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Abstract

Water scarcity is redefining the limits of industrial development across the Middle East and
North Africa (MENA), yet the regional dynamics of industrial water withdrawal remain
poorly quantified. In this study, industrial water withdrawal was examined for 18 MENA
countries over the period 1995–2022 using four seven-year periods, integrating spatio-
temporal assessment, hierarchical clustering, Tapio decoupling, and Logarithmic Mean
Divisia Index (LMDI) decomposition. The results showed that industrial water withdrawal
per capita was highly concentrated: Iraq exceeded 300 m3/person/year between 1995
and 2001, and then declined to roughly 150–200 m3/person/year by 2002–2008, while
Lebanon rose to 150–200 m3/person/year and became the highest-intensity case in the
period 2009–2015 and 2016–2022. In addition, clustering identified four groups, with Egypt
and Iraq forming a distinct pair and Saudi Arabia remaining structurally unique. Decou-
pling analysis presented favorable decoupling states most clearly in the 2002–2008 period,
but became mixed after 2009. Decomposition further showed that population growth
and economic development were the most persistent positive drivers of industrial water
withdrawal, whereas technical change was the most variable counterforce. These results
show that industrial water withdrawal in MENA is concentrated, structurally uneven, and
increasingly shaped by country-specific interactions between growth, demography, technol-
ogy, and industrial structure. The findings provide actionable evidence for policymakers,
industrial planners, and water managers seeking to align industrial growth with water
security in the MENA region.

Keywords: industrial water withdrawal; Middle East; North Africa; economic growth;
water security

1. Introduction
Water scarcity is now a first-order constraint on development across the Middle

East and North Africa (MENA), where industrial expansion, population growth and
economic restructuring are unfolding within some of the world’s most water-stressed
environments [1,2]. Under these conditions, industrial water use is no longer a secondary
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sectoral concern. It has become a strategic question for economic policy, environmental
governance and long-term development planning, because the sustainability of industrial
growth increasingly depends on whether production can be decoupled from rising water
withdrawals. Recent studies have therefore begun to treat the water-economy relationship
in MENA as an analytical and policy priority, particularly considering mounting scarcity
and ambitious growth agendas [3,4].

In many MENA countries, industrial activity must compete with municipal demand,
agricultural withdrawals and ecological requirements, while also adjusting to climatic stress,
groundwater depletion and rising dependence on non-conventional water sources [5,6].
This makes industrial water use qualitatively different from more general industrial re-
source questions. Water is spatially fixed, physically constrained and institutionally con-
tested in ways that energy and carbon are not. As a result, the sustainability of industrial
growth in MENA cannot be assessed adequately through aggregate development narratives
alone; it must be evaluated in relation to water use efficiency, structural change and the
drivers of withdrawal over time. Studies from the region have increasingly emphasized
the need for integrated water management, improved water productivity and stronger
investment in water-saving technologies, underscoring that industrial water demand is
critical to broader sustainability debates. Yet the regional evidence base remains uneven.
Existing work has generated important national and sector-specific insights, particularly
on industrial water demand, water footprints, reclamation potential and water stress in
countries such as Jordan [7], Morocco [8], and Saudi Arabia [9]. These studies have im-
proved understanding of industrial water use at the country scale and have shown that
water-saving measures, demand management and sectoral analysis are essential for sus-
tainable water governance. Even so, the dominant pattern remains fragmented. Many
analyses are country-specific, cross-sectional or focused on adjacent questions rather than
on industrial water withdrawal as a regional dynamic linked explicitly to economic growth.
Consequently, MENA still lacks a coherent regional assessment of how industrial water
use has changed across countries and periods, whether those changes are consistent with
economic transformation, and how far industrial growth has been separated from water
demand.

A substantial body of scholarship around the world has examined how water use and
economic growth interact, using analytical lenses like the Environmental Kuznets Curve
(EKC), Tapio decoupling models, Logarithmic Mean Divisia Index (LMDI), input–output
models and simultaneous-equation models. These studies ask important questions about
whether water use rises, is fixed, or declines with economic changes, and how much change
occurs as economies become more technologically advanced, structurally diversified, and
institutionally better equipped to manage resource demand. So far, there has been mixed
evidence with findings showing highly heterogeneous patterns, including inverted-U,
N-shaped, monotonic, and region-specific relationships. Specifically, Mexican regional
data show an N-shaped EKC in water withdrawal relative to economic growth, implying a
rise-fall-rise pattern of water use, as economic growth continues [10]; per capita income
and water consumption relationship in the USA and Spain follow inverted-U patterns,
indicating a rise in water use during early economic growth, and then a decline after a
turning point [11,12]; and some Chinese regions show monotonic increases in water use
with rising GDP [13]. Studies applying the Tapio decoupling model have reported the
occurrences of weak and strong decoupling between water consumption and GDP [14,15].
Some studies applying the LMDI reported water-use efficiency and economic effects as
the main driving factors for water use [16,17]. While the Tapio decoupling model and
the LMDI can be used individually, several studies combine both analyses to improve
rigor [18–20]. Also, studies applying input–output models [21,22] and simultaneous-
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equation models [23,24] have all reported mixed findings. These findings are important
because they show that the relationship between economic growth and water use is neither
linear nor universal. Instead, it depends on how growth is produced, how efficiently water
is used, and whether structural transformation is sufficient to moderate rising demand.

