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ABSTRACT
To improve the supply chain performance in all three 

aspects of sustainability (social, economic, and environ-
mental), a comprehensive sustainable performance mea-
surement system that captures all the supply chain part-
ners’ efforts and commitments is required. Warehouse, 
as the second largest logistics source of environmental 
pollution in the supply chain has been almost completely 
overlooked and ignored in the past studies. To fill this 
gap, a warehouse performance metrics framework for 
environmental and social performance measures was 
proposed using a novel Fuzzy Delphi and Best-worst 
methodological approach. The method is less time-con-
suming than the Analytic Hierarchy Process or Analytic 
Network Process, it does not address whether criteria 
are dependent or independent, requires fewer compari-
sons of criteria, but still produces reliable and credible 
results. The presented framework consists of 32 equally 
formulated environmental and social performance indi-
cators, including formulas and measurement units. The 
14 most important indicators are ranked according to the 
requirements of different stakeholders. 

KEY WORDS
warehouse; performance indicators; environmental  
performance; social performance; Fuzzy Delphi;  
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1. INTRODUCTION
To generate higher performance and consequent-

ly more opportunities for competition, the companies 
are trying to maintain balance between economic, 
social and environmental performance of all supply 
chain partners. Creating a so-called “triple win solu-
tion” is a great challenge for several reasons [1]. First, 

appropriate sustainable measures have to be created 
and implemented. Conventional sustainable indica-
tors are not sufficient as they often focus only on the 
economic perspective [1]. There are few standards 
of sustainable measurement. The social and environ-
mental dimensions of sustainability are ignored. Sec-
ond, not all performance indicators can be quantified, 
which allows for subjectivity and bias [2]. And third, 
there are trade-off situations in cases of simultaneous 
improvement of performance in different sustainable 
areas [3]. For example, higher performance in one di-
mension of sustainability can lower the performance 
of another sustainable dimension [4]. 

An essential starting point for facing these chal-
lenges is the establishment of a framework or ap-
proach in regard to sustainable measures, which an-
swers three crucial questions: (1) What are the goals 
of the assessment? (2) What must be measured to 
achieve the goals? (3) How must the selected ele-
ments be measured? [1], and (4) Who should perform 
the assessment?

Many articles have investigated frameworks for 
evaluating sustainable performance of the whole sup-
ply chain [5-10]. However, given the complexity of a 
supply chain, which involves a number of participat-
ing companies, it is very difficult to take into account 
every aspect of sustainability and every single indi-
cator [11]. Deeper analyses were applied in the past 
on the performance measurements of a single supply 
chain partner or supply chain activity. Most papers 
are focused on the purchasing and supplier selec-
tion [12-17], production and manufacturer [18-23]. 
In logistics, the main focus was placed on mode of 
transportation, vehicle routing, transportation speed, 
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induce a sharp increase in overall supply chain emis-
sions that might even offset reduction measures in 
the other sectors of supply chains [34]. 

During one of the projects ordered by a private 
company, the authors realised that there exists no 
practical guidance for measuring sustainable per-
formance in warehousing. Moreover, there is a lack 
of uniformly defined and harmonized indicators, in-
cluding measurement units and equations. 

The primary purpose of this study is to propose 
a general warehouse performance metrics frame-
work, which enables warehouse managers and de-
cision-makers the assessment of two dimensions of 
sustainability, social and environmental, which are 
harmonised with the key groups of stakeholders. The 
economic dimension of sustainability will not be the 
subject of this study. Unlike the criteria of the other 
two dimensions of sustainability, the economic cri-
teria have already been harmonised, and the mea-
surement units and equations defined [35]. To reach 
the purpose, the following questions have to be an-
swered:
1)  What criteria are appropriate for environmental 

and social performance evaluation in warehous-
ing?

2)  Which of them are strategically relevant for dif-
ferent stakeholders (warehouse owners, focal 
firms, policy makers)? 

3)  How should performance data be prepared and 
measured to be useful for them?
To this end, the three-step methodological ap-

proach was applied: (1) literature review for the iden-
tification of the initial set of potential environmen-
tal and social indicators; (2) Fuzzy Delphi method 
(FDM) for selecting the most important criteria from 
the initial set of potential performance; (3) The Best-
worst method (BWM) to rank criteria according to 
their importance.

Out of 32 detected environmental and social per-
formance measures, 14 were selected as important. 
The seven most important criteria originate from the 
environmental family of criteria. However, it is en-
couraging that about a third of criteria derive from 
the social pillar of sustainability. Only two aspects of 
social sustainability, safety and training, are covered. 

This paper contributes to the literature primarily 
by presenting an environmental and social perfor-
mance metrics framework, including equations and 
measurement units. The framework is harmonised 
with three groups of stakeholders. Besides, the most 
important indicators are highlighted. The second 

and logistics network design [7]. However, there are 
only a few papers that comprehensively investigate 
the warehouse sustainability performance-related is-
sue [24-32] and no attempt has been made to provide 
a framework for performance measurement in ware-
housing [7] considering all three pillars of sustain-
ability. 

