
Vol.:(0123456789)

Environment, Development and Sustainability (2021) 23:1869–1916
https://doi.org/10.1007/s10668-020-00655-8

1 3

Sustainability assessment of water resource systems using 
a novel hydro‑socio‑economic index (HSEI)

Sarvin ZamanZad‑Ghavidel1,2 · Omid Bozorg‑Haddad1  · Erfan Goharian3

Received: 18 September 2019 / Accepted: 19 February 2020 / Published online: 25 February 2020 
© Springer Nature B.V. 2020

Abstract
Sustainable management of water resources is an essential process for securing Earth’s 
present and future generation life. This study offers development of a new comprehensive 
framework and index for socio-economic evaluation of water resource systems. The hydro-
socio-economic index (HSEI) is made of several economic, demographic, technology and 
communication, and health and sanitation factors at different temporal and spatial scales. 
The major foci of this research are estimation of HSEI and the analysis of their socio-
economic situation of those European countries with increasing renewable water per cap-
ita during 1998–2017 periods. The HSEI values for all of the studied European countries 
range from 0.480 to 0.521 based on the single and combined methods. According to the 
qualitative classification, the index values are classified in good level for all fourteen coun-
tries. The results show that the increase in renewable water per capita influences socio-
economic parameters in those countries. The result of this study will further support future 
investigation of selecting underlying factors that can be used as a criterion for the future 
planning and decision-making processes to form sustainable policies.
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1 Introduction

Existence of water is essential for living organisms and bounty and beauty of the Earth. 
Providing adequate water supply is necessary for the development of human societies. Sus-
tainable management of water resources is beyond the control of individuals, and it asks 
for multidisciplinary engagement of experts and stakeholders (Diep 2018). According to 
previous studies, natural and anthropogenic changes, such as climate change, will have 
considerable and inevitable impacts on global poverty and sustainability security (Agha-
Kouchak et al. 2015; Seidl and Barthel 2017; Goharian et al. 2017; Vollmer et al. 2018). 
The development plans depend on various factors including social and cultural factors that 
can affect the fate of the projects (Aerts et al. 2018). In the next paragraphs, current state of 
socio-economic analysis of water resources is presented and discussed; then, existing gaps 
are identified, which are attempted to be addressed in this research.

Popovic et  al. (2014) introduced indicators to evaluate various aspects of social sus-
tainability; social capital, social equity and social welfare focused on the development of 
social sustainability indicators for wastewater treatment processes because they believed 
that the need for quantitative evaluation of social sustainability is an important research 
problem. Based on their results, the issue of stakeholders involved in decision-making, 
participativeness indicator, could be evaluated in different industries and efficiencies and 
evaluation of experts’ networking was introduced as another example of generalized indi-
cator. El-Gafy (2018) deployed the water poverty index (WPI) with the resources, access, 
capacity, use and environment components and applied it, as a holistic tool, for the con-
ceptualization of the Egyptian’s water management strategies. Based on her results, WPI 
supports prioritizing water system development strategies and evaluates the progress of 
development with respect to the planning strategies. Roboredo et al. (2016) developed an 
index for social–environmental sustainability assessment through conducting interviews 
with randomly selected 56 farmers’ families in the Southern Amazon. They classified 
indicators into different groups: soil quality, water quality, vegetation quality, socio-eco-
nomic quality and social organization quality. Dean et al. (2016) sought how social capi-
tal influences community support for alternative water resources in Australia. Their find-
ings highlighted the importance of social capital such as location, employment status, life 
satisfaction and spoken language for building community engagement for water-related 
issues. Kotzee and Reyers (2016) looked at three flood events, occurred in South Africa, 
using principal component analysis and formed an index to evaluate the flood resilience. 
For this purpose, they selected 24 flood-related indicators with respect to their social, eco-
logical and economic impacts. Pande and Sivapalan (2017) studied about the two-way 
feedback between human and water systems to explain the unplanned consequences of 
water management and suggest ways to overcome these challenges. They found that the 
extension of endogenization of human agency, in terms of values and norms, technol-
ogy, economics and trade, as space and space–time, is a necessity and a challenge for 
water sustainability. Aerts et al. (2018) attempted to integrate the human behavior dynam-
ics with the flood disaster risk assessment. They found that the behavior of individuals, 
businesses and government entities before, during and immediately after a disaster can 
improve the situation of flood damages, impacts and recovery time and inform flood risk 
management policy development, positively. Diaz et al. (2018) used the Driver-Pressure-
State-Impact-Response (DPSIR) framework to explore the interactions between the river 
ecosystem and the social system that include demographic, economic, social–political and 
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cultural of Biobío Basin humans, Chile. Based on their results, the DPSIR model has three 
major gaps: exclusion of the human societies’ diversity with various geo-cultural ideolo-
gies and beliefs, disregard of hidden and complex relationships between ecosystems and 
HWB, and underrepresentation of human and ecosystem relationship. Bui et  al. (2018) 
assessed the social sustainability of groundwater resources in Hanoi, Vietnam, with 
respect to three main groundwater characteristics (quantity, quality and management). 
The sustainability indices, quantity, quality and management of groundwater were esti-
mated good, poor and acceptable with the values 0.68, 0.27 and 0.52, respectively, which 
resulted in Hanoi being rated at an acceptable level with the value 0.49 for the social 
sustainability assessment. Jongman (2018), by considering effective adaptation strategies 
for flood risk, showed that social and economic changes were result of changes in weather 
and extreme rainfall. Liang et  al. (2018) applied the Paddy Land-to-Dry Land (PLDL) 
program to the multi-indicator assessment of a water-saving agricultural engineering pro-
ject in North Beijing, China. They found that agricultural engineering programs designed 
to alleviate water scarcity could potentially have a wide range of environmental, economic 
and social impacts on China’s society. For example, based on ecological and social perfor-
mance of this research, by 2015, households who participated in the PLDL program had 
much higher incomes (26,270 Yuan compared to 22,355 Yuan). Li et al. (2019) explored 
the changes in water resources and environment of a large freshwater Lake in Tai Lake, 
China. They defined the relationships between the socio-economic indicators and the lake 
during three decades (1980–2012). They found how socio-economic development affects 
the quality of water and how it has been improved by human activities and environmental 
remediation. During the past decades, the Gene Expression Programming (GEP), which 
is one of the most important soft computing methods, has been successfully employed in 
both quality and quantity water resource modeling. However, this method has not been 
applied for the hydro-socio-economic studies.