Against this broader background, the Tapio decoupling analysis and the LMDI have
become well-established tools for investigating the relationship between economic growth
and environmental pressure [25]. However, their direct application to industrial water use
in the MENA region remains limited. The regional review shows that most Tapio- and
LMDI-based studies in MENA still concentrate on carbon emissions, energy use or broader
environmental indicators rather than on industrial water withdrawal [26,27]. Where water
is addressed, the analysis often concerns footprints, demand estimation or water stress
rather than the combined use of decoupling and decomposition to explain the drivers of
industrial withdrawal. This matters because it leaves unanswered a central question for
water-scarce industrializing economies: are changes in industrial water use being driven
primarily by technological progress, by industrial restructuring, by macroeconomic ex-
pansion, or by demographic pressure? Without such distinction, policy responses risk
remaining generic rather than targeted. A robust regional study must therefore do more
than document rising or falling withdrawals. It must determine whether water use and
industrial economic growth are moving synchronously or divergently, and it must identify
the mechanisms behind that relationship. Tapio’s elasticity framework is especially useful
in this regard because it captures whether changes in resource use are occurring faster
or slower than changes in economic output, generating a spectrum of decoupling and
coupling states rather than a simple binary outcome. The LMDI framework complements
this by decomposing aggregate change into interpretable drivers [28], allowing technology,
industrial structure, economic development and population to be considered simulta-
neously. Previous applications outside MENA have shown the value of this combined
approach, with evidence that population and economic development often exert upward
pressure on water use, whereas structural adjustment and technological change can reduce
it [3]. Water-use intensity and industrial structure, in particular, repeatedly emerge as
central drivers of decoupling outcomes, while population and income growth tend to exert
incremental effects on withdrawals.

This analytical architecture is particularly relevant to MENA because the region is
economically heterogeneous but hydrologically constrained. Countries differ markedly in
industrial composition, fiscal capacity, water infrastructure, technological capability and
exposure to scarcity, yet they are often discussed as though they share a single development-
water trajectory. A regional comparative framework can reveal whether such an assumption
is justified. It can show whether countries with similar GDP profiles display different
industrial water-use patterns, whether apparent efficiency gains reflect real technological
progress or merely sectoral shifts, and whether structural drivers differ between resource-
rich and resource-constrained economies. The ability to identify clusters of countries
with similar water-economy profiles is therefore not only analytically useful but also
policy-relevant, because it enables differentiated interpretation rather than one-size-fits-all
regional prescriptions. Previous work has shown that coupling decoupling analysis with
decomposition and hierarchical clustering can provide precisely this kind of mechanistic
and comparative insight, revealing regional patterns and policy-relevant groupings that
descriptive statistics alone cannot capture.

The lack of a quantitative analysis that incorporates spatio-temporal assessment, Tapio
decoupling, and LMDI decomposition to explain industrial water use dynamics in the
MENA region is significant because MENA’s water crisis is increasingly bound up with
industrial strategy, yet the evidence base for understanding this relationship remains
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thinner than the policy stakes would require. This study therefore addresses that gap
by examining industrial water withdrawal across MENA through a unified analytical
framework designed to capture both patterns and mechanisms. Specifically, the study:
(i) tracks the spatial and temporal evolution of industrial water use across four seven-
year periods (between 1995 and 2022) and groups countries according to similarities in
industrial water withdrawal and GDP; (ii) evaluates the extent to which industrial water
use has decoupled from economic growth; and (iii) decomposes the observed changes into
technical, industrial structure, economic development and population effects. In doing so,
the study responds to the central need identified in the literature: direct, quantitative and
regionally comparable evidence on industrial water use as distinct from broader resource-
use indicators. Such an approach is needed not simply to improve description, but to clarify
whether industrial growth in MENA is becoming less water-intensive, which countries are
diverging from that trajectory, and which drivers are most responsible for those outcomes.

The significance of this contribution is both empirical and strategic. Empirically, it
moves the discussion beyond isolated country cases toward a regional comparative assess-
ment capable of detecting common tendencies and national divergences. Strategically, it
provides a basis for more differentiated water policy: where technological effects dominate,
efficiency upgrading becomes central; where industrial structure is decisive, sectoral trans-
formation becomes more important; where economic development or population effects
are strongest, broader growth planning and demand management must be brought into
the analysis. In a region where water scarcity increasingly defines the outer boundary of
feasible development, understanding these distinctions is essential. The remaining sections
of this paper are organized as follows: the materials and methods are described in Section 2;
Sections 3 and 4 present the results and discussion; Section 5 provides the study limitations,
and Section 6 provides our main conclusions.

2. Materials and Methods
2.1. Study Area

This study covers 18 countries in the Middle East and North Africa (MENA): Algeria,
Bahrain, Egypt, Iran, Iraq, Israel, Jordan, Kuwait, Lebanon, Libya, Morocco, Oman, Qatar,
Saudi Arabia, the Syrian Arab Republic, Tunisia, the United Arab Emirates, and Yemen.
Collectively, these countries span North Africa, the Levant, the Arabian Peninsula and the
Iranian Plateau, thereby capturing a wide range of hydro-climatic settings, development
pathways and industrial structures within one of the world’s most water-constrained
regions. The study area includes oil- and gas-based economies, diversified industrializing
economies, import-dependent states, and countries experiencing protracted political and
infrastructural stress. This regional breadth is analytically important because industrial
water use in MENA is shaped not only by scarcity but also by differences in industrial
composition, population size, economic scale, infrastructure, and the balance between
conventional and non-conventional water resources [29,30].

The present study evaluates industrial water withdrawal across multiple periods,
allowing changes in industrial water use and its drivers to be examined over time. Four
seven-year periods were analyzed over 1995–2022: 1995–2001, 2002–2008, 2009–2015, and
2016–2022. Summary statistics of industrial water withdrawal across these periods in the
studied region are presented in Appendix A (Table A1). In addition, the study adopts
the AQUASTAT definition of industrial water withdrawal, which is the annual quantity
of water withdrawn for industrial purposes from surface water or groundwater sources.
Table 1 summarizes the countries included in the analysis, their subregional location,
population, and total renewable water resources per capita in 2022.
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Table 1. Description of the study area.

Country Subregional Location Population in 2022
(Million)

Total Renewable Water
Resources per Capita in
2022 (m3/Inhab/Year)

Algeria North Africa 45.48 256.55
Bahrain Gulf 1.53 75.65
Egypt North Africa 112.62 510.57
Iran Iranian Plateau/West Asia 89.52 1530.81
Iraq Mesopotamia/West Asia 44.07 2039.00
Israel Levant 9.10 195.54
Jordan Levant 11.26 83.24
Kuwait Gulf 4.59 4.36
Lebanon Levant 5.74 783.88
Libya North Africa 7.22 96.90
Morocco North Africa 37.33 776.87
Oman Gulf/Arabian Peninsula 4.73 295.97
Qatar Gulf 2.89 20.05
Saudi Arabia Arabian Peninsula 32.18 74.59
Syrian Arab Republic Levant 22.46 748.01
Tunisia North Africa 12.12 380.80
United Arab Emirates Gulf 10.24 14.65
Yemen Arabian Peninsula 38.22 54.94

Note: Source: World Bank database; FAO AQUASTAT Dissemination System.