Most of the papers found on sustainable ware-
housing [24-30] deal with general models of sus-
tainable warehouses, which are mainly focused on 
economic and less on the environmental pillar of 
sustainability. The social aspect of sustainability has 
been completely overlooked.

Some studies [25-29] were found on constructs 
and elements for environmental sustainability of 
warehouses. They are very exhaustive and up-to-
date. The same can be confirmed for those studies 
that present solutions in warehouses for reducing 
negative impacts on the environment [28-31]. One 
paper [29] even made very extensive impact analy-
ses of constructs-elements on all three dimensions 
of sustainability, which could serve in performance 
evaluations, enabling consideration of desirable and 
undesirable criteria.

Almost all of these papers discuss the perfor-
mance indicators that cover at least one aspect of sus-
tainability. Very few of the papers discuss the specific 
units in regard to the means of measuring the metrics, 
propose mathematical equations, or describe the way 
to calculate performance.

Warehousing is the fastest growing element of 
the supply chain logistics industry [24], since many 
producers and retailers decide to outsource non-core 
activities to third party logistics providers. The ware-
housing business is worth approximately 10% of the 
total supply chain logistics value [24]. This share 
will increase in the future, because the warehouse 
function is no longer only storage and distribution, 
but a complex added value service (assembly, pro-
duction, post-sale logistics). More services, a higher 
level of automation, a growing number of warehous-
es lead to higher consumption of energy, fuel and 
material and also increase environmental pollution 
[24]. Warehousing is already “considered to be an 
important cause of emissions and the second largest 
single source of environmental pollution in the logis-
tics chain” [33]. However, its important role in sus-
tainable supply chains has been almost completely 
overlooked in the past research. Neglecting it, might 
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Tan et al. and Rudiger et al. [25, 26] represent 
the few authors that address the interconnectivity 
between disparate sustainability dimensions when 
modelling the sustainable warehouse. Their simu-
lation, however, includes only the key indicators, 
without defining their metrics and units.

The paper by Zuchowski [27] is focused on an 
environmentally sustainable warehouse facility. It 
presents three basic groups of sustainable solutions 
for facilities (reducing harmful emissions, reducing 
the consumption of resources and increasing the 
ecological value of a facility) and factors that influ-
ence them. The author also highlights some basic 
parameters for evaluating a sustainable building, 
but defines no metrics or measurement units.

Fictinger et al. [28] examine the interaction be-
tween inventory management and warehouse-relat-
ed greenhouse gas emissions and conclude that the 
choice of inventory control policy and parameters 
have a significant impact on warehouse energy con-
sumption and hence, on the emissions. They even 
claim that the degree of warehouse mechanisation 
notably influences the overall warehousing emis-
sions. Two energy parameters are identified in this 
paper, including their equations and units. 

Amjed and Harrison [29] highlight eight major 
warehouse constructs and elements of sustainable 
warehouse and their impact on various dimensions 
of sustainability. They found that 63% of elements 
impact more than one dimension of sustainability. 

Warehouse indicators classified according to 
time, quality, costs, productivity and warehouse ac-
tivities were presented by Staud et al. [35]. They list 
a set of indicators, their definitions and a very pre-
cise explanation of each. However, only economic 
indicators are highlighted. 

Chen et al. [30] analyse the optimal decisions on 
warehouse management and green technology in-
vestments considering trade-offs between the eco-
nomic and environmental objectives. 

Bartolini et al. [31] made a comprehensive anal-
ysis on the environmental impact of warehouse 
building, lighting and ventilation and air condition-
ing. They found that lighting is the main contributor 
to energy consumption. 

2.2 Environmental and social performance 
indicators in warehousing

A review of the literature on sustainable perfor-
mance measurements in warehousing services re-
vealed that studies mainly deal with the economic 

contribution of this paper is an integrated FDM and 
BWM approach, on which the current warehouse 
performance metrics framework is based and also 
individual performance frameworks will be devel-
oped. Neither of the methods is new. However, this 
is the first time they have been integrated at all and 
applied for warehousing purposes. FDM and BWM 
approach require a few comparisons of criteria, are 
easier to use for the warehouse manager, practitioner, 
or any other user, and are more consistent than the 
most frequently used method in multi-criteria deci-
sion-making in general, the Analytic Hierarchy Pro-
cess (AHP). 

The presented framework should be helpful to 
warehouse managers, decision-makers and practi-
tioners in the initial phase of performance measure-
ment – proper input data collection for assessing the 
warehouse performance on two sustainability dimen-
sions, but not in the further phases of the evaluation. 
Individual warehouse managers and decision-mak-
ers have their own needs and requirements. Some of 
them relate to the company policy, others to the type 
of warehouse. Other indicators will be, therefore, 
also included in the framework and in the ranking. 