Even though multiple researchers have looked at the inclusion of social indicators in 
water resource evaluation, in order to understand how and which of the socio-economic 
parameters affect the water system the most, it is needed to consider the rationality of the 
relationship between socio-economic parameters and the water resource parameter and the 
level of interaction between these factors should be investigated more. This study offers a 
comprehensive and novel framework to form a hydro-socio-economic index (HSEI) using 
single linear (SL) and combined soft computing (CSC) methods. This will be the first use 
of these techniques in order to develop a hydro-socio-economic index. This framework has 
been applied to study socio-economic of the countries whose per capita renewable water 
has been raising over the last decades. Also, in this study, the effects of increasing renew-
able water per capita on the hydro-socio-economic index with respect to the four, eco-
nomic, demographic, technology and communication, and health and sanitation, aspects 
and respective qualitative classifications are investigated. The unique features of this study 
are: (1) The hydro-socio-economic index contains crucial hidden and unique information 
about different aspects of a community; in general, HSEI results indicate that countries 
with better water resource systems experience lower risk of social, economic, political and 
environmental failures in their management plans. (2) Based on the value of the proposed 
index, different countries can be compared based on a combination of their unique social, 
cultural, economic and political characteristics. Therefore, international efforts can focus 
on targeting to gather required information and formulate a comprehensive water resource 
management plan under various socio-economic conditions.
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2  Methodology

2.1  Hydro‑socio‑economic evaluation framework

The adaption of the best management methods requires the evaluation of different indica-
tors such as social profile, infrastructure, and social capital, cultural and economic. The 
development and use of criteria and indicators support decision-making process in order 
to establish more appropriate water resource policies and inform managers and the pub-
lic. These criteria and indicators can be systematically evaluated in order to represent the 
effectiveness of the current policies and assess the effectiveness of the future management 
activities and investments (Wilson et  al. 2017; Vollmer et  al. 2018). Figure 1 shows the 
underlying concept and key elements of proposed framework to socio-economic sustain-
ability of the water system by this study. Underlying concept included economic, demo-
graphic, technology and communication, and health and sanitation. Figure  2 shows the 
steps to calculate the HSEI.

The overall procedures of hydro-socio-economic index calculation in this study include: 
(1) selecting suitable hydro-socio-economic aspects, economic, demographic, technol-
ogy and communication, and health and sanitation, (2) selecting suitable parameters for 
each aspect, the GDP per capita, income index, vulnerable employment, unemployment 
rate, exports and imports (% of GDP) for economic aspect, HDI and population density 

Fig. 1  Key elements of proposed framework in the study



1873Sustainability assessment of water resource systems using…

1 3

parameters for demographic aspect, Internet users, press freedom index and number of 
arrival tourism for technology and communication, and proportion of rural population 
served with piped water and mortality rate (under 5 years old) for health and sanitation 
aspect, (3) normalizing the parameters, (4) calculating the correlation coefficients between 
hydro-socio-economic parameters, (5) calculating the weights for each of the socio-eco-
nomic parameters and (6) estimating the hydro-socio-economic index and classifying 
countries based on the above-mentioned aspects and whole HSEI with different spatial 
scales.

2.2  Selecting the key indicators for HSEI

In this study, renewable water per capita (RWPC) is considered as the main indicator to 
represent the water resource status in each system. This study further explores various 
socio-economic aspects of water systems and defines their relations with the RWPC 
in the system. It is not simply possible to consider and quantify all the internal and 
external socio-economic factors related to the management of water resource systems. 
These factors might vary from one to another water resource system. However, the 
most important and influential factors can be identified and then studied for particu-
lar water resource systems. Economics, demographic, technology and communication, 
health and sanitation are among most influential factors for each water resource sys-
tem, regardless of the system type (Diaz et al. 2018; Bui et al. 2018). One of the main 
objectives of any water resource system is to guarantee the socio-economic prosperity 
for the society; thus, financial incentives and benefits are often considered as the fore-
most objective of any water resource projects. A prominent example of an economic 

Fig. 2  Novel framework for determining the hydro-socio-economic index
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indicator is the gross domestic product (GDP) per capita, which shows the ratio of 
gross domestic product to the midyear population. A great example of a demographic 
indicator is the human development index (HDI). HDI is a composite index which 
measures the average achievement of the three factors, including human development, 
long and healthy life, knowledge and a decent standard of living. Population density, 
number of people per area, is another example of demographic indicator, which is 
often used by researchers (Adger 2003; Cutter et  al. 2000, 2003; Dwyer et  al. 2004; 
Brooks et al. 2005; Tunstall et al. 2007; Polsky et al. 2007; de Oliveira Mendes 2009; 
Tate et al. 2010; Ojerio et al. 2011; Schmidtlein et al. 2011; Khan 2012; Lee 2014).

