org/10.1007/s11192-020-03717-w

Dinca M.S.; Dinca G.; Andronic M.L.; Pasztori A.M. Assessment of the European Union’s Educational
Efficiency. Sustainability (Switzerland) 2021, https://doi.org/10.3390/su13063116

Guarini G.; Laureti T.; Garofalo G. Socio-Institutional Determinants of Educational Resource Efficiency
According to the Capability Approach: An Endogenous Stochastic Frontier Analysis. Socio-Economic
Planning Sciences 2020, https://doi.org/10.1016/j.seps.2020.100835

Higgins M.; Grant F.; Thompson P. Formative Assessment: Balancing Educational Effectiveness and
Resource Efficiency. Journal for education in the Built Environment 2010, https://doi.org/10.11120/jebe.
2010.05020004

Liu F.; Xu H. Effects of Educational Efficiency on National Competitiveness Based on Cross-National
Data. Education Sciences 2017, https://doi.org/10.3390/educsci7040081

Veremchuk O. V.; Pavlenko T.S.; Nikolaienko Y.M.; Matviichuk O.Y.; Kozhedub O. V. Evaluation of
Quality and Efficiency of Information Resources of Educational Libraries. Revista de la Universidad del
Zulia 2021, https://doi.org/10.46925//rdluz.35.31

Bhutoria A.; Aljabri N. Managerial Practices and School Efficiency: A Data Envelopment Analysis
across OECD and MENA Countries Using TIMSS 2019 Data. Large-Scale Assessments in Education
2022, https://doi.org/10.1186/s40536-022-00147-3

Nojavan M.; Heidari A.; Mohammaditabar D. A Fuzzy Service Quality Based Approach for Performance
Evaluation of Educational Units. Socio-Economic Planning Sciences 2021, https://doi.org/10.1016/j.
seps.2020.100816

Mergoni A.; Soncin M.; Agasisti T. The Effect of ICT on Schools’ Efficiency: Empirical Evidence on 23
European Countries. Omega (United Kingdom) 2023, https://doi.org/10.1016/j.omega.2023.102891

Delahoz-Dominguez E.; Mendoza-Mendoza A.; Visbal-Cadavid D. EFFICIENCY OF ACADEMIC
ENGINEERING PROGRAMS IN COLOMBIA: AN APPROACH THROUGH DATA ENVELOPMENT
ANALYSIS. Journal of Engineering Science and Technology 2022.

Munoz D.A.; Queupil J.P. Assessing the Efficiency of Secondary Schools in Chile: A Data Envelopment
Analysis. Quality Assurance in Education 2016, https://doi.org/10.1108/QAE-05-2015-0022

Kuah C.T.; Wong K.Y. Efficiency Assessment of Universities through Data Envelopment Analysis. In
Proceedings of the Procedia Computer Science; 2011.

Xu H.; Liu F. Measuring the Efficiency of Education and Technology via DEA Approach: Implications on
National Development. Social Sciences 2017, https://doi.org/10.3390/socsci6040136

Deutsch J.; Dumas A.; Silber J. School Externalities and Scholastic Performance: An Efficiency Analy-
sis. International Journal of Manpower 2019, https://doi.org/10.1108/IJM-09-2017-0220

Rebai S.; Ben Yahia F.; Essid H. A Graphically Based Machine Learning Approach to Predict Second-
ary Schools Performance in Tunisia. Socio-Economic Planning Sciences 2020, https://doi.org/10.1016/
j.seps.2019.06.009

Sagarra M.; Mar-Molinero C.; Agasisti T. Exploring the Efficiency of Mexican Universities: Integrating
Data Envelopment Analysis and Multidimensional Scaling. Omega (United Kingdom) 2017, https://doi.
org/10.1016/j.omega.2016.04.006

Gourishankar V.; Sai Lokachari P. Benchmarking Educational Development Efficiencies of the Indian
States: A DEA Approach. International Journal of Educational Management 2012, https://doi.org/10.
1108/09513541211194400

Rodionov D.; Velichenkova D. Relation between Russian Universities and Regional Innovation Devel-
opment. Journal of Open Innovation: Technology, Market, and Complexity 2020, https://doi.org/10.
3390/joitmc6040118