2.2. Decoupling Analysis

Decoupling analysis was used to assess whether changes in industrial water with-
drawal occurred more slowly or more rapidly than changes in industrial economic output.
In sustainability analysis, decoupling refers to a non-synchronous relationship between
economic growth and environmental pressure [31,32]. In the present study, this framework
was applied to examine whether industrial growth in MENA became progressively less
dependent on industrial water withdrawal over time. The analysis employed Tapio’s
elasticity-based decoupling index [33], which can measure the ratio between the relative
change in industrial water withdrawal and the relative change in industrial economic
output [15]. The decoupling elasticity for country i in a given period was calculated as:

di =
∆W/W0

∆G/G0
(1)

where di is the decoupling elasticity, W is industrial water withdrawal, and G is industrial
economic output. In this study, industrial economic output was represented by industry
value added. The subscripts 0 and t denote the initial and final years of each analytical
period, respectively. Hence,

∆W = Wt − W0 (2)

and
∆G = Gt − G0 (3)

so that Equation (1) can be expanded as:

di =
(Wt − W0)/W0

(Gt − G0)/G0
(4)

This elasticity expresses the responsiveness of industrial water withdrawal to changes
in industrial output. To interpret the elasticity values, each country-period observation was
classified according to Tapio’s eight-state decoupling framework [33], presented in Table 2.

https://doi.org/10.3390/w18131624

https://doi.org/10.3390/w18131624


Water 2026, 18, 1624 6 of 22

This classification combines the sign of the change in industrial water withdrawal (∆W),
the sign of the change in industrial output (∆G), and the magnitude of the elasticity (di).

Table 2. Decoupling standards for making judgments in Tapio’s model.

Decoupling or Coupling
State (∆W) (∆G) Decoupling

Elasticity (di)
Interpretation

Strong decoupling (SD) <0 >0 <0 Industrial output increases while
industrial water withdrawal decreases.

Weak decoupling (WD) >0 >0 0 < di < 0.8

Both industrial output and industrial
water withdrawal increase, but water
withdrawal grows more slowly than
output.

Expansive coupling (EC) >0 >0 0.8 ≤ di ≤ 1.2
Industrial water withdrawal and
industrial output grow at approximately
the same rate.

Expansive negative
decoupling (END) >0 >0 >1.2 Industrial water withdrawal increases

faster than industrial output.
Strong negative decoupling
(SND) >0 <0 <0 Industrial output declines while

industrial water withdrawal increases.

Weak negative decoupling
(WND) <0 <0 0 < di < 0.8

Both industrial output and industrial
water withdrawal decline, but water
withdrawal decreases more slowly than
output.

Recessive coupling (RC) <0 <0 0.8 ≤ di ≤ 1.2
Industrial water withdrawal and
industrial output decline at
approximately the same rate.

Recessive decoupling (RD) <0 <0 >1.2 Industrial water withdrawal declines
faster than industrial output.

In interpretive terms, strong decoupling represents the most favorable outcome be-
cause industrial output expands while industrial water withdrawal declines. Weak decou-
pling is also considered desirable, since industrial growth is accompanied by a proportion-
ally smaller increase in water withdrawal. Expansive coupling indicates that industrial
water use is growing in step with output, while expansive negative decoupling indicates a
deterioration in water-use performance because industrial water withdrawal grows faster
than industrial output. When industrial output declines, the remaining four states distin-
guish whether water withdrawal also contracts and whether that contraction is slower,
similar to, or faster than the contraction in output. Among these, strong negative de-
coupling is the least desirable because industrial activity contracts while industrial water
withdrawal still rises. The classification therefore provides a richer interpretation than
simple growth rates, allowing the quality of the water-growth relationship to be assessed
across countries and periods.

2.3. Cluster Analysis and Principal Component Analysis

To identify countries with similar industrial water-use and economic profiles, hier-
archical cluster analysis was performed using industrial water withdrawal and GDP for
the terminal year of the study period, 2022. Before clustering, the variables were stan-
dardized using z-scores so that differences in scale and magnitude would not dominate
the classification. Standardization ensured that both variables contributed comparably
to the clustering solution. The clustering procedure followed Ward’s minimum-variance
hierarchical method with Euclidean distance as the similarity metric. Ward’s method was
selected because it minimizes within-cluster variance while maximizing between-cluster
separation, making it well suited to cross-country comparative analysis [34]. A recent water-
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use application is provided by Kipkirui et al. [3]. Euclidean distances among countries
were computed from the standardized variables and visualized using a dendrogram.

Additionally, principal component analysis (PCA) was used as a complementary multi-
variate ordination tool to visualize the relative position of countries in reduced-dimensional
space and to assess whether the cluster solution was supported by the dominant struc-
ture of the data. PCA was applied to the same standardized variables used in the cluster
analysis. The first two principal components were retained for visualization because they
captured the largest share of the total variance in the data. Country scores were plotted in
the PC1–PC2 plane and colored by cluster membership, while loading vectors were used to
indicate the relative contribution of GDP and industrial water withdrawal to the ordination
pattern.