The impact of water resources on technology and communications, including users 
of the Internet and the press, as well as the tourism industry, is also very important 
for development of sustainable water resource systems in smart and connected com-
munities. “Water Internet” is a new term and concept which is relates the direct water 
and Internet connectivity. The Water Internet is an inclusive source of water supply 
information for involved organizations, scientists and citizens. The mutual utilization 
of Internet and the media is also very important. It raises the awareness of public and 
shows how optimal use of water resources could be reinforced by dissemination of 
suitable information. Water resources (i.e., seas, shores, lakes, rivers, ponds, springs 
and etc.) are one of the main attractions for tourism (Tunstall et al. 2007; Khan 2012; 
Diaz et al. 2018).

Communities need reliable water access with sufficient quantity. This is more cru-
cial when population density is high, and people are exposed to the waterborne dis-
eases. Water resource pollution is one of the causes of human mortality (Fawell and 
Nieuwenhuijsen 2003). According to the statistics, during the last decade, millions of 
people, especially children, died around the world due to the lack of environmental 
improvements and water pollution. Mortality rate (under 5 years old) can be used as 
an indicator to represent the accessible water quality for the communities (De Oliveira 
Mendes 2009; Lima et al. 2016; El-Gafy 2018).

Some of GDP per capita, income index, vulnerable employment, unemployment 
rate, exports and imports (% of GDP), HDI, population density, Internet users, press 
freedom index, number of arrival tourism, proportion of rural population served with 
piped water and mortality rate (under 5 years old) parameters have direct conceptual 
relationship with RWPC or might pose negative conceptual correlation. In order to cal-
culate the HSEI, the socio-economic parameters and renewable water per capita should 
be normalized. Equations  (1) and (2) will be used to normalize parameters that have 
direct or inverse relationship with the renewable water per capita, respectively (El-
Gafy 2018):

where Pij , Pij(min) , Pij(max) and PNij are the actual parameter, the minimum value of the 
parameter, the maximum value of the parameter and the normalized value of the parameter, 
respectively.

(1)P
Nij

=
P
ij
− P

ij
(min)

P
ij
(max) − P

ij
(min)

(2)P
Nij

= 1 −
P
ij
− P

ij
(min)

P
ij
(max) − P

ij
(min)
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2.3  Weighting parameters to calculate HSEI

In order to estimate the HSEI, the importance of different socio-economic factors and 
their associated parameters should be evaluated. Here, these factors and indicators are 
weighted based on the dependence of the actual parameter and RWPC. The weights for 
different factors, parameters and the values of hydro-socio-economic index were calcu-
lated using Eqs. (3)–(9):

where WAi , WPij , WPijk are the weights of the aspects (i) and parameters (j) for all selected 
countries and for each country (k), respectively. These weights vary between 0 and 1. n, m 
and z represent the total number of aspects, parameters and studied countries, respectively. 
R2

ij,RWPC
 and R2

ijk,RWPC
 are the square of correlation coefficient between the socio-economic 

parameters and the renewable water per capita for all selected countries and each country.

where HSEIi and HSEIik denote hydro-socio-economic index by aspects for all selected 
countries of Europe continent and for each country (k), respectively. HSEI and HSEIk 
are the final hydro-socio-economic index for the all selected countries that are located in 
Europe continent and each studied country, respectively. The qualitative classifications of 
the hydro-socio-economic index are presented in Table 1.

(3)W
Ai
,WAik = (m)−1

(4)WPij =
R2

ij,RWPC∑n

j=1
R2

ij,RWPC

, WPijk =
R2

ijk,RWPC∑n

j=1
R2

ijk,RWPC

(5)
m∑
i=1

WAi = 1;

n∑
j=1

WPij = 1,

m∑
i=1

WAik = 1;

n∑
j=1

WPijk = 1

(6)HSEIi =

n∑
j=1

WPij ∗ PNij

(7)HSEI =

m∑
i=1

WAi ∗ HSEIi

(8)HSEIik =

m∑
i=1

WAik ∗ HSEIk

(9)HSEIk =

n∑
j=1

WPijk ∗ PNijk
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2.4  Gene expression programming (GEP)

GEP is a data mining method based on the generation and number of chromosomes. 
This method has many advantages over other data mining methods (Bozorg-haddad 
et  al 2017). GEP algorithm can be used to represent the complex structure of a sys-
tem using a flexible tree computer-based model structure. The important advantages of 
the GEP model are (Ferreira 2006): (1) The chromosomes are simple entities: linear, 
compact, relatively small and easy to be manipulated genetically (replicate, mutate, 
recombine, etc.), and (2) the expression trees are exclusively expressing their respec-
tive chromosomes. The process is repeated for a certain number of generations or until 
a good solution has been found (Ferreira 2006). In this study, different mathematical 
functions were utilized to evaluate the renewable water per capita estimation process: 
(+,−, ∗, ∕, ln x, ex, x2, x3,

√
x, 3
√
x, sin x, cos x, arctan(x))

The linking function must be chosen as a summation or multiplication for the algebraic 
sub-trees (Ferreira 2006). In GEP application, the chromosome might have one or more 
genes, while the gene can contain two types of information. The first type of informa-
tion is stored in the head of the gene, which is used in the overall GEP model production. 
The head contains preselected function set “ F ” along with some terminals (variables and 
parameter constants) from the terminal set of “ T  .” The second type of information is stored 
in the tail and only contains terminals (Ferreira 2006). The tail contains information that 
can be used for the generation of future GEP models. The arrangement of the functions and 
the terminals in head and tail of a GEP gene is called structural architecture. In the GEP 
system, several types of genetic operators from the function set of (F) and terminal set (T) 
can be adopted to build a chromosome. For this study, the terminal set of economic aspect 
contains GDP per capita, income index, vulnerable employment, unemployment rate and 
exports and imports (% of GDP) parameters. In this study, a powerful soft computing pack-
age called GeneXpro Tools 4.0 is used (Montaseri et  al 2018). The number of chromo-
somes in GEP is assigned as 30, length of head (h) as 7 and genes per chromosome as 3 
(default function set of GeneXpro). The sub-trees were linked by the summation function. 
The characteristics of applied GEP models in current study are listed in Table  2. As an 
example, the structure of GEP model for economic aspect is shown in Fig. 3.