M Chudasama K. ELEMENTARY SCHOOL EDUCATION IN INDIA: PERFORMANCE VERSUS EFFI-
CIENCY ANALYSIS USING DEA. Towards Excellence 2020, https://doi.org/10.37867/te120208

PLOS ONE | https://doi.org/10.1371/journal.pone.0295979 January 19, 2024 27/29


https://doi.org/10.1080/00167428.2020.1855583
https://doi.org/10.1080/00167428.2020.1855583
https://doi.org/10.1080/03075079.2021.1968368
https://doi.org/10.1016/j.seps.2022.101231
https://doi.org/10.1007/s11192-020-03717-w
https://doi.org/10.3390/su13063116
https://doi.org/10.1016/j.seps.2020.100835
https://doi.org/10.11120/jebe.2010.05020004
https://doi.org/10.11120/jebe.2010.05020004
https://doi.org/10.3390/educsci7040081
https://doi.org/10.46925//rdluz.35.31
https://doi.org/10.1186/s40536-022-00147-3
https://doi.org/10.1016/j.seps.2020.100816
https://doi.org/10.1016/j.seps.2020.100816
https://doi.org/10.1016/j.omega.2023.102891
https://doi.org/10.1108/QAE-05-2015-0022
https://doi.org/10.3390/socsci6040136
https://doi.org/10.1108/IJM-09-2017-0220
https://doi.org/10.1016/j.seps.2019.06.009
https://doi.org/10.1016/j.seps.2019.06.009
https://doi.org/10.1016/j.omega.2016.04.006
https://doi.org/10.1016/j.omega.2016.04.006
https://doi.org/10.1108/09513541211194400
https://doi.org/10.1108/09513541211194400
https://doi.org/10.3390/joitmc6040118
https://doi.org/10.3390/joitmc6040118
https://doi.org/10.37867/te120208
https://doi.org/10.1371/journal.pone.0295979

PLOS ONE

Educational resource utilization efficiency, technological heterogeneity, and TFP in European countries

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Le Q.C. The Efficiency of Expenditures for General Education: Empirical Evidence from Vietnam’s
Transitional Economy. International Journal of Management in Education 2021, https://doi.org/10.1504/
IJMIE.2021.116531

ZhengL.; Zhou Z.B.; DuY.H.; Wu S.J.; Jin Q.Y; Xing L.N. Research on Allocation Efficiency of
Regional Adult Education Resources Using the DEA Model. Kongzhi yu Juece/Control and Decision
2020, https://doi.org/10.13195/j.kzyjc.2018.0891

Khan M.Z.S.; Mazumder S. Efficiency of Public and Private Universities in Bangladesh: A Comparative
Approach Using Data Envelopment Analysis. Journal of Education and Research 2022, https://doi.org/
10.51474/jer.v11i2.557

Emrouznejad A.; Yang G. liang A Survey and Analysis of the First 40 Years of Scholarly Literature in
DEA: 1978-2016. Socio-Economic Planning Sciences 2018, https://doi.org/10.1016/j.seps.2017.01.
008

Khoshroo A.; Izadikhah M.; Emrouznejad A. Total Factor Energy Productivity Considering Undesirable
Pollutant Outputs: A New Double Frontier Based Malmquist Productivity Index. Energy 2022, https://
doi.org/10.1016/j.energy.2022.124819

Charnes A.; Cooper W.W.; Rhodes E. Measuring the Efficiency of Decision Making Units. European
Journal of Operational Research 1978, https://doi.org/10.1016/0377-2217(78)90138-8

Banker R.D.; Charnes A.; Cooper W.W. Some Models for Estimating Technical and Scale Inefficiencies
in Data Envelopment Analysis. Management Science 1984, 30, 1078-1092, https://doi.org/10.1287/
mnsc.30.9.1078

Tone K. Slacks-Based Measure of Efficiency in Data Envelopment Analysis. European Journal of Oper-
ational Research 2001, https://doi.org/10.1016/S0377-2217(99)00407-5

LiH.; Fang K.; Yang W.; Wang D.; Hong X. Regional Environmental Efficiency Evaluation in China:
Analysis Based on the Super-SBM Model with Undesirable Outputs. Mathematical and Computer
Modelling 2013, https://doi.org/10.1016/j.mcm.2012.09.007

