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SUPPLEMENTARY  1. DEA AND 
MALMQUIST METHODOLOGY

DEA measures the efficiency of a decision-making 
unit (DMU) by solving a linear programming problem 
(LP) as shown in Equation (1) (Coelli and Rao 2005):
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where: 1/φ – a technical efficiency score (TE) based on 
a distance function d (Farrell 1957), where a TE value of 
1 indicates full efficiency; X and Y – input and output 
matrices across all compared DMUs, xi and yi – the 
respective vectors of the ith DMU; λ – the multiplier 
vector that generates linear combinations of observed 
inputs and output bundles. 

This LP model must be solved for each DMU in the 
sample. Figure S1 illustrates the principle of DEA in a sim-
plified form considering constant returns to scale (CRS). 

Figure S1. Principle of an output-oriented DEA
Source: Own elaboration

The Malmquist index (MI) extends DEA to ana-
lyse temporal changes in efficiency by comparing 
distance functions d across two periods t and t  +  1 
(Malmquist 1953; Caves et al. 1982; Färe et al. 1992, 
1994). It measures the change in total factor productiv-
ity (TFP), where MI > 1 indicates improvement, while 
MI < 1 indicates a decline. The index is computed as 
the geometric mean of two TFP measures based on the 
technologies of both periods (Coelli et al. 2005), as de-
scribed in Equation (2).
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Equation  (2) can be rearranged to show that  the 
change in TFP can be separated into two components. 
The first component is a catch-up effect, which reflects 
the change in technical efficiency (TE) between peri-
ods t and t  +1. The second component is  a frontier 
shift, which captures technological progress as a geo-
metric mean term, as shown in Equation (3).
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Figure S2 provides a simplified illustration of the fun-
damental principles of a Malmquist index with output 
orientation, under the assumption of constant returns 
to scale (CRS).

Figure S2. The principle of Malmquist Index
Source: Own elaboration
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Equation  (2) can be rearranged to show that  the 
change in TFP can be separated into two components. 
The first component is a catch-up effect, which reflects 
the change in technical efficiency (TE) between peri-
ods t and t  +1. The second component is  a frontier 
shift, which captures technological progress as a geo-
metric mean term, as shown in Equation (3).
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Figure S2 provides a simplified illustration of the fun-
damental principles of a Malmquist index with output 
orientation, under the assumption of constant returns 
to scale (CRS).

Figure S2. The principle of Malmquist Index
Source: Own elaboration

The calculation of the distance functions is achieved 
by solving four DEA-like linear programmes presented 
in Equation (4) (Coelli and Rao 2005):
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