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Abstract We employ a three-stage data envelopment analysis (DEA) model coupled 
with Stochastic Frontier Analysis (SFA) by using data made freely available by the 
European Commission, to evaluate the procedural efficiency of 51 OPs from 16 coun-
tries committed to fostering the adoption of Information and Communication Tech-
nologies (ICT) in small mid-sized enterprises (SMEs). We depart from the results 
obtained in the previous Chapter with two DEA models, specifically the Slack Based-
Measure (SBM) and the Weighted Russel Directional Distance (WRDD) model. 
Firstly, we adjust the input and output factors through the SFA by removing the 
influence of environmental factors and statistical noise. Secondly, we instantiate the 
previous DEA models with adjusted factors, to compute new efficiency factors. All in 
all, we observed that by removing these contextual effects, nearly 27% of the OPs (14) 
vs. 30% of the OPs (16) using the SBM and the WRDD approaches, respectively, 
achieved efficient procedural outcomes, compared to 20 percent (10) without the 
consideration of these factors. The OP “Multi-regional Spain - ERDF” is commonly 
considered a benchmark regardless of the model and contextual environment. The 
‘number of operations supported’ is the measure that necessitates more consideration, 
with or without the elimination of environmental factors, irrespective of the DEA 
model used. Our findings imply that more developed areas with a higher number of 
ICT specialists tend to have lower use of ERDF funds committed to promoting ICT 
adoption in SMEs. These findings might be attributable to administrative practices 
and SMEs’ failure to manage the complicated technicalities involved in submitting
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and executing European Regional Development Fund (ERDF) project proposals. As 
a result, it is critical to provide the extra help that reduces managerial requirements 
while also meeting the demands of SMEs. 

Keywords ICT · SMEs · SBM model · SFA · ERDF 

1 Introduction 

Given the advantages and possibilities that ICT-based technology may provide, and its 
rapid acceptance over the years, SMEs have been unable to strengthen its use (Akter 
et al., 2020; Haaker et al., 2021). Emerging innovations, particularly ICT, remain to 
pose challenges for businesses (Martin & Leurent, 2017; Oberländer et al., 2020; 
Vial, 2019). This might be attributable, in effect, to SMEs’ scarce funds, equipment, 
and experience. In practice, many hurdles to SMEs’ usage of ICT exist (Consoli, 
2012): Economical, since significant investments are required and money is difficult 
to obtain; infrastructural, specifically owing to power pricing, bandwidth, and secure 
Internet connection; organizational, mostly shortage of skilled people; and tech-
nological, because technology advance involves careful preparation. Another issue 
impeding SMEs’ usage of ICT is a total lack of awareness of the capabilities and 
repercussions of digitalization (Horváth & Szabó, 2019; Lehner & Sundby, 2018). 
SMEs are concerned that if they do not pursue digitization, they would lose prof-
itability (Li et al., 2018; Ulas,  2019), but managers are hesitant to embrace it because 
they are unaware of how to integrate them into the business (Lehner & Sundby, 2018; 
Reis et al., 2018). 

Governments should establish measures to lower the digital divide (DD), offer 
affordable network connectivity, and invest in education to encourage ICT usage in 
SMEs (Horváth & Szabó, 2019; Lehner & Sundby, 2018; Reis et al., 2018). 

Ex-post assessments are frequently utilized in research evaluating EU structural 
funding awarded to ICT (Kleibrink et al., 2015; Reggi & Scicchitano, 2014). There 
is additional evidence that supports an ex-ante evaluation of the factors influencing 
funding distribution amongst different ICT activities (Reggi & Gil-Garcia, 2021). 
The research conducted in the previous Chapter contrasted the implementation of 
OPs connected to ICT policies with their equivalents throughout the programming 
period, illustrating the modifications that should be performed to render an inefficient 
OP efficient. Nonetheless, no viable reason for the influence of contextual variables 
on the outcomes obtained has been investigated. Consequently, the objective of this 
research is to contribute to the literature by employing a systematic framework that 
helps Management Authorities (MA) to assess the reasons behind the inefficiency 
of the implementation of the OPs committed to supporting ICT adoption by SMEs 
employing two non-parametric methods, namely the SBM and WRDD models, in 
conjunction with SFA. 

Below are the key questions that this work intends to answer: 

RQ1: “Which environmental factors have the largest effect on the OPs’ inefficiency?”. 