2.4. Decomposition Analysis

To identify the forces driving changes in industrial water withdrawal, the LMDI
decomposition method was applied, following the practical formulation proposed by
Ang [35]. Decomposition analysis separates the change in an aggregate indicator into a set
of interpretable explanatory components, thereby revealing the contribution of different
structural, technological, and other related drivers [36]. Among available index decompo-
sition approaches, LMDI is particularly suitable because it is mathematically consistent,
easy to implement, robust, accurate in attributing observed changes to underlying drivers,
and can be expressed without a residual term [37]. In studies of water use, this feature
is advantageous because it enables the observed change in withdrawal to be attributed
directly to a limited number of clearly defined factors. The decomposition was based on a
Kaya-type identity in which total industrial water withdrawal is expressed as the product
of four factors:

W =
W
V

· V
G

· G
P

· P (5)

where W denotes industrial water withdrawal, V denotes industry value added, G denotes
GDP, and P denotes population. The four multiplicative terms correspond to the drivers
analyzed in this study:

Wtec =
W
V

(6)

Wstr =
V
G

(7)

Weco =
G
P

(8)

Wpop = P (9)

Substituting these terms into Equation (5) yields:

W = Wtec · Wstr · Weco · Wpop (10)

In this formulation, Wtec represents the technical effect, defined as industrial water
withdrawal per unit of industry value added. It captures the water intensity of industrial
production and therefore reflects technological efficiency and water-saving performance.
Wstr represents the industrial structure effect, defined as the share of industry value added
in total GDP, and captures the extent to which shifts in the composition of the economy
influence industrial water withdrawal. Weco represents the economic development effect,
expressed as GDP per capita, and reflects the contribution of rising average economic
output to industrial water demand. Finally, Wpop represents the population scale term in
the Kaya-type identity, and its contribution to industrial water withdrawal is captured
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through the decomposition component ∆Wpop, which measures how changes in population
affect the overall scale of withdrawal over time.

The additive LMDI decomposition of the change in industrial water withdrawal
between the initial year 0 and final year t is then written as:

∆W = Wt − W0 (11)

∆W = ∆Wtec + ∆Wstr + ∆Weco + ∆Wpop + ∆Wr (12)

where ∆Wtec, ∆Wstr, ∆Weco, and ∆Wpop are the contributions of technical change, industrial
structure, economic development and population, respectively, and ∆Wr is the decomposi-
tion residual. In the standard LMDI additive form, the residual is theoretically zero [38],
which is one of the main advantages of the method over simpler decomposition approaches.

The contribution of each factor was calculated using the logarithmic mean weight
function. For the technical effect, the additive contribution is:

∆Wtec = L(Wt, W0) · In
(

Wtec,t

Wtec,0

)
(13)

For the industrial structure effect:

∆Wstr = L(Wt, W0) · In
(

Wstr,t

Wstr,0

)
(14)

For the economic development effect:

∆Weco = L(Wt, W0) · In
(

Weco,t

Weco,0

)
(15)

And for the population effect:

∆Wpop = L(Wt, W0) · In
(

Wpop,t

Wpop,0

)
(16)

where the logarithmic mean function L(Wt, W0) is defined as:

L(Wt, W0) =
Wt − W0

ln Wt − ln W0
(Wt ̸= W0, Wt > 0, W0 > 0) (17)

and, when Wt = W0,
L(Wt, W0) = Wt = W0 (18)

Using these expressions, the total change in industrial water withdrawal can be
decomposed fully into the four driver effects:

∆W = ∆Wtec + ∆Wstr + ∆Weco + ∆Wpop (19)

with the residual term approaching zero:

∆Wr = ∆W −
(
∆Wtec + ∆Wstr + ∆Weco + ∆Wpop

)
= 0 (20)

The sign of each contribution has a direct interpretation. A positive contribution indi-
cates that the corresponding factor increased industrial water withdrawal over the period,
whereas a negative contribution indicates that it reduced industrial water withdrawal. The
decomposition analysis was performed for four study periods of 1995–2001, 2002–2008,
2009–2015, and 2016–2022.
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2.5. Data Sources

For this study, we employed industrial water withdrawal data from FAO AQUASTAT
(available: https://data.apps.fao.org/aquastat/?lang=en; accessed on 18 March 2026). The
Industrial Water Withdrawal dataset is available as Table S1 in the attached Supplementary
material.

In addition, GDP, industry value added, and total population data were obtained
from the World Bank database (available: https://data.worldbank.org/; accessed on 18
March 2026). Annual country-level data for the 18 MENA countries were compiled for
the four study periods already described above. Although the extracted AQUASTAT
series provided annual country-level entries for all 18 countries over 1995–2022, some
country records contained repeated values over consecutive years, indicating that not all
annual entries necessarily reflected independently updated national observations. This was
particularly evident for conflict-affected cases such as the Syrian Arab Republic and Yemen,
whose reported industrial water withdrawal values remained unchanged over extended
periods in the downloaded series. Accordingly, the analysis used the AQUASTAT values
exactly as reported and did not infer unobserved year-to-year variation. Furthermore, data
processing, statistical analysis and visualization were conducted in Python (v3.13.0) using
the Spyder integrated development environment (Version 6). After drafting, Grammarly
web-based editor (available: https://app.grammarly.com/) was used for language editing
and improvement, after which the authors read and confirmed the final manuscript.

3. Results
3.1. Spatio-Temporal Distribution of Industrial Water Withdrawal per Capita in MENA

Industrial water withdrawal per capita in MENA was highly concentrated, with a
narrow upper tier clearly separated from a much larger group of low-intensity countries
(Figure 1). The strongest concentration occurred in Iraq during 1995–2001, when with-
drawal intensity exceeded 300 m3/person/year, whereas most of the region remained
below 100 m3/person/year. This means Iraq’s level was at least three times the dominant
regional range. Some redistribution occurred in 2002–2008. While Iraq still recorded the
highest withdrawal intensity, its level fell sharply to between ~150–200 m3/person/year,
implying a reduction of 40–50% relative to 1995–2001. At the same time, there was some
marked increase in industrial water withdrawal for nations like Lebanon, Libya, Saudi Ara-
bia, and Oman, with withdrawal ranging between ~100–110 m3/person/year. The pattern
in 2009–2015 became more differentiated. Withdrawal intensities for Lebanon had reached
the range of 150–200 m3/person/year, making the nation the highest-intensity spot in the
region. Below that uppermost tier, Libya, Iraq, Saudi Arabia, Bahrain, Qatar, and Oman
converged within a similar intermediate range (~100–120 m3/person/year), indicating
that the regional structure was no longer dominated by a single extreme case alone. This
matters because it reveals a broader upper-middle grouping of countries with elevated
industrial water withdrawal per capita, even though Lebanon remained the most intense
case. The rest of MENA stayed concentrated in lower ranges (below 100 m3/person/year),
reinforcing the contrast between a very limited set of high-intensity countries and the
broader regional baseline. In 2016–2022, Lebanon again remained slightly higher than
Iraq, even though Iraq intensified relative to the previous period. Both countries occu-
pied the highest regional range, approximately 150–200 m3/person/year, but Lebanon
still retained the uppermost position. A second grouping was also evident in this final
period: Libya, Egypt, Saudi Arabia and Oman occupied a similar intermediate range below
the Lebanon–Iraq pair. This indicates that the late-period pattern combined persistent
upper-tail concentration with the emergence of a more clearly defined secondary band
of moderate-to-high intensity countries. The remaining countries consistently occupied
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lower ranges across the four periods. This observation implies that the regional pattern
was therefore not one of generalized escalation, but of repeated concentration in a limited
number of national cases.