The presented framework also serves to standard-
ize the data collection, which reduces the information 
asymmetry and facilitates exchanging data between 
the focal firm and its partners and increases transpar-
ency within the supply chain, which further enables 
easier prediction of the overall performance of the 
logistics chain.

The methodological approach enables the se-
lection of a proper set of social and environmental 
indicators, but it also enables the inclusion of addi-
tional criteria, which refers to the individual needs of 
warehouse managers and ranks the completed set of 
criteria (those that are proposed in the framework and 
those that are identified individually by each ware-
house). 

2. LITERATURE REVIEW

2.1 Sustainable warehousing
Few papers were found on sustainable warehous-

es. Bank and Murphy [24] discussed the motivation 
for developing sustainability standards, outlined 
future directions in warehouse performance met-
rics, but they did not define any specific metrics and 
guidelines for sustainable performance. However, 
they emphasized all three aspects of sustainability.
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mentioned [34, 44-46] in the literature and are ap-
propriate for measuring performance in warehouses 
(Table 1).

The author [26] stated that “GHG emissions of 
warehousing activities are generated by a variety of 
processes. Thus, several resources of consumption 
must be considered”. Lighting is the main one, fol-
lowed by heating, cooling, ventilation and air con-
ditioning [34]. Large consumers of energy are fixed 
(steady conveyors) or mobile material handling 
equipment (forklifts, etc.). Frequently used sources 
of energy are electricity, natural gas and fuels. 

To calculate the amount of CO2 emissions, ener-
gy consumption of different energy sources must be 
multiplied by means of the emission intensity factor. 

A direct measurement of GHG emissions, cal-
culated on the basis of measured quantities of en-
ergy and resource consumption, is, in the view of 
Rudiger et al. [26], not practical nor likely to be 
completely accurate. Instead, they propose sorting 
GHG emissions into three groups: GHG emissions 
of energy, GHG emissions of maintenance, which 
should be both allocated to floor-space (m2), and 
GHG emissions of packaging, allocated to the num-
ber of outgoing items (itemsi) of type i. 

E e etotal packaging warehousing= +  (1)
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where n is the number of items and pfi is the 
packaging factor related to item i (expressed in  
gCO2/item) defined as: 
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where m is the packaging categoriy and qki is the 
quantity of packaging consumption of packaging 
category k for item i.
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where sfi presents the floor-space factor per item, 
expressed in m2/item, and ti is the average storage 
time measured in days.

3.2 Social performance indicators
Social well-being indicators are those for which 

an organisation has a societal impact through gen-
eral health and safety practices and human rights. 
There are two categories of indicators  [44] (Table 2).

pillar of sustainability. Staudt et al. [35] succeeded 
in the most comprehensive way to define 39 perfor-
mance criteria, including definitions, mathematical 
expressions, and also measurements units. 

Social and environmental performances are rare-
ly measured. The authors managed to collect one 
performance indicator (including definition, equa-
tion and measurement unit) for measuring energy 
consumption [28], one for measuring greenhouse 
gas (GHG) emissions [26], one for the use of elec-
tricity, liquid fuel usage and water consumption, 
one for measuring employee’s safety and commu-
nity service [24]. 

The most commonly mentioned environmental 
indicator was the GHG emissions. Only two social 
criteria were found to exist. Both were identified 
in the same paper [24]. Moreover, for both dimen-
sions of sustainability a common understanding on 
the definitions and even measurement units of these 
two aspects of criteria is very scarce or does not 
even exist. 

The low number of indicators and inconsistent 
definitions and units of measurement forced the au-
thors to review in detail the general literature on this 
field [36-43]. Each indicator found in the literature 
was evaluated in terms of the suitability and feasi-
bility of use in warehouses. A potential list of crite-
ria is presented in Table 1.

3. RESEARCH METHODOLOGY
The paper addresses the research question of 

identifying all proper environmental and social per-
formance indicators in warehousing and highlight-
ing the most important ones to efficiently cope with 
sustainable performance. The following steps were 
used to carry out the environmental and social per-
formance metrics framework of warehouses:
1)  Identifying the initial set of potential environ-

mental and social indicators through a literature 
review;

2)  Selecting the most important criteria from the 
initial set of potential performance using FDM;

3)  After a reliability analysis and defuzzification, 
the BWM is used to rank criteria according to 
their importance.

3.1 Environmental performance indicators
For the environmental dimension of sustainabil-

ity three categories (emissions category, resource 
category, ecosystem) of criteria are most frequently 
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Table 1 – Environmental indicator categorization

Category Name of indicator Unit of measure
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. Water discharge [40]. m3 per year
Total volume of effluents, used water and unused water, released to surface water, groundwater or a third 
destination [40].
Solid waste [47]. tonnes per year
Total weight of solid waste [47].
Significant spills [47]. m3 per year
Total volume of recorded significant spills [47].
GHG emissions (for warehouse). tonnes per year
Total weight of all energy sources consumed and emission factor per each source of energy  
or Equations 1-5.
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. Water consumed [40]. m3 per year

Total volume of water used by a warehouse such that it is no longer available for use by the ecosystem or 
local community [40].
Purchased electricity consumed [39]. kWh per year
Total quantity of purchased electricity consumed [39].
Self-generated electricity consumed (wind, solar, etc.) [39]. kWh per year
Total quantity of self-generated electricity consumed [39].
Self-generated electricity sold [39]. kWh per year
Total quantity of self-generated electricity sold [39].
Percentage of self-generated electricity used [39]. %
The ratio of electricity consumption to the total amount of electricity produced [39].