2.5  Model performance

In this study, the performance of the models is evaluated by the statistical parameters of 
the correlation coefficient (R), root mean squared error (RMSE) and mean absolute error 
(MAE). Correlation coefficient (R) measures the strength and direction of the linear 

Table 1  Classification level of 
hydro-socio-economic index 
(El-Gafy 2018)

Nos. Classification level Hydro-socio-economic index

1 Very poor 0 < HSEI ≤ 0.2
2 Poor 0.2 < HSEI ≤ 0.4
3 Good 0.4 < HSEI ≤ 0.6
4 Very good 0.6 < HSEI ≤ 0.8
5 Excellent 0.8 < HSEI ≤ 1.0
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relationship between variables. The RMSE shows the goodness of fit relevant to the high 
values, whereas the MAE measures balanced distribution of goodness of fit at moderate 
values (Karunanithi et al. 1994). The R, RMSE and MAE are defined as:

(10)R =

⎡
⎢⎢⎢⎣

∑N

i=1
(RWPCio − RWPCo)(RWPCie − RWPCe)�∑N

i=1
(RWPCio − RWPCo)

2
∑N

i=1
(RWPCie − RWPCe)

2

⎤⎥⎥⎥⎦

(11)RMSE =

√√√√ 1

N

N∑
i=1

(RWPCio − RWPCie)
2

(12)MAE =
1

N

N∑
i=1

||RWPCio − RWPCie
||

Table 2  Characteristics of 
applied GEP models in the 
current study

General
Linking function Addition
Fitness function error type RRSE
Penalizing tool Parsimony pressure
Genetic operator
Mutation rate 0.044
Inversion rate 0.1
IS transposition rate 0.1
RIS transposition rate 0.1
One-point recombination rate 0.3
Two-point recombination rate 0.3
Gene recombination rate 0.1
Gene transposition rate 0.1

Fig. 3  Structure of used soft computing method, economic aspect, in the study
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where o is the observed values, e the estimated values and i the number of data sets that 
vary between 1 and N. So, RWPCo and RWPCe are the average of observed and estimated 
renewable water per capita values;  RWPCio and  RWPCie are the observed and estimated 
renewable water per capita values. In general, the models’ performances are optimum if R 
and RMSE are closer to 1 and 0, respectively.

2.6  Calculating the HSEI for the European Countries

In this study, in order to determine the impacts of water resources on the socio-eco-
nomic status, by reviewing the amount of renewable water per capita, fourteen countries 
that their renewable water per capita is in increased mode were selected as the case 
studies. These fourteen countries are located in Europe. Figure 4 shows the geographic 
locations of the studied countries. The data for this study are extracted from Knoema 
database (https ://knoem a.com). For more details, the statistical characteristics of used 
hydro-socio-economic parameters in the current study are presented in Table 3. Further 
discussion about the current and future socio-economic perspective and water resource 
status for each country is presented and discussed in the following sections.

Fig. 4  Geographic location of the studied countries

https://knoema.com


1879Sustainability assessment of water resource systems using…

1 3

Ta
bl

e 
3 

 S
ta

tis
tic

al
 c

ha
ra

ct
er

ist
ic

s o
f u

se
d 

hy
dr

o-
so

ci
o-

ec
on

om
ic

 p
ar

am
et

er
s i

n 
cu

rr
en

t s
tu

dy

A
sp

ec
ts

St
at

ist
ic

al
 sp

ec
ifi

ca
tio

ns
Pa

ra
m

et
er

s

G
D

P 
(U

S 
do

lla
rs

)
II

 (s
co

re
)

V
E 

(%
)

U
R

 (%
)

EI
 (%

)

Ec
on

om
ic

M
in

im
um

62
8.

00
0.

53
2.

30
0.

50
70

.3
0

M
ax

im
um

19
,9

69
.0

0
0.

86
64

.5
0

32
.2

0
17

2.
40

M
ea

n
68

61
.6

3
0.

74
20

.5
0

12
.3

7
11

0.
89

S
48

85
.9

5
0.

07
17

.7
5

6.
75

29
.7

9
C

V
0.

71
0.

10
0.

87
0.

55
0.

27
D

em
og

ra
ph

ic
St

at
ist

ic
al

 sp
ec

ifi
ca

tio
ns

H
D

I (
sc

or
e)

PD
 (p

er
so

ns
 p

er
 

sq
ua

re
 k

m
)

M
in

im
um

1.
56

31
.0

0
M

ax
im

um
25

.5
7

12
6.

20
M

ea
n

10
.7

3
75

.4
7

S
6.

54
27

.0
9

C
V

0.
61

0.
36

Te
ch

no
lo

gy
 a

nd
 c

om
m

un
ic

at
io

n
St

at
ist

ic
al

 sp
ec

ifi
ca

tio
ns

IU
 (%

)
PF

I (
sc

or
e)

T 
(p

er
so

n)
M

in
im

um
0.