 

Figure 1. Industrial water withdrawal per capita across the MENA region from 1995 to 2022.

3.2. Cross-Country Clustering of Industrial Water Use and Economic Performance in MENA

The 2022 country profiles resolve into four distinct clusters, supporting the structural
segmentation of the regional pattern observed in Section 3.1. The clustering was driven by
differences in the countries’ combined 2022 industrial water withdrawal and GDP profiles,
with countries in the same cluster showing greater similarity across these two variables.
At a Euclidean distance of 3.0, one large cluster, two smaller groups, and one standalone
case are clearly distinguished (Figure 2). The dominant cluster includes Morocco, Oman,
up to the Syrian Arab Republic. These countries merge at relatively low distances, mostly
below about 1.3, indicating strong internal similarity. This cluster represents the broad
regional middle, where neither GDP nor industrial water withdrawal is sufficiently extreme
to separate countries from the main body of the sample. A second cluster is formed by
Egypt and Iraq, which merge at a very low distance of 0.8 but remain separated from the
large baseline cluster until around 5.0. This indicates a close two-country relationship
combined with strong dissimilarity from the rest of MENA. A third cluster groups Iran,
Israel and the United Arab Emirates. Within this group, Israel and the UAE form the
tightest pair, with Iran joining at a somewhat higher distance. This cluster differs from both
the Egypt–Iraq group and the large baseline group, indicating that these countries have
a different balance between industrial water use and economic development. The fourth
cluster consists only of Saudi Arabia, which remains isolated until the cut-off distance. Its
late fusion with the Iran–Israel–UAE group indicates that its profile is structurally unique
in the regional dataset. This is important because Saudi Arabia did not occupy the highest
per capita withdrawal tier in Section 3.1, yet it remains distinct once GDP and industrial
water withdrawal are considered jointly.
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Figure 2. Hierarchical organization of MENA countries by industrial water use and GDP in 2022.

The PCA confirms this structure (Figure 3). PC1 explains 63.67% of the total variance,
and PC2 explains 36.33%, so the two axes capture the full clustering pattern. Egypt and Iraq
lie far in the positive direction associated with industrial water withdrawal, which explains
their separate grouping. Saudi Arabia is positioned furthest along the GDP direction,
confirming that its isolation is driven primarily by economic scale. Iran, Israel and the UAE
occupy an intermediate position between these two poles, while the large baseline cluster
remains concentrated near the origin. These results support the spatial interpretation in
Section 3.1. The clustering shows that once GDP is introduced, Iraq remains structurally
distinct, whereas Lebanon is absorbed into the broad middle cluster, indicating that its
per capita intensity does not translate into the same overall economic water profile. This
further confirms that the regional structure is defined not only by withdrawal intensity but
by the balance between industrial water use and economic scale.

 
Figure 3. Principal component ordination of MENA countries by industrial water withdrawal and
economic scale in 2022. Note: The upward arrow indicates the direction of increasing industrial water
withdrawal, while the downward arrow indicates the direction of increasing GDP.
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3.3. Water–Growth Decoupling Trajectories Across MENA

The decoupling pattern across MENA evolved in three clear stages: an uneven start-
ing configuration in 1995–2001, a short phase of broad improvement in 2002–2008, and a
distinctly mixed regional regime from 2009 onward (Figure 4). In 1995–2001, Strong decou-
pling (SD) was achieved by Algeria, Egypt, Jordan, and the UAE, indicating that industrial
water withdrawal declined even as industrial output increased. A second group, including
Libya, Syria, Iraq, Iran, Qatar, Oman, and Yemen, recorded weak decoupling (WD), mean-
ing that water withdrawal still rose, but more slowly than industrial economic growth. This
relatively positive structure was offset by clear adverse cases: Tunisia, Lebanon, Kuwait,
and Saudi Arabia entered expansive negative decoupling (END), while Morocco registered
strong negative decoupling (SND), the most unfavorable outcome in the period.

Figure 4. Spatio-temporal dynamics of decoupling states between industrial water withdrawal and
industrial economic growth across MENA between 1995 and 2022.

The most coherent improvement occurred between 2002 and 2008. At this stage, SD
expanded to Morocco, Algeria, Egypt, Iraq, the UAE, and Yemen, while Tunisia, Libya,
Syria, Israel, Jordan, Kuwait, Bahrain, Qatar, Saudi Arabia, and Iran remained in WD. In
effect, most of the region was either reducing industrial water withdrawal outright or
allowing it to grow more slowly than industrial output. Oman was the clearest exception,
shifting to expansive coupling (EC), where industrial water withdrawal and industrial
output increased at broadly similar rates.

That coherence disappeared in 2009–2015, when the region became markedly hetero-
geneous. Morocco, Egypt, Israel, Iraq, and the UAE remained in SD, but several countries
deteriorated sharply. Algeria and Tunisia shifted to recessive decoupling (RD), Libya
moved into SND, Iran, Syria, and Yemen entered weak negative decoupling (WND), Saudi
Arabia moved into EC, and Oman and Lebanon shifted further into END.