Natural gas consumed [39]. m3 per year or kWh
km travelled per year (transport)

Total volume of natural gas consumed (39].

Diesel fuel consumed [39]. tonnes per year
km travelled per year (transport)

Total weight of diesel fuel consumed [39].

Gasoline consumed [39]. tonnes per year
km travelled per year (transport)

Total weight of gasoline consumed [39].

Renewable fuel consumed (biofuels) [39]. tonnes per year
km travelled per year (transport)

Total weight of renewable fuel consumed [39].
Refrigerant gas consumed [39]. m3 per year or kWh
Total volume of refrigerant gas consumed [39].
Material used for packaging purposes and transport (wood, paper, 
cardboard, plastic, etc.) [38]. tonnes, m3

Total weight or volume of material [38].
Recycled material used for packaging purposes and transport 
(wood, paper, cardboard, plastic, etc.) [38]. tonnes,m3

Total weight or volume of material [38].
Percentage of recycled material used [38]. %
The ratio of total and recycled material used, multiplied by 100 [38].
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Size of land to protect biodiversity [48]. km2 or number
Size of land owned, leased, managed to protected areas and areas of high biodiversity value outside 
protected areas [48]. or Number of lands owned, leased, managed to protected areas and areas of high 
biodiversity value outside protected areas.
Significant impact of activities on biodiversity [48]. verbal description
Description of significant impacts of activities, products, and services on biodiversity in protected areas 
and areas of high biodiversity value outside protected areas [48].
Number of habitats [48]. number
Number of habitats protected or restored [48].
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Some of its weaknesses (repetitive surveys 
which are cost- and time-consuming, inconsisten-
cy in the assessment of experts’ opinions affects 
the result of calculations [55], low convergence in 
retrieving outcomes, loss of important information, 
and a lengthy progress of investigation [56]) can 
be reduced or even eliminated using the upgraded 
version of Delphi, the FDM. Using fuzzy sets is 

3.3 Fuzzy Delphi method (FDM)
The classical Delphi technique calculations are 

based on experts’ opinions, anonymous response, 
iteration, controlled feedback and statistical group 
response [8, 52-54]. The method is useful where 
the opinions and judgements of experts on complex 
matters are necessary and where precise informa-
tion is unavailable. 

Table 2 – Social indicator categorization

Category Name of indicator Unit of measure
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Number/rate of new employees. number

Total number and rate of new employees (by age group, gender and region) hired per year.

Number/rate of employee turnover. number

Total number and rate of employee turnover per year, by age group, gender and region.

Parental leave [49]. number

Total number of employees that returned to work in the reporting period after parental leave ended, by 
gender [49].

Identification of work-related hazards [43]. number, text

The frequency and scope of processes undertaken on a routine basis to identify work-related hazards 
and assess risks on a routine and non-routine basis, and to apply the hierarchy of controls in order to 
eliminate hazards and minimize risks [49].

Health and safety training. number

Number of hours devoted to any occupational health and safety training to workers per year.

Healthcare services. number

Number of healthcare services (preventive examinations) provided by the employer per year.

Work-related injuries. number

The number of work-related injuries per year.

Types of work-related injuries. text

The main types of work-related injuries.

Hours of training [42]. number

Average hours of training that the organization’s employees have undertaken by employee category 
(management, administration, operative workers) per year [42].

Type of training [42]. text

Type and scope of programs implemented and assistance provided to upgrade employee skills [42].

Performance and career development. %, number

Percentage of total employees by gender and by employee category (management, administration, 
operative workers) who received performance and career development per year.

Ratio of basic salary of women to men [50]. %

Ratio of the basic salary and remuneration of women to men for each employee category [50].

Number of incidents of discrimination [50]. number

Total number of incidents of discrimination per year [50].
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Local community engagement [51]. number

Number of operations with implemented local community engagement (environmental impact assess-
ments and ongoing monitoring, local community development programs, etc.) [51].