10
−

 9.
00

60
,0

00
.0

0
M

ax
im

um
88

.4
0

99
.0

0
18

,7
80

,0
00

.0
0

M
ea

n
39

.2
4

20
.9

8
4,

81
1,

58
7.

27
S

24
.2

1
16

.5
3

4,
57

4,
94

7.
68

C
V

0.
62

0.
79

0.
95

H
ea

lth
 a

nd
 sa

ni
ta

tio
n

St
at

ist
ic

al
 sp

ec
ifi

ca
tio

ns
M

R
 (d

ea
th

s p
er

 th
ou

sa
nd

 
liv

e 
bi

rth
s)

R
PP

W
 (%

)

M
in

im
um

2.
90

17
.4

0
M

ax
im

um
24

.6
0

99
.6

0
M

ea
n

8.
14

70
.9

2
S

4.
00

21
.1

4
C

V
0.

49
0.

30



1880 S. ZamanZad-Ghavidel et al.

1 3

*G
D

P,
 II

, V
E,

 U
R

, E
I, 

H
D

I, 
PD

, I
U

, P
FI

, T
, M

R
, R

PP
W

, R
W

PC
 d

en
ot

e 
G

D
P 

pe
r c

ap
ita

, i
nc

om
e 

in
de

x,
 v

ul
ne

ra
bl

e 
em

pl
oy

m
en

t, 
un

em
pl

oy
m

en
t r

at
e,

 e
xp

or
ts

 a
nd

 im
po

rts
 (%

 
of

 G
D

P)
, h

um
an

 d
ev

el
op

m
en

t i
nd

ex
, p

op
ul

at
io

n 
de

ns
ity

, I
nt

er
ne

t u
se

rs
, p

re
ss

 fr
ee

do
m

 in
de

x,
 to

ur
is

m
, p

ro
po

rti
on

 o
f r

ur
al

 p
op

ul
at

io
n 

se
rv

ed
 w

ith
 p

ip
ed

 w
at

er
, m

or
ta

lit
y 

ra
te

 
(u

nd
er

 5
 y

ea
rs

 o
ld

) a
nd

 re
ne

w
ab

le
 w

at
er

 p
er

 c
ap

ita
, r

es
pe

ct
iv

el
y

Ta
bl

e 
3 

 (c
on

tin
ue

d)

A
sp

ec
ts

St
at

ist
ic

al
 sp

ec
ifi

ca
tio

ns
Pa

ra
m

et
er

s

G
D

P 
(U

S 
do

lla
rs

)
II

 (s
co

re
)

V
E 

(%
)

U
R

 (%
)

EI
 (%

)

W
at

er
 re

so
ur

ce
s

St
at

ist
ic

al
 sp

ec
ifi

ca
tio

ns
RW

PC
 (b

ill
io

n 
cu

bi
c 

m
et

er
s p

er
 y

ea
r p

er
 

pe
rs

on
)

M
in

im
um

1.
56

M
ax

im
um

25
.5

7
M

ea
n

10
.7

3
S

6.
54

C
V

0.
61



1881Sustainability assessment of water resource systems using…

1 3

3  Results and discussion

3.1  Selecting effective parameters

First, it is necessary to select the most appropriate socio-economic parameters for different 
countries with increasing RWPC during the past 20 years (1998–2017). For this purpose, 
after independently normalizing the data for each country, the correlation of various socio-
economic parameters with the per capita of renewable water is estimated. The parameters, 
namely the GDP per capita, income index, vulnerable employment, unemployment rate, 
exports and imports (% of GDP) parameters for economic aspect, HDI and population den-
sity parameters for demographic aspect, Internet users, press freedom index and number 
of arrival tourism for technology and communication, and proportion of rural population 
served with piped water and mortality rate (under 5 years old) for health and sanitation 
aspect, are selected as the most important parameters with high correlation with renewable 
water per capita. All selected parameters have a direct relation with the renewable water 
per capita, except the parameters of vulnerable employment, unemployment rate, popula-
tion density and mortality rate (under 5 years old) (see Fig. 12).

By increasing the amount of renewable water per capita, the GDP per capita, the income 
index and export and import are increased. Increasing water per capita results in more 
employment in the agricultural sector, income tax, water-related industrial jobs, and reduc-
tion in vulnerable employment and unemployment rates. Considering the impacts of water 
resources on human development, the index of human development and life expectancy in 
societies have increased by the increase in water per capita. In selected countries, popula-
tion density decreases with the increase in renewable water per capita, which improves 
people’s life quality. By increasing the amount of renewable water resources per capita, the 
number of tourists has increased, which results in economic growth and cultural prosperity. 
Consequently, the need of societies to have access to better communication tools, such as 
the use of the Internet and press, has increased. The number of people using pipe water in 
the rural has increased, and consequently, the death rate of children under the age five has 
dropped significantly.

In the next step, the GEP model is used to determine the correlation between selected 
joint socio-economic parameters and renewable water per capita. By using nonlinear equa-
tions, the effective parameters were obtained for each aspect. Then, a comprehensive socio-
economic model of soft computing was developed to determine the appropriate socio-eco-
nomic parameters.