RQ2: “How does efficiency differ when contextual factors and statistical noise are 
removed?”.
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Hereunder is the structure for this article. Section 2 describes the fundamental 
premises behind the analytical techniques proposed to evaluate the implementation 
of the OPs under consideration. Section 3 discusses the main reasons for selecting the 
indicators, and the contextual factors used for the evaluation, but also the descriptive 
statistics on these data. The main results are discussed in Sect. 4. Section 5 summa-
rizes the interesting conclusions, examines possible political implications, identifies 
critical weaknesses, and suggests future research directions. 

2 Methodology 

One shortcoming of the DEA approach is that it does not account for the effect of 
contextual factors and random errors when evaluating efficiency. Fried et al. (2002) 
proposed a three-stage DEA model consequently. To begin, the DEA model is used to 
calculate the efficiency scores of each DMU, as well as the necessary changes to the 
input and output components to convert inefficient DMUs into efficient DMUs (i.e., 
the slacks). Second, the slacks are cate;gorized into three parts: contextual issues, 
poor management, and statistical noise. The slacks are the dependent variables, while 
the contextual factors are the independent variables. The aim is to minimize the 
influence of contextual factors and random errors. SFA is then used to adjust the 
input and output factors (Aigner et al., 1977; Meeusen & van den Broeck, 1977). 

Let n be the set of DMUs (DMU1, DMU2, . . . ,  DMUn) with X =[
xi j  , i = 1, 2, . . . ,  m, j = 1, 2, . . . ,  n

]
the (m × n) matrix of  inputs, Y =[

yr j  , r = 1, 2, . . . ,  s, j = 1, 2, . . . ,  n
]
the vector of outputs (s × n) and the rows 

of these matrices for DMUk are, respectively, xT 
k and y

T 
k , where 

T is the transpose 
of a vector. Also, assume a Variable Returns to Scale (VRS) technology with the 
imposition of

∑n 
j=1 λ j = 1, λ  j ≥ 0

(∀ j
)
. 

The SBM model The WRDDM 
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The SBM model The WRDDM

where the value of 0 < ρ < 1, and  
DMUk is SBM-efficient if ρ∗ = 1, 
meaning that the slacks (s− 

i and s+ 
i ) are  

null for all the inputs and outputs 

wy and wx , with wy + wx = 1, are weights that 
assign the importance of the outputs and inputs. 
The importance of the inefficiencies of every 
factor is defined such that∑

rεO
� r 

y = 1,
∑

iε I
� i 

x = 1 

Every output1 slack obtained for j inefficient DMU ( j = 1, . . . ,  p) is:  

sr j  = f
(
Z j , β

r
) + vr j  + ur j  , r = 1, . . . ,  s; j = 1, . . . ,  p, (3) 

where sr j  is the slack value of output r of DMUj, f
(
Z j , βr

)
is the deterministic 

feasible slack frontier, and βr denotes the coefficients associated with the contex-
tual factors. The term vr j  + ur j  is the mixed error, vr j  is the statistical noise 
and ur j  is management inefficiency. Usually, it is assumed that vr j  N

(
0; σ 2 v

)
and 

ur j  N +
(
μi ; σ 2 u

)
, with vr j  and ur j  independent variables. 

Let γ = σ 2 u 
σ 2 u +σ 2 v 

. If  γ is close 1, it indicates that management factors are the main 
responsible for the adjustment needed to achieve efficiency. If γ is near 0, most of 
the adjustment needed to achieve efficiency is linked to statistical noise. 

The modified output slacks are then calculated by decomposing the mixed error. 
In line with Jondrow et al. (1982), the management inefficiency is calculated as 
follows: 

E
(
ui j |ui j  + vi j

) = σδ  
1 + δ2 

⎡ 

⎣ 
ϕ
(

ε j δ 
σ

)

∅
(

ε j δ 
σ
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ε j δ 
σ 

⎤ 

⎦ (4) 

where δ = σu 
σv 

, ε  j = vi j  + ui j,, σ  2 = σ 2 u + σ 2 v , ϕ  and;∅ are, respectively, the density 
and distribution functions of the standard normal distribution. Thus, the random error 
term can be obtained as: 

E
(
vi j |ui j  + vi j

) = si j  − f
(
Z j , β

i
) − E

(
ui j |ui j  + vi j

)
. (5) 

Based on the three-stage method of Fried et al. (2002), at the first stage, the slacks 
are computed through the SBM and WRDD models. At the second stage, the output 
variables of each DMU are modified according to the SFA results by removing the 
significant contextual effects and statistical noises. 