Negative impact on local community [51]. number

Number of operations with significant actual and potential negative impacts on local community [51].
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For the triangular fuzzy weights w̃j=(lj, mj, uj), 
the defuzzified value obtained with the signed 
distance method could be defined as the signed 
distance of w̃i to the real number 0, d(w̃i, 0). 
Also in the case of triangular fuzzy numbers the 
signed distance of a fuzzy value to zero is equal 
to the expected value E[w̃i] [59]:

( , )d w E w
l m u

0 4
2

j j
j j j= =
+ +

u u6 @  (5)

4) Screen evaluation of alternatives (criteria).
The elements of the alternatives (criteria)  
C={C1, C2, …, Cn} set can be arranged decreas-
ing from those with the maximum crisp weight 
to those with the minimum crisp weight (com-
puted in Step 3). Then a threshold value α![1,9] 
is defined to screen criteria and define the final 
set of criteria that will be used:

 –  d(w̃j,0)≥α then criterion Cj will be part of the 
final set.

 –  d(w̃j,0)<α then criterion Cj will not be part of 
the final set.

3.4 Best-worst (BWM) method
Researchers are using different approaches and 

methods to prioritize items by relevance. Some, for 
example, divide elements into several classes using 
Pareto analysis and 20/80 or any other ratio. This 
method is out of the question in the present case, 
due to the extremely low frequency of application of 
criteria (only a few criteria were identified on ware-
house performance measurements). In addition, the 
frequency may not reflect real requirements.

To determine the relevance of each criterion in 
the final evaluation multi-criteria decision-making 
(MCDM) methods, most commonly AHP or the ex-
tended Analytic Network Process (ANP) method, 

more consistent with human linguistics [57] and it is 
better for decision-makings in the real world given 
the applicability of fuzzy numbers. In addition, the 
fuzzy Delphi technique could be used in a single 
round for screening criteria. Thus, FDM was used 
here to determine the criteria to be included in the 
final analysis.

FDM consists of four steps:
1) Collecting opinions of selected decision-makers. 

Firstly, a set of alternatives (criteria) C={C1, 
C2,…, Cn} and also a set of decision-makers  
DM={DM1, DM2,…, DMm} must be defined. 
Then the decision-makers are asked to verbal-
ly evaluate alternatives using verbal evaluation 
term proposed in Table 3 [58].
Let w̃ij=(lij, mij, uij) be the corresponding triangu-
lar fuzzy number evaluation of decision-maker 
DMi to criteria Cj. Correspondence is defined 
using Table 3.

2) Definition and aggregation of fuzzy evaluations. 
Obtained evaluations have to be aggre-
gated in an overall triangular fuzzy rating  
w̃j=(lj, mj, uj), where the lower limit value is de-
fined as ,minl l

, ,
j

i m
ij

1
=

f=
" ,  the mid-value is defined 

as an arithmetic average m m m1
j ij

i

m

1
=

=
/  and the 

upper limit value is defined as .maxu u
, ,

j
i m

ij
1

=
f=
" ,

3) Defuzzification of fuzzy evaluations. Using a 
proper defuzzification method it is possible to ob-
tain crisp ratings from the triangular fuzzy ratings 
obtained in Step 2. The signed distance defuzzi-
fication method computes a crisp value that has 
a greater membership grade than the crisp value 
obtained with the most commonly used Centre 
of Gravity defuzzification method, [59]. This in-
creases the accuracy of the obtained crisp value.

Table 3 – Verbal evaluations and associated triangular fuzzy numbers [58]

Verbal evaluation terms Triangular fuzzy evaluation value

Equality of importance 1̃=(1,1,2)

Judgment values between equally and moderately 2̃=(1,2,3)

Moderately more important 3̃=(2,3,4)

Judgment values between moderately and strongly 4̃=(3,4,5)

Strongly more important 5̃=(4.5.6)

Judgment values between strongly and very strongly 6̃=(5,6,7)

Very strongly more important 7̃=(6,7,8)

Judgment values between very strongly and extremely 8̃=(7,8,9)

Extremely more important 9̃=(8,9,9)
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Let W={w1, w2,…, wn} be the set of weights 
that have to be computed and related to the previ-
ously defined criteria set C. The base of the BWM 
is the intuition that the ideal value of the relative 
preference aij, of criterion i in respect to criterion j, 
can be expressed as the quotient w

w
j
i  [62]. Hence, 

using sets AB and AW it is possible to define the 
next relations: (a) , , ,w

w a i n1
W
i

iW f= =  and (b) 
, , , .w

w a j n1
j
B

Bj f= =
Since inconsistency could oc-

cur in the sets of preferences, weights 
could be computed as values from the set  

, , , , ,S w w w i n0 1 1 1 2i i i
i

n

1
f# #= = =

=
( 2/  that 

minimises the maximum absolute distance in (a) 
and (b) [62]:

,min max w
w a w

w a
, ,i n W

i
iW i

B
Bi

1
- -

f=
' 1  (6)

This is the first original Rezaei [62] formulation 
of the BWM method as a non-linear problem that 
can have more than one solution. In practice, linear 
model approximations are used, which can be easily 
improved by a software tool. 