The results of R, RMSE and MAE for GEP models are presented in Table  4. The 
RMSE of economic, demographic, technology and communication, health and sani-
tation, and socio-economic aspects is 0.199, 0.103, 0.239, 0.172 and 0.012, respec-
tively. The R value of the GEP models for socio-economic model is 0.999. As shown 
in Table  4, based on R, RMSE and MAE values, the socio-economic model has the 
best performance among other models to estimate renewable water per capita. Figure 5 
shows the comparison between observed and estimated renewable water per capita dur-
ing the test period. The main advantage of the GEP over other data-driven techniques 
(e.g., ANFIS and ANN) is that it produces explicit formulations of the relationship. 
Considering the best straight-line equations (assume the equation as y = ax) in the 
scatter plots, the coefficient for socio-economic model is close to 1 as aSocio-economic > 
aDemographic > aEconomic > aHealth and sanitation > aTechnology and communication. Figure  6 represents 
the observed and estimated renewable water per capita for socio-economic models 
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Fig. 5  Observed and estimated renewable water per capita (RWPC) of GEP models during the test period in 
European continent
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during 20-year period for fourteen European countries. As Fig. 6 shows, Poland, Roma-
nia, Serbia and Ukraine countries were used in the testing period. Sample Taylor dia-
gram of five evaluated models for estimating the renewable water per capita during test 
periods is shown in Fig. 7. This figure displays the statistical comparison between the 
modeled and observed renewable water per capita data behavior based on three statis-
tics: the Pearson correlation coefficient, the root mean square error and the standard 
deviation. Comparison of the results of estimated renewable water per capita models 
indicated that the socio-economic model (model no. 5) offers better results than other 
models (model no. 1 to 4). Equations used to design optimal GEP models are repre-
sented in Table 5. Thus, the income index, unemployment rate, HDI, population density, 
Internet users, tourism, mortality rate and proportion of rural population served piped 
water parameters are used to calculate the HSEI based on the combined soft computing 
(CSC) method (see Fig. 13 for the convergence curve of the GEP models).

Fig. 6  Observed and estimated renewable water per capita of socio-economic models during 20-year period 
in European continent

Fig. 7  Sample Taylor diagram 
of economic, demographic, 
technology and communication, 
health and sanitation and socio-
economic aspects models
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3.2  Hydro‑socio‑economic index results

3.2.1  Economic aspect (A1)

The hydro-socio-economic index with economic aspect is estimated using the GDP 
per capita, income index, vulnerable employment, unemployment rate and exports and 
import by two methods: single linear (SL) and combined soft computing (CSC). The 
results of HSEI with the economics aspect based on the SL and CSC methods over the 
20-year statistical period are represented in Table 6. The values of R2

ij,RWPC
 for param-

eters P11–P15 are 0.625, 0.721, 0.241, 0.136 and 0.582, respectively. Based on the lin-
ear equation (y = ax + b), the highest value of R2

ij,RWPC
 is attained for the income index 

parameter. Also, the parameters P11–P15 in the SL method were found suitable to be 
included in calculation of the HSEI with the weights ( W

Pij
 ) of 0.271, 0.313, 0.105, 0.059 

and 0.252. Using the CSC method, the weights ( W
Pij

 ) for P12 and P14 were obtained as 
0.841 and 0.159, respectively. This indicates the high impact of the income index on the 
hydro-socio-economic index compared to other parameters. Based on the results, the 
HSEI for the economic aspect in the European continent was estimated 0.480 and 0.571 
for SL and CSC methods, respectively.

3.2.2  Demographic aspect (A2)

The hydro-socio-economic index for the demographic aspect is calculated using HDI 
and population density parameters with both SL and CSC methods. The results of 
HSEI for the demographic aspect by the SL and CSC methods over the 20-year statisti-
cal period are represented in Table 6. The values of R2

ij,RWPC
 for parameters P21–P22 are 

0.443 and 0.557, respectively. Also, in demographic analysis, the parameters P21 and 
P22 in the SL and the CSC methods are found effective with weights ( W

Pij
 ) of 0.443, 

0.557 and 0.570, 0.530, respectively. Based on the results, the HSEI for demographic 
aspect was estimated 0.550 with both methods.

3.2.3  Technology and communication aspect (A3)

The hydro-socio-economic index for the technology and communication aspect is calcu-
lated using based on Internet users, press freedom index and number of arrival tourism 
parameters. The results of determining the HSEI with the technology and communica-
tion aspect based on the SL and CSC methods over the 20-year statistical period are rep-
resented in Table 6. The values of R2

ij,RWPC
 for parameters P31–P33 are 0.729, 0.453 and 

0.479, respectively. Based on the linear equation, the highest value of R2

ij,RWPC
 is related 

to the Internet user parameter. Also, for the technology and communication aspect, the 
parameters P31–P33 in the SL and CSC methods have weights ( W

Pij
 ) of 0.439, 0.273, 

0.288 and 0.604, 0.000, 0.396, respectively. That shows the significant impact of the 
Internet user parameter on estimation of the HSEI considering the technology and com-
munication aspect compared to the other parameters. Based on the results, the value of 
the HSEI with the technology and communication aspect was estimated 0.427 and 0.451 
for the SL and CSC method, respectively.
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3.2.4  Health and sanitation aspect (A4)

The hydro-socio-economic index for the health and sanitation aspect is estimated using the 
proportion of rural population served with piped water and mortality rate (under 5 years 
old) parameters with both SL and CSC methods. The results of HSEI for the technology 
and communication aspect by the SL and CSC methods over the 20-year statistical period 
are represented in Table 6. The values of R2

ij,RWPC
 for parameters P41 and P42 are 0.726 and 

0.698, respectively. Proportion of rural population served with piped water has the highest 
impact on HSEI for the health and sanitation aspect. In the SL method, the effect weight 
( W

Pij
 ) for P41 and P42 parameters was estimated 0.510 and 0.490, respectively. Based on the 

results, the values of the HSEI for the health and sanitation aspect are 0.461 and 0.511 for 
the SL and CSC method, respectively. According to the qualitative classification, the index 
values for studied aspect are evaluated at good level.