The adjusted outputs are obtained as (Avkiran & Rowlands, 2008): 

y A r j  = yr j  +
[
f
(
Z j , β

r
) − min 

r

{
f
(
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r
)}] +

[
vr j  − min 

r

{
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}]
, r = 1, . . . ,  s. 

(6)

1 We only describe output adjustments since these were the only factors that requeired further 
attention. 
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Finally, at the third stage, the efficiency scores are obtained with the modified 
output factors. 

3 Data 

The input and output factors used for assessing the efficiency of the implementation of 
ERDF engagement in ICT adoption in SMEs were obtained from the list of indicators 
formally reported to the EU.2 

Because of the missing data on ICT adoption at the enterprise level from traditional 
databases per NUTS2 region (Billon et al., 2016, 2017; Reggi & Gil-Garcia, 2021), 
we employ metrics available from the Regional Innovation Scoreboard in 2021 as 
contextual/environmental variables (Hollanders, 2021). Additional statistical data 
were gathered from OECD statistics.3 

3.1 Input and Output Factors 

3.1.1 “Total Eligible Costs Decided” and “Total Eligible Spending” 

The indicators employed to measure the efficiency of the OPs’ absorption are “total 
eligible spending” and “total eligible costs decided.“ The first concerns qualified 
costs that have been documented and verified by a decision authority. Consequently, 
this component is employed as an output since the more the value assigned to it, the 
greater the financial implementation of each operation. The second is regarded as 
an input since it relates to the financial resources that are assigned to the programs 
selected for finance, which must be maintained as low as possible. 

3.1.2 Number of Operations Supported 

The “number of operations supported” alludes to the number of projects financed 
by the ERDF. The greater the number of projects funded, the greater the prospect of 
raising ICT usage. Therefore, this indicator is an output. 

Further information on these data is available in the previous Chapter.

2 Available online: https://cohesiondata.ec.europa.eu/2014-2020-Categorisation/ESIF-2014-2020-
categorisation-ERDF-ESF-CF-planned-/3kkx-ekfq (accessed 30th March 2022). 
3 Available online: https://stats.oecd.org/Index.aspx?DataSetCode=REGION_ECONOM 
(accessed 30th March 2022). 

https://cohesiondata.ec.europa.eu/2014-2020-Categorisation/ESIF-2014-2020-categorisation-ERDF-ESF-CF-planned-/3kkx-ekfq
https://cohesiondata.ec.europa.eu/2014-2020-Categorisation/ESIF-2014-2020-categorisation-ERDF-ESF-CF-planned-/3kkx-ekfq
https://stats.oecd.org/Index.aspx?DataSetCode=REGION_ECONOM
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3.2 Environmental Factors 

As a measure of economic growth, we utilized regional GDP at purchasing power 
parity per capita (GDPPPpc) as an exogenous variable (Billon et al., 2016, 2017; 
Reggi & Gil-Garcia, 2021). Besides, ICT is more successfully implemented in 
affluent locations, as suggested by Neokosmidis et al. (2015). 

We additionally used as an environmental variable the proportion of the population 
aged 25–34 who have completed a college education, as data suggests a positive 
association between educational achievement and ICT usage (Billon et al., 2016, 
2017). Several factors have been addressed in the context of ICT adoption to justify 
this seeming advantageous relationship. On the one hand, education teaches the 
qualifications needed to use and profit from the use of ICT. Workers, on the other 
hand, are expected to become more acquainted with ICT (Billon et al., 2017). Since it 
has been acknowledged that dissemination of ICT in EU regions is positively linked 
with Research and Development (R&D) expenditures (Billon et al., 2016, 2017; 
Giotopoulos et al., 2017), we used R&D investment in firms as a percentage of GDP 
and the number of SMEs attempting to bring new to market products as a percentage 
of all SMEs as potential explanatory factors of ICT adoption. 

Additionally, since a firm’s abilities are regarded as important innovation elements 
influencing user and ICT acceptance (Giotopoulos et al., 2017), we considered 
workers with basic digital skills as a proportion of total SMEs’ workers. Finally, 
the percentage of ICT specialists as a percentage of overall SMEs’ labor was also 
used, i.e., workers whose primary occupation is ICT and who can manage a broad 
variety of duties linked to computers (Ruiz-Rodríguez et al., 2018). 

Figure 1 shows the normalized scores, which vary from 0 to 1, except for the 
GDPPPpc, which was quantified by an index value.

4 Discussion of Results 

The SFA regression models were run through the R software, version 4.0.5 (RStudio 
Team, 2021), namely, the sfaR package version 0.1.1 (Dakpo et al., 2022). The results 
thus computed with both models are depicted in Table 1.