Sun J.; Wang Z; Li G. Measuring Emission-Reduction and Energy-Conservation Efficiency of Chinese
Cities Considering Management and Technology Heterogeneity. Journal of Cleaner Production 2018,
https://doi.org/10.1016/j.jclepro.2017.12.042

Chiu C.R.; LuK.H.; Tsang S.S.; Chen Y.F. Decomposition of Meta-Frontier Inefficiency in the Two-
Stage Network Directional Distance Function with Quasi-Fixed Inputs. International Transactions in
Operational Research 2013, 20, 595-611, https://doi.org/10.1111/itor.12008

Fare R.; Grosskopf S.; Lindgren B.; Roos P. Productivity Changes in Swedish Pharamacies 1980—
1989: A Non-Parametric Malmquist Approach. Journal of Productivity Analysis 1992, https://doi.org/10.
1007/BF00158770

Theodorsson-Norheim E. Kruskal-Wallis Test: BASIC Computer Program to Perform Nonparametric
One-Way Analysis of Variance and Multiple Comparisons on Ranks of Several Independent Samples.
Computer Methods and Programs in Biomedicine 1986, https://doi.org/10.1016/0169-2607(86)90081-7
PMID: 3638187

Yin W.; Ye Z.; Shah W.U.H. Indices Development for Player’s Performance Evaluation through the
Super-SBM Approach in Each Department for All Three Formats of Cricket. Sustainability (Switzerland)
2023, https://doi.org/10.3390/su15043201

ShahW.U.H.; Hao G.; Yan H.; Yasmeen R.; Lu Y. Energy Efficiency Evaluation, Changing Trends and
Determinants of Energy Productivity Growth across South Asian Countries: SBM-DEA and Malmquist
Approach. Environmental Science and Pollution Research 2022, 1989019906, https://doi.org/10.
1007/s11356-022-23484-w PMID: 36242664

Shah W.U.H.; LuY.; Hao G.; Yan H.; Yasmeen R. Impact of "Three Red Lines" Water Policy (2011) on

Water Usage Efficiency, Production Technology Heterogeneity, and Determinant of Water Productivity
Change in China. International Journal of Environmental Research and Public Health 2022, 19, https:/
doi.org/10.3390/ijerph192416459 PMID: 36554340

SunY.; Yang F.; Wang D.; Ang S. Efficiency Evaluation for Higher Education Institutions in China Con-
sidering Unbalanced Regional Development: A Meta-Frontier Super-SBM Model. Socio-Economic
Planning Sciences 2023, https://doi.org/10.1016/].seps.2023.101648

Olariu G.V.; Brad S. Preventive Risk Management of Resource Allocation in Romanian Higher Educa-
tion by Assessing Relative Performance of Study Programs with DEA Method. Sustainability (Switzer-
land) 2022, https://doi.org/10.3390/su141912527

ChenL.; YuY.; Addis A.K.; Guo X. Empirical Assessment and Comparison of Educational Efficiency
between Major Countries across the World. Sustainability (Switzerland) 2022, https://doi.org/10.3390/
su14074009