The period 2016–2022 retained that mixed structure, although with some redistribution
of outcomes. Algeria and Tunisia returned to SD, while Morocco, Libya, Syria, Jordan,
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Saudi Arabia, Kuwait, Bahrain, Qatar, the UAE, and Oman were in WD, indicating renewed
but incomplete improvement in several parts of the region. At the same time, Egypt and
Israel shifted into END, Iran, Lebanon, and Yemen remained in WND, and Iraq moved into
EC. Thus, even though some of the more severe outcomes observed in 2009–2015 receded,
the region did not return to the broad decoupling alignment realized in the 2002–2008
period.

3.4. Drivers of Change in Industrial Water Withdrawal Across MENA

The decomposition results show that changes in industrial water withdrawal were
driven mainly by the interaction between population growth, economic development, and
a highly variable technical effect, while the industrial structure effect acted more selectively
(Figure 5). In most cases, the aggregate effect (Wtot) was not controlled by a single driver,
but by the extent to which expansionary demographic and economic pressures were either
reinforced or offset by technical and structural change.

 

Figure 5. Period-specific contributions of the drivers of industrial water withdrawal across the MENA
region.

In the period 1995–2001, the strongest positive aggregate occurred in Iraq, where Wtot

reached the upper truncation threshold of 0.59. This increase was driven overwhelmingly
by the population effect, while a strongly negative industrial structure effect partly offset
the gain. Positive aggregates were also evident in Morocco (∼0.23), Syria (∼0.19), and Saudi
Arabia (∼0.12). In Morocco, the increase was dominated by the technical effect, whereas
in Syria, the main positive contribution came from the industrial structure effect (about
0.35), despite a substantial negative technical contribution. By contrast, Egypt recorded the
sharpest decline, with Wtot reaching the lower truncation threshold of −0.48. There, a very
large positive population effect was more than canceled by a strongly negative technical
effect. Negative aggregates were also visible in Algeria (∼−0.10) and the United Arab
Emirates (∼−0.12).

In 2002–2008, the center of positive change shifted. The largest positive aggregates
were recorded in Saudi Arabia (∼0.30) and Lebanon (∼0.27), followed by Libya (∼0.08).
Saudi Arabia’s increase was driven mainly by economic development, which rose to 0.50,
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together with a smaller positive population effect, although both were partly offset by
a large negative technical effect. Lebanon was the clearest case of cumulative positive
contributions, with all four effects adding to the total. At the negative end, Egypt and Iraq
both fell to the −0.48 truncation limit, while Morocco dropped to about −0.42. In all three
cases, strong negative technical effects outweighed positive demographic and economic
contributions. Thus, by the second period, the technical effect had become the main source
of contraction in several countries, even where population and economic growth were still
pushing upward.

The period 2009–2015 was the most polarized. Lebanon recorded the largest positive
aggregate, at about 0.44, while Saudi Arabia followed at roughly 0.20; Oman and Qatar
were also positive but smaller, around 0.10. Lebanon’s result was driven by the combined
action of population, economic development, and technical change, each contributing
positively. At the same time, Egypt and Iraq again reached the lower truncation threshold
of −0.48, and Algeria also remained strongly negative at about −0.33. Two countries
illustrate the extent of internal offsetting particularly well. In Syria, a very large positive
technical effect reached the upper truncation threshold of 0.59, but this was almost fully
counterbalanced by a strongly negative economic development effect close to −0.48, leaving
the total effect near zero. In Iran, a positive technical effect of about 0.43 was offset by a
negative industrial structure effect of −0.41 and a further negative economic development
effect, again producing an aggregate close to zero. The 2009–2015 period, therefore, stands
out as the clearest example of sharply competing drivers within the same national systems.

A different configuration emerged in 2016–2022. The largest positive aggregates were
observed in Egypt and Iraq, both of which reached the upper truncation threshold of 0.59,
followed by Saudi Arabia at approximately 0.39. In Egypt, the increase was driven by a
strong population effect (0.29) combined with a large positive economic development effect.
Iraq showed a similar structure, with the population effect rising to 0.41, reinforced by a
strong positive economic-development component. In Saudi Arabia, the total remained
clearly positive because a very large economic development effect outweighed a strongly
negative technical effect that fell to the −0.48 truncation limit. Iran, Lebanon, Libya, and
Syria all showed near-neutral totals, while Qatar and Oman were slightly negative, with
their totals held down by adverse technical contributions.

Three results are clear from this analysis. First, population and economic development
were the most persistent positive drivers of industrial water withdrawal. Second, the
technical effect was the most volatile factor and frequently determined whether the aggre-
gate became positive or negative. Third, the industrial structure effect was periodically
important, highly negative in some countries, strongly positive in others, but it was less
consistently directional than the demographic and economic drivers.

4. Discussion
The results show industrial water withdrawal in MENA as a problem of concentrated

industrial water pressure. The country-level deviations can be interpreted through specific
national contexts. For instance, Iraq’s early dominance and later renewed increase are
consistent with the water-intensive role of oil production and refining [39], the expansion
of industrial demand, and the pressure of population growth [40], while periods of conflict,
sanctions, and damaged infrastructure help explain why its trajectory is irregular [41].
For the case of a country like Lebanon, its late-period high per capita withdrawal is
plausibly linked to the strong dependence of industry on groundwater, limited industrial
water recycling, and weak incentives to reduce direct abstraction where groundwater
remains relatively accessible [42,43]. Also, Egypt’s later increase is consistent with a
broader national pattern in which population growth, economic expansion, and rising
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industrial demand have intensified pressure on a Nile-dependent water system [44]. In
contrast, Saudi Arabia’s distinct position is less about per capita withdrawal intensity and
more about economic scale, downstream refining, petrochemical expansion, and large
water-supply infrastructure, including desalination [45,46]. These country-specific contexts
depict that the observed deviations among all analyzed countries are a function of different
combinations of industrial composition, resource dependence, infrastructure conditions,
demographic pressure, and economic development status. Accordingly, industrial water
withdrawal in MENA is not only a matter of how much water the industry uses, but of
how that use interacts with economic magnitude and industrial structure. This distinction
is important because it clarifies what industrial water withdrawal actually signifies in a
water-scarce region. High withdrawal intensity does not automatically imply the same
kind of structural pressure everywhere. In some countries, industrial water withdrawal
is high because the water intensity of production remains elevated; in others, it becomes
important because it is embedded in a much larger economic system. That is precisely why
the regional pattern cannot be reduced to a single “high-use versus low-use” narrative. The
evidence instead points to at least three types of industrial water trajectory: (i) countries
with high withdrawal intensity, (ii) countries with large economic scale but more complex
water-use balances, and (iii) a broad middle group where industrial water withdrawal
remains moderate but potentially vulnerable to future expansion.