The results of γ in both models are close to one and statistically significant (1%), 
indicating that management failures were the major reason behind the attained inef-
ficiency scores. We employed SFA to exclude the effects of contextual factors and 
random errors to obtain neutral efficiency estimates. The regression coefficients are 
all significant (1%), showing that the given environmental variables have a substantial 
effect on the slacks calculated. 

Growth in both the proportion of ICT specialists and GDPPPPpc, according to 
Table 1, adds to a higher required rise in “total eligible spending”, whereas the 
remaining factors have a negative influence on this slack. These findings show that 
wealthier areas and a greater number of ICT professionals might not always indicate
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Fig. 1 Descriptive Statistics of the contextual variables. Source Authors’ own elaboration

a higher rate of implementation of ERDF aimed at boosting ICT in SMEs. Following 
these findings, Bukvić et al.  (2021) identified ERDF underuse by ICT Croatian SMEs 
from 2014 to 2020. Their study claimed that the difficulties and time required to 
implement, design, and assess the projects might explain these results (Bukvić et al., 
2021). Moreover, Martinez-Cillero et al. (2020) revealed that SMEs’ expenditures 
are lower than traditional economic models would anticipate, implying that these 
businesses are highly susceptible to funding issues. Another reason for these findings 
might be that these SMEs make use of alternative funding sources (Pellegrin et al., 
2018). 

Concerning the requirement to improve the ‘number of operations supported’, we 
also found that this aspect tends to rise as digital skills and ICT specialists grow, but
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Table 1 Results with SFA for both models 

Variables Slacks SBM Slacks WRDD 

Total Eligible 
Spending 

Number of 
Operations 

Total Eligible 
Spending 

Number of 
Operations 

Constant −242,050*** 237.20*** −696,940*** 248.61*** 

Population with 
tertiary education 

−890,650*** − −4,007,800*** − 

Digital skills −890,970*** 195.99*** −3,279,600*** 205.16*** 

ICT specialists 1,417,700*** 135.17*** 6,634,300*** 143.90*** 

Product process 
innovators 

− −73.17*** −3,805,600*** −83.38*** 

GDPPPPpc 1286*** −3.39*** 15,499*** −3.52*** 

Sigma-squared 8.91E+11*** 8.11E+05*** 2.85E+13*** 1.08E+06*** 

Gamma 0.98** 0.99** 0.97** 0.99** 

Log-likelihood 
function 

−593.83 −308.67 −672.65 −331.54 

** The model coefficients are statistically significant, at the 5% level of significance (p-value < 0.05) 
*** The model coefficients are statistically significant, at the 1% level of significance (p-value < 
0.01) 
Source Authors’ own elaboration

it begins to decrease when the percentage of SMEs with products process innova-
tions and GDPPPPpc grow. These data demonstrate once again that a high propor-
tion of ICT skills/specialists does not imply an appropriate ‘number of operations 
supported.‘ Areas with a greater GDPPPPPC and a greater number of SMEs that are 
more receptive to process innovation, on the other hand, may not always need to 
apply for further ERDF initiatives since they are more efficient in obtaining funding. 

Figure 2 shows that efficient OPs reduced their variance in terms of performance 
(the standard deviation is now 0.15 and 0.05 against 0.23 and 0.10 with the SBM 
and WRDD models, respectively). Furthermore, the efficiency ratings are restricted 
within [1.00, 1.49] and [1.00, 1.18] using the SBM and WRDD models, respectively. 
Moreover, inefficient OPs reduce the variability of their technical efficiency (with 
a standard deviation of 0.21 and 0.05 as opposed to the prior 0.25 and 35.48 with 
the SBM and WRDD models, respectively) and significantly boost their efficiency 
(underlining the importance of the contextual factors).

Figure 2 shows that about 27 and 31 percent of the OPs attained procedural 
efficiency with the SBM and WRDD models, respectively, relative to the earlier 20 
percent, i.e., 10 out of 51. 

Figure 3 depicts the variation in OPs’ technical efficiency with and without modi-
fied parameters for both models for the OPs that become efficient with the adjusted 
factors.

When contrasted to the first stage of the assessment, “Berlin - ERDF”, “Haute-
Normandie—ERDF/ESF/YEI”, “Central Macedonia—ERDF/ESF”, “Puglia— 
ERDF/ESF”, “Melilla—ERDF”, “Umbria—ERDF”, “Sachsen—ERDF”, “Upper
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Norrland—ERDF” all become efficient according with both models, whereas “País 
Vasco—ERDF” becomes inefficient according. These results indicate that the 
previous inefficiencies of these OPs were mainly impacted by their environmental 
factors. 