PLOS ONE | https://doi.org/10.1371/journal.pone.0295979 January 19, 2024 28/29


https://doi.org/10.1504/IJMIE.2021.116531
https://doi.org/10.1504/IJMIE.2021.116531
https://doi.org/10.13195/j.kzyjc.2018.0891
https://doi.org/10.51474/jer.v11i2.557
https://doi.org/10.51474/jer.v11i2.557
https://doi.org/10.1016/j.seps.2017.01.008
https://doi.org/10.1016/j.seps.2017.01.008
https://doi.org/10.1016/j.energy.2022.124819
https://doi.org/10.1016/j.energy.2022.124819
https://doi.org/10.1016/0377-2217%2878%2990138-8
https://doi.org/10.1287/mnsc.30.9.1078
https://doi.org/10.1287/mnsc.30.9.1078
https://doi.org/10.1016/S0377-2217%2899%2900407-5
https://doi.org/10.1016/j.mcm.2012.09.007
https://doi.org/10.1016/j.jclepro.2017.12.042
https://doi.org/10.1111/itor.12008
https://doi.org/10.1007/BF00158770
https://doi.org/10.1007/BF00158770
https://doi.org/10.1016/0169-2607%2886%2990081-7
http://www.ncbi.nlm.nih.gov/pubmed/3638187
https://doi.org/10.3390/su15043201
https://doi.org/10.1007/s11356-022-23484-w
https://doi.org/10.1007/s11356-022-23484-w
http://www.ncbi.nlm.nih.gov/pubmed/36242664
https://doi.org/10.3390/ijerph192416459
https://doi.org/10.3390/ijerph192416459
http://www.ncbi.nlm.nih.gov/pubmed/36554340
https://doi.org/10.1016/j.seps.2023.101648
https://doi.org/10.3390/su141912527
https://doi.org/10.3390/su14074009
https://doi.org/10.3390/su14074009
https://doi.org/10.1371/journal.pone.0295979

PLOS ONE

Educational resource utilization efficiency, technological heterogeneity, and TFP in European countries

72.

73.

74.

75.

76.

77.

78.

79.

80.

Cheng Y.F.; Hsu Y.S.; Lee C. Di Educational Efficiency of Mathematical Literacy: A Comparison of Four
Ethnically Chinese Regions. Journal of Research in Education Sciences 2018, https://doi.org/10.6209/
JORIES.201812_63(4).0001

GuY.; Ayala Garcia J. Educational Expenditure Efficiency in China: The Role of the Governor’s Charac-
teristics. Applied Economics 2021, https://doi.org/10.1080/00036846.2020.1869171

Mindzak M. COVID19 & The Ongoing Problem of Educational Efficiency. Brock Education Journal
2020, https://doi.org/10.26522/brocked.v29i2.837

Quintero-Fragozo C.; Cortés Y.; Sarrias M. Effects of Spatial Competition on Public Educational Effi-
ciency: An Analysis for the Chilean Metropolitan Region. Journal of Education Policy 2023, https://doi.
org/10.1080/02680939.2021.1966102

Garcia-Jiménez J.; Torres-Gordillo J.J.; Rodriguez-Santero J. Factors Associated with School Effec-
tiveness: Detection of High-and Low-Efficiency Schools through Hierarchical Linear Models. Education
Sciences 2022, https://doi.org/10.3390/educsci12010059

Yuan Y.; Shan M. The Educational Efficiency Evaluation Framework: By Using DEA Model and CA
Method. International Journal of Information and Education Technology 2016, https://doi.org/10.7763/
ijiet.2016.v6.818

Arbona A.; Giménez V.; Lépez-Estrada S.; Prior D. Efficiency and Quality in Colombian Education: An
Application of the Metafrontier Malmquist-Luenberger Productivity Index. Socio-Economic Planning
Sciences 2022, https://doi.org/10.1016/j.seps.2021.101122

Luo X.; Zhang W. Green Innovation Efficiency: A Threshold Effect of Research and Development.
Clean Technologies and Environmental Policy 2021, https://doi.org/10.1007/s10098-020-01977-x

Johnson A.L.; Ruggiero J. Nonparametric Measurement of Productivity and Efficiency in Education.
Annals of Operations Research 2014, https://doi.org/10.1007/s10479-011-0880-9

PLOS ONE | https://doi.org/10.1371/journal.pone.0295979 January 19, 2024 29/29


https://doi.org/10.6209/JORIES.201812%5F63%284%29.0001
https://doi.org/10.6209/JORIES.201812%5F63%284%29.0001
https://doi.org/10.1080/00036846.2020.1869171
https://doi.org/10.26522/brocked.v29i2.837
https://doi.org/10.1080/02680939.2021.1966102
https://doi.org/10.1080/02680939.2021.1966102
https://doi.org/10.3390/educsci12010059
https://doi.org/10.7763/ijiet.2016.v6.818
https://doi.org/10.7763/ijiet.2016.v6.818
https://doi.org/10.1016/j.seps.2021.101122
https://doi.org/10.1007/s10098-020-01977-x
https://doi.org/10.1007/s10479-011-0880-9
https://doi.org/10.1371/journal.pone.0295979

