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Abstract

Water, energy and food (WEF) systems are highly interconnected and they directly and
indirectly affect one another. Science based tools that quantify the direct and indirect inter-
connections between water, energy and food systems are essential for informing effective
WEEF policy-making. The Q-Nexus Model is a mathematically-based quantitative WEF nexus
assessment tool that serves as platform to quantify, simulate and optimize water, energy and
food as interconnected systems of resources. This paper presents a generic scenario-based
framework of using Q-Nexus Model for informing about the nexus effects that need to be
reflected in the WEF planning and policy-making settings. Firstly, the technical features of the
Q-Nexus Model and its capability to evaluate the direct and indirect quantitative effects are
introduced. Secondly, the use of the Q-Nexus Model to quantify and simulate numerous key
challenges and policy options are then presented. At the practical level, a numerical experiment
is presented, and results are discussed. Lastly, the conclusions and further developments are
presented.

Keywords Water-energy-food nexus - Q-nexus model - Sustainable development

1 Introduction

The interactions between water, energy and food systems should be considered in the planning
and policy-making settings governing the management of these systems (Karnib 2017a, d;
Hoff 2011; DTU 2016; Biggs et al. 2015; FAO 2013, 2014a, b, c¢). In fact, changes or actions
on one system will lead to direct and indirect impacts on the other systems. Therefore,
informing policy makers about the effects of the WEF interlinkages is crucial to ensure
improved long-term outcomes of such changes and actions.

WEF nexus tools can be used to guide policy makers to simulate, quantify and optimize
objectives representing their own interests (Karnib 2017a, b, ¢, d). Such models are necessary
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to support policy actions that will ensure sustainable and efficient production and use of WEF
resources (Bizikova et al. 2013; FAO 2014c; Andrews-Speed et al. 2012; Waskom et al. 2014;
Karnib 2016).

Many studies and scientific papers have been developed to explore and analyse the
integrated nature of the water, energy and food systems (IRENA 2015; Hoff 2011; DTU
2016; Biggs et al. 2015; FAO 2013, 2014a, b, c; Karnib 2017a, b, c, d, e). A comprehensive
list of the available WEF nexus tools can be found in IRENA (2015) and FAO (2014a, b, ¢).
The existing tools and models are, either, addressing specific aspects of the nexus; or involving
informing about the direct interlinkages across WEF systems, they are not engaging in
analyzing the indirect impacts of interconnections.

A practical and science-based WEF nexus framework (the Q-Nexus Model) that addressing
direct and indirect impacts is proposed by Karnib (2017a, b, ¢, d). This paper presents
summary of the methodological aspects of the Q-Nexus Model and a generic scenario-based
framework of using the model for informing effective WEF policy-making.

2 The Q-Nexus Model theory

The Q-Nexus Model is based on input-output theory and on the quantitative balance of the
WEEF use quantities. The quantities of the inter-sectoral use (z), the quantities of the end use (v)
and the overall used quantities (x) (x =z +y) are the main quantitative conceptual elements of
the model (Karnib 2017a).

In the Q-Nexus Model, the water, energy and food sectors are categorized by a set of
inflows, such as, groundwater, surface water, wastewater reuse and desalination inflows that
cover the water sector; similarly, the inflows of the energy sector may be, for example, the
petroleum, electricity and renewable energy; and the food sector inflows may be the irrigated
crops and other food production items. These inflows should be identified and organized based
on the particular country or basin case study conditions.

If we denote by:

n, m and ¢ the numbers of water, energy and food sectors inflows, respectively;

z;;~¢ the water use for energy production;

z};’f the water use for food production;

;7" the energy use for water production;

zl?}-" the energy use for energy production;

zg-‘/ ' the energy use for food production;

z;;‘e the food use for energy production;

z;;‘f  the food use for food production.

The WEF quantitative balance equations are formulated as follows (Karnib 2017a):

m q wf
er;‘_e_'_ ZZi/_ +y:'V:x:'V (1217277’1) (1)
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m . q . .
le,«c‘ + leéff+yf :x,-f (i=12,....,q) (3)
Jj= Jj=

The water for water and food for water relations are considered quantitatively negligible and
set equal to zero.