The most frequently used linear equivalent for-
mulation [64] can be written using an objective term 
ξ, as:

. ,
,

,

, , , .

min

w a w
w a w

w

w i n

1

0 1

s.t

for

i iW W

B Bi i

i
i

n

i

1

f

#

#

$

p

p

p

-
-

=

=
=
/

 (7)

The solution of the linear equivalent for-
mulation is composed of optimal weights set  
W*={w1

*, w2
*, …, wn

*} and optimum value ξ*, that 
need to be, to the degree possible, close to 0.

The Consistency Ratio (CR) must be less than or 
equal to 0.25 and can be calculated as:

CR CI
*p

=  (8)

where the Consistency Index (CI) is connected to 
the values of aBW and is defined in Table 4  [62]. In 
case of inconsistency different linear approxima-
tions have to be used [63].

have recently been applied. With these approaches, a 
scale of priorities is derived from pairwise compari-
son measurements, which are made with judgments 
using numerical values taken from the AHP absolute 
fundamental scale of 1 to 9 [60]. “The very signif-
icant challenge to the pairwise comparison method 
comes from the lack of consistency of the pairwise 
comparison matrices, which usually occurs in prac-
tice mainly from lack of concentration” [61]. Con-
centration very often declines in the case of a large 
number of elements that need to be compared and in 
the case of very similar criteria by relevance. “When 
a comparison matrix is inconsistent, the recommend-
ed course of action is to revise the comparison such 
that the comparison matrix becomes consistent. Al-
though this is a very common approach, it has been 
shown not to be successful” [62]. 

Thus, a new BWM was presented, that requires 
fewer, only 2n-3 comparisons (where n is the total 
number of criteria). BWM provides more consistent 
comparisons than AHP. Consistency ratio is, there-
fore, used to determine the level of reliability and not 
to check the consistency. BWM is moreover much 
easier to use than AHP and can also be combined 
with other methods. Due to the large number of gen-
eral performance criteria (not criteria on warehouse 
performance), identified by the authors and due to the 
disadvantages of AHP and the advantages of BWM, 
the authors decided to use it in the practical example. 

In the BWM, as in the AHP and ANP, a criteria set 
C={C1, C2,…, Cn} is defined. As opposed to the oth-
er two methods, here there are no particular require-
ments related to the number of criteria or interdepen-
dency check. The only step necessary is to detect the 
best criterion B and the worst criterion W. 

As explained in [62], the AHP nine-stage scale 
and roles of comparison can be used to define the de-
cision-makers’ preference evaluations of all criteria 
in respect to the worst criterion and preference eval-
uations of the best criterion to all other. In such a way 
two sets are defined: AB={aB1, aB2, …, aBn} is the set 
of comparisons between the best criterion and the 
others and AW={aW1, aW2, …, aWn} is the set of com-
parisons between all criteria and the worst; clearly, 
all values are integers and between 1 and 9 and also 
aBB=aWW=1, max maxa A ABW B W= =" ", ,  [63].
Table 4 – Consistency index [64]

αBW 1 2 3 4 5 6 7 8 9

ξ* 0 0.44 1 1.63 2.30 3.00 3.73 4.47 5.23
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evaluation are presented in Table 5 (columns 1-4). 
Based on the Pareto analysis, the authors decided 
that α would be 70% of the maximum rating. Con-
sequently, 14 criteria, signed “used” were found to 
be appropriate for further analysis (Table 5, column 
5).

Experts were then requested to select the best 
and worst criterion from the set of 14 criteria. The 
best criterion was B=“GHG emissions” and the 
worst was W=“hours of training”. Then, the BWM 
model (Equation 7) was applied to compute the 

4. APPLICATION OF THE 
METHODOLOGY 
For applying FDM 26 experts (one from the gov-

ernment domain, six from the academic and nineteen 
from the industrial domain - logistics service provid-
ers, retailers and producers) from Slovenia, with a 
minimum of five years of experience in warehousing 
and/or sustainable logistics, were asked to assess the 
appropriateness of the identified criteria using verbal 
evaluations presented in Table 3. The results of the 
Table 5 – FDM steps (i-iv) and final results