From Table 2 it is visible that “Multi-regional Spain—ERDF” is the only efficient 
OP more immune to the model and adjustments considered being ranked in the 3rd 
place according to both models with the consideration of the adjusted factors. Now, 
“Central Macedonia—ERDF/ESF” (25—SBM and 12—WRDD), “Berlin—ERDF” 
(18—SBM and 10—WRDD), “Puglia—ERDF/ESF” (10—SBM and 2—WRDD) 
and “ Multi-regional Spain—ERDF “ (9—SBM and 18—WRDD) are the top 4 OPs 
more widely viewed as benchmarks—see Table 2.

Surprisingly, “Multi-regional Spain—ERDF” is one of the three leading efficient 
OPs, serving as a reference for best practices regardless of the model and the removal 
of environmental factors. Furthermore, two of the OPs that retain their efficiency 
despite the removal of environmental factors and the model used are from Spain. It is 
worth noting that MS in the Southern and Central and Eastern EU were the primary 
receivers of ICT and digital economy aid (Pellegrin et al., 2018). This is especially 
true for countries with efficient OPs, such as Spain, Greece, Bulgaria, and the Czech 
Republic (Pellegrin et al., 2018). 

Finally, the enhancement that the ‘number of operations supported’ should 
undergo becomes substantially reduced falling from 313 and 376% to 111% and 
141% using the SBM and WRDD, respectively—see Fig. 4.

5 Conclusions and Further Research 

The objective of this paper is to evaluate the procedural efficiency of 51 OPs related 
to ICT assistance in SMEs from 16 EU MS, by including in the analysis the envi-
ronmental factors that might impact efficiency outcomes. We presented a three-DEA 
modeling approach to achieve this goal. To begin, both the SBM and WRDD models 
are utilized to calculate the efficiency ratings of each OP. At this stage, pertinent 
information about the adjustments that should be made to alleviate any disparities 
between inefficient OPs and their benchmarks are collected. 

The second phase includes the use of SFA to the slacks of inefficient OPs to update 
the inputs and outputs after removing contextual factors and statistical noises. At this 
stage, it is also feasible to comprehend how much contextual elements may influence 
the efficiency of ERDF implementation in distinct OPs devoted to increasing ICT 
adoption in SMEs, as well as the significance of management failures. Finally, the 
previously corrected components are employed in the SBM and WRDD models to 
obtain updated efficiency ratings. 

Our important findings are listed below. 
RQ1: “Which environmental factors have the largest effect on the OPs’ ineffi-

ciency?”.
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Fig. 4 Improvement potential for the OPs with the SBM and WRDD models. Source authors’ own 
elaboration

Our findings show that richer regions with a larger number of ICT specialists 
underutilize ERDF funding designated for strengthening ICT in SMEs. Furthermore, 
a greater proportion of ICT skills/specialists equates to a lesser “number of operations 
supported.“ Richer locations and a bigger number of SMEs seeking product inno-
vations, on the other hand, tend to be more efficient in receiving economic support. 
These results may be related to bureaucracy challenges in SMEs’ conformity with 
EU protocols, financial mechanisms, and administrative procedures. 

RQ2: “How does efficiency differ when contextual factors and statistical noise 
are removed?”.
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With the removal of the environmental factors, more than 27% and 30% of the 
OPs (14 and 16) achieved efficiency levels, according to the SBM and WRDD 
models, respectively, compared with the previous 20 percent (10), demonstrating 
the importance of environmental factors in efficiency assessment. 

Consequently, it can be stated that SMEs’ recourse to ESIF (particularly ERDF) 
is restricted since they lack the organizational ability to deal with the numerous 
procedures involved in applying for and executing ERDF projects. When it comes 
to ICT, this challenge becomes more urgent when compared to ‘conventional’ SME 
operations. As a result, operations in a sector known for rapid change, such as ICT, 
need greater flexibility and competence. As a result, MA must seek ways to give 
special support that simplify operations while meeting the needs of SMEs. 

Additionally, our research highlights the shortage of measures for measuring the 
performance of ESIF funding committed to ICT help in SMEs. Finally, while this 
study revealed new insights and innovative ways for examining the efficiency of 
funding execution allocated to boosting ICT usage in EU SMEs, future research 
should focus on the economic repercussions of these OPs, which remains a difficult 
task. 
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