3.2.5  Hydro‑socio‑economic index (HSEI)

Finally, the hydro-socio-economic index was calculated by considering various aspects for 
the case studies with increasing renewable water per capita via both SL and CSC methods. 
Table 6 shows the index values, based on the single and combined methods for the Euro-
pean continent. HSEI is estimated 0.480 for the SL method and 0.521 for CSC method. 
According to the qualitative classification, the index values for all studied aspects are eval-
uated at a good level using both methods.

The HSEI values for different aspects for all studied countries during the 20-year period 
are represented in Table 7. Figure 8 shows the ranking of the HSEI for different aspects 
in the studied countries via SL and CSC methods. According to Table 6 and Fig. 8, with 
both methods, the Estonia has the highest HSEI, and Georgia and Bosnia have a minimum 
HSEI. For the economic aspect, Belarus and Serbia HSEIs are estimated about 0.540 and 
0.682 (highest values) and Croatia and Bosnia HSEIs are 0.355 and 0.442 (lowest values). 
Also, using both methods, Poland and Bosnia pose the highest and lowest HSEI for demo-
graphic aspect, respectively. Considering the technology and communication aspect, Esto-
nia and Latvia have the highest HSEIs, and Georgia has the lowest HSEI. For the health 
and sanitation aspect, Bosnia and Romania have the highest HSEI values and Serbia and 
the lowest HSEI belongs to Belarus.

Figures 9 and 10 show the values of HSEI of the six European countries for different 
aspects using SL and CSC methods, respectively (see Figs. 14, 15 for the rest countries). 
For example, in Bulgaria the HSEI is lower than the European continent based on both 
methods. Still, HSEI of this country is placed at a good level. Also, the HSEI of Estonia is 
higher than the index value for the European continent, and therefore, Estonia offers a bet-
ter status compared to Europe.

Figure 11 shows the time series of annual HSEI values with economic aspect for each 
country and based on SL and CSC method (see Fig. 16 for the rest aspects including demo-
graphic, technology and communication, and health and sanitation). According to the 
results of the single linear method, the lowest value of index in 1998 was for Albania, Hun-
gary and Romania and the highest value of index in 2017 was for Croatia, Hungary and 
Romania. Thus, the Hungary and Romania countries have the most progress in terms of 
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the HSEI among other countries during the 20-year study period. According to the results 
of the soft computing method, Romania has the most progress in terms of the hydro-socio-
economic index among other countries during the 20-year study period. In 2017, Romania 
has the highest value of HSEI with economic aspect, which is classified as excellent level, 
and Belarus has the lowest HSEI with demographic, technology–communication, and 
health and sanitation aspects (for details, see Tables 8, 9, 10, 11, 12).

3.3  Social, economic and political evaluation of results

• Albania Albania’s economy relies more on agriculture industry. In 2009, the coun-
try had a fruit and vegetable supply of 886 grams per capita per day, the fifth highest 
supply in Europe (Nutrition, Physical Activity and Obesity Albania, 2013). In 2009, 
the government approved the national strategy for science, technology and innovation 
in Albania covering the period 2009–2015 (Strategy of Science, Technology and Inno-
vation, 2010), which could be the reasons of relationships between the value of the 
HSEI and these factors (in 2009–2015, the HSEI values changed from 0.62 to 0.87).

• Belarus Belarus has three major rivers, the Pripyat, Neman and Dnieper. These Rivers 
have a profound impact on the country’s socio-economic status, which is the main rea-
son why the HSEI value with economic aspect is improving in this country.

• Bosnia The Neum Port in Bosnia has a huge impact on the country’s economy and 
the rate of import and export from the country. The deepest  river canyon  in Europe, 
the Tara River Canyon that is located in Bosnia, is one of the most important attractions 
of tourists. Therefore, the amount of HSEI values and economic and tourism factors 
has relationship, significantly.

• Bulgaria The main rivers of Bulgaria are Maritsa and Danube which help in agriculture 
productions, which tie the economy growth of Bulgaria to the water resources (The 
economies of Bulgaria and Romania 2007), and the change of HSEI values depends on 
itself.

• Croatia The existence of ports in different sizes on the Adriatic coast has led to the 
improvements in economy of Croatia and brought in a large expansion in tourism 
industry. Tourism is one of the main sources of income for this country with 20% of 
total economic production (Prihodi 2017). Hence, the country has a significant HSEI 
with technology and communication aspect.

• Estonia Soil of Estonia is not suitable for cultivation, and as the HSEI for the economic 
aspect has a high relation with agriculture, the index has a relatively low value. The 
United Nations also ranked Estonia in the high value category of human development 
indexes (HDI). Therefore, the HSEI of the country is relatively high compared to the 
others, too.

• Georgia Georgia’s rivers pose an economic significance. The country’s hot springs are 
one of the major tourist attractions. Tourism is one of the most important sectors of the 
Georgian service, which plays an important role in the country’s economy and HSEI 
values, finally.

• Hungary Nearly one-fifth of the country’s Hungary workforce is engaged in agriculture 
and animal husbandry (Watkins 2014). In 2008, the Hungarian economy was under 
severe debt pressures and deficit. Hungary has sought economic development in the 
wake of economic reforms in 2010 and has strengthened international capabilities and 
the number of active human resources in the economy (World Bank Country Classifica-
tion 2008; Global 500—Countries: Hungary–Fortune 2013; Research and development 
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2016). These factors can be considered as one of the reasons for the increase in the 
slope of the HSEI time series for the economic aspect (in 2010–2011, the HSEI values 
of economic aspects changed from 0.0.62 to 0.66). There are many tourist attractions 

Fig. 8  Ranking of the HSEI with different aspects (i = 1, …, 4) in the studied countries (k = 1,2, …, 14) 
using SL and CSC methods
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Fig. 9  Values of HSEI in European continent with different aspects by country using the single linear (SL) 
method
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Fig. 10  Values of HSEI in European continent with different aspects by country using the combined soft 
computing (CSC) method
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that can be found at Hévíz and Balaton Lakes, which have a significant impact on the 
HSEI value of technology and communication aspect.