Name of indicator li mi ui
d(w͂j,0) using 

Equation 5
Screen evaluation

α= 6.3
Number of columns 1 2 3 4 5
Number/rate of employee turnover 4 5 6 5 not used
Parental leave 3 4 5 4 not used
Identification of work-related hazards (C1) 7 8 9 8 used
Health and safety training (C2) 7 8 9 8 used
Healthcare services (C3) 7 8 9 8 used
Work-related injuries (C4) 7 8 9 8 used
Types of work-related injuries 1 2 3 2 not used
Hours of training (C5) 7 8 9 8 used
Type of training 1 2 3 2 not used
Performance and career development review 5 6 7 6 not used
Ratio of basic salary of women to men 4 5 6 5 not used
Number of incidents of discrimination 4 5 6 5 not used
Local community engagement 1 2 3 2 not used
Negative impact on local community 1 2 3 2 not used
Water discharge 1 2 3 2 not used
Solid waste (C6) 6 7 8 7 used
Significant spills 1 2 3 2 not used
GHG emissions (C7) 7 8 9 8 used
Water consumed (C8) 7 8 9 8 used
Purchased electricity consumed (C9) 7 8 9 8 used
Self-generated electricity consumed 5 6 7 6 not used
Percentage of self-generated electricity used 5 6 7 6 not used
Natural gas consumed (C10) 7 8 9 8 used
Diesel fuel consumed (C11) 7 8 9 8 used
Gasoline consumed (C12) 7 8 9 8 used
Renewable fuel consumed (biofuels) 5 6 7 6 not used
Refrigerant gas consumed (C13) 7 8 9 8 used
Material used for packaging purposes and transport (C14) 6 7 8 7 used
Recycled material used for packaging purposes and transport 5 6 7 6 not used
Size of land to protect biodiversity 1 1 2 1.25 not used
Significant impact of activities on biodiversity 1 2 3 2 not used
Number of habitats 1 2 3 2 not used
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The model could be solved with tools that em-
ploy a mathematical linear and non-linear program-
ming and optimization tool.

5. RESULTS ANALYSIS 
Of 32 detected environmental and social per-

formance measures, 14 were selected as important. 
Unsurprisingly, the seven most important criteria 
(C7-C13) originate from the environmental family 
of criteria. However, criteria C8-C13, according to 
Equation 1 are part of criterion C1, which means that 
they could be grouped in only one criterion. In the 
authors’ view, grouping of criteria is important at 
the stage of comprehensive assessment of the per-
formance of a warehouse company, while at the 
stage of defining the criteria, grouping can lead to 
neglect of any of the criteria.

From Figure 1 it is possible to note that experts 
still believe that the environmental criteria are more 
important than social ones. But at the same time it 
is encouraging that about a third of criteria derive 
from the social pillar of sustainability. However, 
they only cover two aspects of social sustainability, 
safety and training. At this time, when companies 
are facing a large labour shortage, it would be rea-
sonable to pay attention to other social indicators 
as well (rate of employee turnover, career devel-
opment, etc.). Also, encouraging is the fact that the 
criteria renewable fuel consumed, recycled materi-
al used for packaging purposes, transport and self 
generated electricity consumed did not rank in the 
group of most important criteria, but right behind it. 
Warehouse companies are aware of the importance 
of environmental protection: perhaps policy makers 
can speed things up in this regard.

The framework should be regarded as a starting 
point of the measurement system development. The 
framework facilitates each warehouse manager’s 
selection of appropriate and most important envi-
ronmental and social indicators among the list of 
indicators, which were harmonised with different 
stakeholders’ requirements. The aim of the paper 
was not to present a framework for a particular type 
of warehouse. Individual warehouses have different 
needs that reflect their activities but also their own 
requirements. Even warehouses that are of the same 
type have their unique needs. Other criteria could 
and should be added to the criteria selected from 
the proposed framework. Then the FDM and BWM 
approach can be used to select and rank the most 
important criteria. 

weights of criteria. A linear model was implemented 
using IBM Cplex software. A linear model was im-
plemented using IBM ILOG CPLEX Optimization 
Studio (Version: 12.9.0.0) software on an Intel® 
Core™ i7-8750H CPU 2.20 GHz and the execution 
time 0.818 s. The obtained results are presented in 
Figure 1. 
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Figure 1 – Weights of criteria

The value of ξ* is 0.036551. Using Equation 8 and 
Table 4, the consistency ratio CR=0.0098, which is 
less than 0.25, is computed to confirm that the re-
sults are reliable and the computed judgements con-
sistent. 

The sensitivity analysis was performed for the 
criterion that obtained the highest weight. The value 
of the highest weight (C7) varied from 0.1 to 0.2 
and, consequently, the weights of all the other cri-
teria varied. Figure 2 represents the variations of all 
the weights in accordance with the highest weight.

Figure 2 presents clearly that there is not much 
variability in the final ranks and that the consistency 
ratio is always less than 0.25. Thus, the proposed 
analysis is free from any bias and the model is ro-
bust.
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Opt. CR= 0.009799 Run 1 CR= 0.027094
Run 2 CR= 0.020718 Run 3 CR= 0.014409
Run 4 CR= 0.010139 Run 5 CR= 0.011406
Run 6 CR= 0.014397

Figure 2 – Sensitivity analysis
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important sustainable and social criteria, which 
match the interests and reflect the expectations of 
different stakeholders. A novel FDM and BWM 
methodological approach, which decreases subjec-
tivity and complexity and can be used in any similar 
decision-making process, was applied. 