The decoupling results show that the relationship between industrial water with-
drawal and industrial growth was neither stable nor progressively improving across the
whole region. The strongest regional phase of separation occurred between the period 2002
and 2008, when most countries achieved strong or weak decoupling. After 2008, however,
that pattern gave way to a more heterogeneous regime in which favorable and unfavorable
decoupling states coexisted. This is a consequential result. It suggests that industrial water
withdrawal in MENA does not follow a linear transition toward lower water dependence.
Decoupling proved possible, but it also proved fragile. Once demographic pressure, indus-
trial expansion, technical performance and structural change began to diverge more sharply
across countries, the region ceased to move in a common direction. The key implication is
that industrial water withdrawal in MENA is governed by an unstable balance between
growth and restraint, not by a one-way efficiency transition.

The decomposition analysis explains why this balance is unstable. Across the four
periods, population growth and economic development were the most persistent positive
drivers of industrial water withdrawal. Their effect is straightforward: as economies ex-
pand and populations grow, industrial activity scales up, and industrial water withdrawal
tends to rise unless offset by strong countervailing forces. This mechanism was especially
visible in the later period, when Egypt, Iraq and Saudi Arabia showed the largest positive
totals. These results are consistent with the broader expectation that population and income
growth exert incremental upward pressure on water demand, use, and resources [47–49].
In MENA, however, that pressure is more consequential because it operates under already
constrained hydrological conditions. Industrial water withdrawal therefore becomes not
just a by-product of growth, but one of the channels through which macroeconomic ex-
pansion encounters physical limits. Set against these expansionary forces, the technical
effect was the most volatile and often the most decisive factor. In some countries and
periods it sharply reduced industrial water withdrawal, while in others it weakened or
even acted in the opposite direction. That volatility is central to interpreting the mixed
decoupling pattern after 2008. These interpretations should, however, be read with cau-
tion, especially for conflict-affected countries like the Syrian Arab Republic and Yemen,
whose industrial withdrawal series remained unchanged over extended periods. While
such cases reflected stability in the reported database values, it did not necessarily mean
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continuous annual observation of unchanged industrial water withdrawal. Where technical
improvement was strong enough to offset demographic and economic pressures, industrial
water withdrawal was restrained and decoupling remained favorable. Where technical
improvement was weak, inconsistent or reversed, water withdrawal rose more quickly or
ceased to separate from growth. This indicates that technological change in MENA has
not operated as a steady regional trend toward lower industrial water intensity. Rather,
it has functioned as an uneven and intermittent counterforce. That observation carries
strong policy implications: industrial water sustainability in MENA depends less on broad
efficiency rhetoric than on whether technical gains are deep, continuous and large enough
to outrun growth-driven increases in withdrawal.

The industrial structure effect was more selective, but it remains analytically important
because it shows that all industrial growth does not have the same water implications. In
some countries, structural shifts reduced industrial water withdrawal, suggesting move-
ment toward a less water-intensive industrial composition or a declining industrial share
within GDP. In others, structural change amplified water demand. This means that indus-
trial water withdrawal in MENA is not governed only by how fast industry grows, but by
what type of industry expands. The differences among countries may also reflect variation
in industrial subsectors, electricity-generation pathways, and process technologies, all of
which have been reported to shape national patterns of water withdrawal [50–52]. That
distinction is essential in a region where industrial policy increasingly emphasizes diversi-
fication, downstream processing and new manufacturing capacity [53,54]. If diversification
proceeds toward water-intensive industrial forms, industrial water withdrawal will rise
even under otherwise favorable macroeconomic conditions. If it proceeds toward less
water-intensive sectors and is combined with technical upgrading, the water burden of
industrial growth can be moderated. The results therefore argue for an industrial water
policy that is sector-sensitive, not merely aggregate.

This interpretation is also consistent with the wider decoupling and decomposition
literature on industrial water use, while revealing features that are distinctive to MENA
(see Table A2). Reported studies from Hubei [55] and the Yangtze River Economic Belt [56]
generally show that technological change and water-use intensity are the principal forces
improving decoupling. Similar evidence has also been reported for energy-intensive
industries in the Yellow River Basin, where intensity effects reduced water use [57], and for
Africa, where population, economic development and industrial structure were identified
as major drivers of industrial water-use change [3]. In this respect, our present results
align closely with previous work in that population growth and economic development
emerged as the most persistent positive drivers of industrial water withdrawal, while the
technical effect acted as the main restraining force. The MENA pattern differs, however,
in the degree of post-2009 instability. Rather than moving progressively toward stronger
decoupling, the region shifted into a mixed regime in which favorable and unfavorable
states coexisted, indicating that technological and structural gains were not sufficiently
stable to offset the rising pressure from growth and demography across all countries.

Put broadly, the findings suggest that the central issue in MENA is not industrial
water withdrawal alone, but the quality of industrial water withdrawal growth. Two
countries may record rising industrial water withdrawal for very different reasons: one
because economic and population growth are outpacing technical progress, another because
industrial structure is shifting toward more water-intensive activities. Likewise, high
industrial water withdrawal is not necessarily synonymous with poor performance if
technical and structural improvements are substantial enough to reduce water intensity
over time. In addition, the study results show that industrial water withdrawal in MENA
is simultaneously a magnitude problem, an efficiency problem, and a structural problem.
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Any interpretations that isolate only one of these dimensions risks missing how industrial
water pressure is actually produced.