• Latvia In 2012, Latvia agreed to a Financial Arbitration Agreement (Lannin and Bra-
slina 2010; Public Information Notice 2012). The purpose of the treaty is to strength 
the coordination of the economic policies. This treaty could be one of the reasons for 

Fig. 11  Value of HSEI with economics aspect and annual scale by country, using SL and CSC methods
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the increase in the HSEI values for economic aspect after the year (in 2012–2013, the 
HSEI values of economic aspects changed from 0.77 to 0.82).

• Lithuania In the Lithuania, international shipments are carried out from the port of 
Klaipeda. The currency was Litas, which changed to Euro at the beginning of 2015. 
The change of the country’s currency is one of the main reasons for the increase in 
the amount of the HSEI of the economic aspect. Lithuania became a full member of 
the Schengen Treaty in 2007 and was selected as the European cultural capital in 2009 
(Lietuvos makroekonomikos apžvalga 2014; GDP—composition 2018), which could 
be the reasons of the ascending rise of the HSEI of demographic and technology and 
communication aspects after 2009 (in 2009–2010 and 2015–2016, the HSEI values 
changed from 0.52 to 0.61 and 0.91 to 0.95, respectively). Agriculture is also important 
in this country.

• Poland Poland has a diverse economy. The largest component of the economy is the 
services sector, industry and agriculture (PAP 2013). After joining the European Union 
in 2004, the number of arrival tourism increased sharply. The value of HSEI of tech-
nology and communication aspect also shows increasing trend after 2004. In addition, 
tourism serves as a great support for the economy of this country. One of the attractions 
of the tourist is the sandy beaches in the north of the country.

• Romania Romanian officials believe that start of the European Union membership from 
2007 (IMF World Economic Outlook Database 2011), in the long term, will bring lots 
of benefits for Romanians, which is one of the reasons of the appropriate amount of 
HSEI (in 2006–2007, the HSEI values changed from 0.49 to 0.61).

• Serbia The Danube River provides agricultural water for many cultivated lands and 
increases the amount of agricultural exports and influences the economy of the Serbia, 
which is one of the reasons of the appropriate amount of HSEI.

• Ukraine The economic–social crisis of 2014 has had a dramatic impact on Ukraine’s 
economy (in 2013–2014, the HSEI values of economic aspects changed from 0.90 to 
0.78). Against most mineral-rich countries, Ukraine has a very fertile soil (Baliuk et al. 
2017). This soil is known as the “black soil,” which is the most fertile soil in the world. 
This exceptional and fertile soil is one of the national assets of Ukraine. Agriculture in 
this soil is without fertilizer, which is one of the reasons for reducing the pollution of 
water resources and, consequently, reducing the mortality rate (under 5 years old) in the 
country and the appropriate values of the HSEI with health and sanitation aspect.

The results of this study, in the context of the relationship between water and social capital, 
are consistent with the findings from Forouzani et  al. (2013), Carey et  al. (2014), Lima 
et al. (2016), Pande and Sivapalan (2017) and Diep (2018).

4  Conclusions

In previous studies, the hidden and rational relationships between different socio-economic 
and environmental parameters and aspects have been overlooked. Diaz et  al. (2018) dis-
cussed about the importance and better understanding hidden and complex relationships 
between ecosystems and HWB. Limited aspects of the proposed management plans but not 
comprehensively have been addressed, not comprehensively, or different social dimensions 
of a phenomenon such as floods or droughts have been merely explored. For example, 
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Liang et al. (2018) investigated the expected amount of water saving in agricultural project 
or Aerts et al. (2018) examined the human behavior effects on flood disaster risk assess-
ment. The need to examine the interaction of water and societies systems is not only about 
how the socio-economic status affects aquatic systems. Rather, it is more about how deci-
sions for management of water systems lead the community toward responses and social 
movements. The economy is influenced by various economic factors, in which the wel-
fare of the individual and society should be maximized through the optimal use of natural 
resources as well as the equitable distribution of resources. The relation between income 
from agriculture and industry with the amount of allocated water is not linear and propor-
tional. This relationship changes over time, as the price of manufactured products asso-
ciated with the future uncertainties, making economic evaluations for the future become 
more difficult. It should also be noted that any local or global incidents can significantly 
alter the values that matter to a community over the times; so, considering cultural val-
ues is also important in decision-making process. Determining the hydro-socio-economic 
index using underlying socio-economic parameters supports decision-making process and 
planning for the future changes. Since in this study the socio-economic parameter selection 
has been comprehensively and rationally performed, it considerably resolves the deficien-
cies associated with previous studies. Previous studies rarely accounted for the involvement 
and impacts of relationship rationality between socio-economic parameters and the water 
resource parameter for development of hydro-socio-economic indicators.
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Fig. 12  Correlation of socio-economic and RWPC parameters
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Fig. 13  Convergence curve of the 
GEP models
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Fig. 14  Values of HSEI in European continent with different aspects by country using the single linear (SL) 
method
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Fig. 14  (continued)
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Fig. 15  Values of HSEI in European continent with different aspects by country using the combined soft 
computing (CSC) method
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Fig. 15  (continued)
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Fig. 16  HSEI value of demographic, technology and communication, and health and sanitation aspects and 
annual scale by country, using SL and CSC methods
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