Since this is one of the first papers that so com-
prehensively analyses the topic, the authors believe 
that the framework will be a lever for further ex-
aminations and enhancements. The paper can be 
improved or upgraded in the following ways: (1) 
Research on analyzing the interrelationships be-
tween performance indicators (potential trade-offs) 
for different warehouse types is required in order to 
achieve sustainable objectives in warehousing. For 
example: What is the impact of the increased vol-
ume of freight on the criteria weights? How does the 
increase of services or a higher level of services in-
fluence the weight of criteria? (2) Another challenge 
would be to evaluate the influence of each indica-
tor on the overall warehouse performance, which 
would highlight criteria that significantly impact 
the performance and would, consequently, help in 
formulating optimal decisions in management and 
investments in warehouses. The findings would also 
support policy makers developing effective policies 
that would, for example, enable green warehousing, 
or to standardize the way of calculating (equations, 
units) at least those criteria that require particular 
attention. (3) To increase the reliability of the pro-
posed methodological FDM and BWM approach, 
procedures for selecting the experts and other stake-
holders that mirror the topic being researched can 
also be formalized and documented. (4) To develop 
an appropriate framework for different types and 
characteristics of warehouses, (warehouses for pal-
letized goods, warehouses with controlled tempera-
ture regime) using FDM and BWM methodology. 
For broader generalisation, several case studies are 
also required in the future for every single type of 
warehouse. 

One limiting factor of this study is the rather low 
number of interviews that were performed. Future 
studies could expand the sample size to enhance the 
proposed framework on one hand, but also to gen-
eralize the results. In addition, the challenge for fu-
ture research is to empirically authenticate the use-
fulness and validity of the presented performance 
measurement framework using triangulation, which 

The methodological FDM and BWM approach 
is simpler to use than AHP or ANP, since it does not 
address whether criteria are dependent or indepen-
dent and requires fewer comparisons (in the present 
case 25, in the case of AHP 91). These facts con-
sequently lead to a higher level of consistency and 
also save time. Nevertheless, the method produces 
reliable and credible results, facilitating the firm’s 
ability to comprehensively assess warehouse per-
formance and improve their levels of efficiency in 
regard to three facets of sustainability. 

All these advances also assist the focal supply 
chain companies in their efforts to assess the over-
all supply chain performance. The framework en-
ables that data required to perform the supply chain 
performance analysis are available and prepared by 
using the same formulas and measurement units by 
all supply chain partners that provide warehousing 
services, reduces data asymmetry among the part-
ners and allows the performance analysis, made by 
the focal firm. At the same time, the performance 
analysis is less time-consuming, more accurate and 
subsequently the green supply chain could be im-
proved. 

Results are also helpful to policy makers as 
well. Due to the considerable amount of emissions 
caused by warehouses, policy makers should start 
(1) encouraging warehouses to measure at least the 
criteria that are highly ranked, and (2) demanding 
warehouses to ensure they positively impact biodi-
versity and habitat, a significant but often ignored 
interaction. Policy makers should start promoting 
social sustainability, too. A wider range of social 
criteria should be considered (rate of employee 
turnover, performance and career development, pa-
rental leave, for instance, should be included).

The presented framework is the innovative syn-
thesis of both existing and new knowledge. It is an 
initial step toward a standard guide for developing 
measured sets for assessing environmental and so-
cial sustainability in warehousing. 

6. CONCLUSION
Warehouses, in addition to transport, as one of 

the major causes of logistics chain emissions and 
environmental pollution have been almost com-
pletely overlooked in the past studies. This paper 
addresses this research gap by first identifying all 
the potential environmental and social indicators 
in warehousing, including equations and measure-
ment units, and, second, by highlighting the most 
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SOCIALNI IN OKOLJSKI KRITERIJI ZA 
MERJENJE USPEŠNOSTI V SKLADIŠČU

POVZETEK
Za izboljšanje uspešnosti dobavne verige na vseh treh 

vidikih trajnosti (socialni, ekonomski, okoljski) je potre-
ben celovit sistem trajnostnega merjenja uspešnosti, ki 
zajema prizadevanja in zavezanost vseh partnerjev v os-
krbovalni verigi. Skladišče, kot drugi največji logistični 
vir onesnaževanja okolja v oskrbovalni verigi, je bilo v 
preteklih študijah skoraj v celoti spregledano in prezrto. 
Za zapolnitev te vrzeli je bil predlagan pristop merjenja 
socialnega in okoljskega trajnostnega vidika uspešnosti 
skladišč z uporabo nove metode Fuzzy Delphi in Best-
worst. Metoda je manj zamudna kot Analytic Hierarchi-
cal Process ali Analytic Network Process. Metoda ne pre-
verja ali so kriteriji odvisna ali neodvisna, zahteva manj 
primerjav kriterijev, vendar kljub temu daje zanesljive 
in verodostojne rezultate. Predstavljeni okvir ali pristop 
sestavlja 32 enako formuliranih okoljskih in družbenih 
kazalnikov uspešnosti, vključno s formulami in merskimi 
enotami. 14 najpomembnejših kazalnikov je razvrščenih 
glede na zahteve različnih deležnikov. 

KLJUČNE BESEDE
skladišče; kazalci uspešnosti; okoljska učinkovitost; 
socialna učinkovitost; fuzzy Delphi; Best-worst metoda; 
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