5. Study Limitations
This study should be interpreted in light of some data-related limitations. Firstly,

although annual country-level industrial water withdrawal entries were available for all
18 MENA countries for the period 1995–2022, the data series for some countries contained
repeated values over extended periods. This was particularly evident for countries such
as the Syrian Arab Republic and Yemen. As a result, changes in industrial water with-
drawal for such cases reflect changes in the reported source data rather than confirmed
year-by-year variation in actual withdrawals. Secondly, the study considered industrial
water withdrawal but did not account for return flows, and thus does not represent ac-
tual consumptive use by industries. Thirdly, the national-scale analysis masks important
sub-national and sector-specific differences in industrial structure, water-use efficiency,
and access to water resources, while aggregate industrial water withdrawal data do not
distinguish variation in industrial subsectors, electricity mix, or renewable-energy transi-
tions, and therefore cannot show whether observed changes were driven by a few large
industrial centers or by broader economy-wide shifts. Fourthly, the study relies on har-
monized international databases, which improve regional comparability but may also
introduce uncertainty associated with differences in national reporting practices, temporal
updating, and underlying estimation procedures. This limitation is particularly relevant
for countries affected by conflict, institutional disruption, or weak statistical continuity.
And finally, the decoupling and decomposition analyses were based on period endpoints,
not continuous annual transitions. While this approach is appropriate for comparative
multi-country assessment, it may smooth short-term fluctuations and understate temporary
shocks. These limitations, however, do not invalidate the findings, but they suggest that
the reported patterns should be interpreted as robust regional tendencies rather than exact
annual representations of industrial water dynamics.

6. Conclusions
This study demonstrates that industrial water withdrawal in MENA is best understood

as a differentiated regional challenge shaped by distinct national development pathways,
rather than as a uniform consequence of water scarcity. The analysis shows that the region
contains a small set of countries in which industrial water pressure is disproportionately
concentrated, while the larger regional pattern remains comparatively moderate. At the
same time, the linkage between industrial water withdrawal and economic growth is
neither linear nor regionally stable, in the sense that periods of improvement were followed
by more fragmented trajectories, indicating that gains in water-use performance can be
achieved but are not automatically sustained.

A central contribution of the study is the identification of the key factors behind these
divergent outcomes. Population growth and economic development emerged as the most
persistent upward pressures on industrial water withdrawal, whereas technical change
acted as the principal restraining force, though unevenly across countries and periods. In-
dustrial structure also mattered, but in a more selective way. The sustainability of industrial
growth in MENA therefore depends not simply on reducing water use in absolute terms,
but on whether technological upgrading and structural adjustment can proceed faster than
the demand generated by demographic and economic expansion. These findings under-
score the need for country-specific industrial water strategies. Policies that are effective in
one national context may be inadequate in another if the dominant driver differs. Future
progress will therefore depend on embedding industrial water efficiency, sectoral planning,
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and demand management more firmly within broader economic transformation agendas
across the region. Building on this territorial assessment, future research should also exam-
ine how export and import flows redistribute industrial water pressure through approaches
like virtual water trade, input–output linkages, and consumption-based industrial water-
footprint accounting, particularly in MENA economies with strongly export-oriented (e.g.,
Qatar) or import-dependent (e.g., Morocco) industrial systems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w18131624/s1, Table S1: Industrial Water Withdrawal across
MENA during the study period (1995–2022).
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Appendix A

Table A1. Summary statistics of industrial water withdrawal (billion m3) across MENA by study period.

Study Period Minimum Mean Median Maximum

1995–2001 0.009 0.863 0.117 9.700
2002–2008 0.008 0.790 0.138 8.614
2009–2015 0.014 0.522 0.187 4.814
2016–2022 0.014 0.799 0.212 5.490

Table A2. Comparison of findings with other studies.

Title Region Period Method Applied Key Finding Reference

Decoupling Water
Consumption from
Economic Growth in
Inner Mongolia,
China

Inner Mongolia,
China 2004–2023 Tapio decoupling

Industrial areas showed
strong decoupling;
agricultural zones
remained weakly
decoupled; pandemic
caused major disruption

[58]

Decoupling
Industrial
Development from
Wastewater
Discharge

China 2000–2015 Tapio + LMDI +
attribution

Water intensity drove
decoupling; wastewater
discharge coefficient
shifted from negative to
positive influence after
2005

[59]
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Table A2. Cont.

Title Region Period Method Applied Key Finding Reference

Decoupling Urban
Economic Growth
and Water
Consumption

China 2003–2019
Tapio +
causal-chain
decomposition

Industrial water
decoupled weakly to
strongly; population
growth was main
inhibiting factor

[14]

Decoupling in
China’s Mining
Industrial
Development

China 2002–2015 Tapio +
input–output

Mining water use
exhibited strong
negative decoupling;
strong sectoral variation

[60]

Decoupling of
Industrial Water
Consumption in
YREB

YREB, China 11th–13th
Five-Year plans Tapio + LMDI

Shift from weak to
strong decoupling;
technological effect
dominant, structural
effect emerging

[56]

Decreasing Water
Dependency for
Economic Growth

Xi’an, China 2008–2018 Tapio + LMDI

Industrial decoupling
stable but weaker than
agriculture; technology
drove decoupling

[61]

Decoupling of
Economic Growth
and Industrial Water
Use in Hubei

Hubei, China 2004–2019 Tapio + LMDI

Industrial structure and
intensity effects were
dominant decoupling
drivers

[55]

Spatio-Temporal
Assessment of
Industrial Water Use
in Africa

African countries 1987–2017 Tapio decoupling +
HCA

Industrial water use
showed expansive
negative decoupling;
population, economy,
structure major drivers

[3]

Water Conservation
Potential in
Energy-Intensive
Industries

Yellow River Basin 2015–2030 LMDI
decomposition

Scale, structure, and
intensity effects
decomposed; intensity
effects reduced water
use

[57]

Current study MENA 1995–2022 Tapio + LMDI

Population growth and
economic development
are the primary factors
driving increased
industrial water
withdrawal; decoupling
analysis presented
mixed states after 2009

—
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