%, ¢, and )/ represent the water, energy and food end use quantities, respectively. The end
use of each sector will be decomposed into households demand, government demand, rest of
the economy demand, losses, storage and exports. Taking the water sector as an example, if we
denote by:

Y=": the use of i*" water inflow for households demand;

: the use of i water inflow for government demand,
: the use of i water inflow for the rest of the economy demand;
¥+ the losses of the i water inflow;
»y¥=*: the accumulation (storage) quantities of the i water inflow;
i the exported quantities of the i water inflow;

Y=g ptE e gl s P (1=11,2,...,n) (4)

In the same manner the end use vector of energy and food sectors 3¢ and y,f , respectively, will
be formulated as follows:

W=V T T T (i=1,2,.,m) (5)

=y yE e T 7 i=120) (6)

To transform the above balance equations into active WEF nexus model of interrelated
resources that directly and indirectly affect each other, the following intensity-based coeffi-
cients are introduced:

, ew o_e
w_e Zl] w—f e_w Zij e—e Zij at —f — (I/ -
ij xj’!/ xf’ij_x}v’ij x;’lj x’lj
- g
== andaflej— (7—14)
X x]

Where x7/, x5, xf are the total use of the j* water sector inflow, total use of the j* energy sector

inflow and total use of the j food sector inflow, respectively.

These (a) coefficients represent the extents of resource inflows use in the production of
other resources.

By introducing the intensity-based coefficients into egs. (1, 2 and 3), they become:

m q Wf
Zla?;-—exj—l— Zlaj xf+yl =x (i=1,2,...,n) (15)
= Jj=
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L ew.w & eee I ef f e e [+
.Zlai/_' X7+ Zlai; X+ Zl"if xp 4+ =x ((=1,2,...,m) (16)
j= = =
m q
2 g+ X al ) v =xl (1=1.2,.0) (17)
j= j=

Equations (15, 16 and 17) can be written in simple form:
Ax+y=x (18)

Or in block matrix form (Karnib 2017a):

0 AV-€ AW- f P yw XV
A A A xS ] =] (19)
0 Al A/ || ¥ W o

Finally, the total outputs (x) could be calculated for any end use values (v) using the following
equation:

x=(-A)""y (20)

0 A" Av/

Where [ is the identity matrix and A = | A" A°° A°/ | is the WEF nexus technology
0 Al A

matrix (Karnib 2017a).

(I-A)~! matrix is known as the Leontief inverse or the total requirements matrix (Miller and
Blair 2009), it captures in each of its elements direct and indirect impacts due to any change of
the WEF sectors technology options and/or end use demands. The elements of this Leontief
inverse matrix are often termed multipliers.

To illustrate the simulation innovation of the Q-Nexus Model, the following WEF
intersectoral use intensities (f) and intersectoral allocation coefficients (c¢) are introduced
(Karnib 2017b):

A simulation innovation was presented in (Karnib 2017b), which consists of introducing
into the A matrix the intensities and the intersectoral inflows allocation coefficients as follows:

If the intensities of each inflow are denoted by () ! then:

4t . Z‘f’f famid famd . ze.’f . z/.r < . S
pre el S ew Y gee N e/ N e NS S (21 _ 27)
J Y VR w0t 7 VR e ') '

xj X Xj xj’ X Xj j

If the intersectoral inflows allocation coefficients are denoted by (c), then:

w_e w-f e_w e_e ef

we S owif _ % ew S ee S ef _ % | fe
oo owee? T T w fO0T T Lew T T jee VT T e f 7Y
Zj g Zj Z] .
fe s
5 g :Zf : (28 — 34)
A ST

J J

! Intensities may be referred also as “footprints”.
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The technology matrix A was demonstrated in Karnib (2017b) as function of ¢ and ¢ to be as
follows:

0 = ol
A= o oo oo (35)
0 Ccf-ep/-e  cf S-S

Where.
(?) is the diagonal matrix with the elements of the (¢) along the main diagonal.

2.1 The direct and indirect effects

The WEF nexus are highly interconnected and they directly and indirectly affect each other.
The nexus approach is used to model and evaluate these direct and indirect interactions. The
key advantage that should characterize any WEF nexus model is its ability to evaluate the
direct and indirect effects emerging from any change or action on any component of the WEF
systems. This property must be considered as a basic feature to distinguish between nexus
models and the other integrated assessment models.

To illustrate the direct and indirect interlinkage effects of the WEF nexus system, Fig. 1
shows the total water quantity calculated as the sum of the direct and all indirect water
quantities required for any additional food demand.

As shown in Fig. 1, the additional demand for food requires direct inputs from water and
energy sectors. Moreover, these water and energy quantities themselves require once again
additional inputs from water and energy, which represent the first round of the indirect effects
assessment; and so forth.

The WEF quantitative nexus approaches derive their importance from the fact that outputs
are quantifying the combined effects of the direct and indirect impacts due to change in WEF
end use demand and/or change in the technology used in the WEF intersectoral production
system.

[ Additional
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-
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Fig. 1 Example of direct and indirect water quantities for additional food demand
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Assuming that WEF production technology is unchanged, the Q-Nexus Model allows to
evaluate the direct and indirect change in the intersectoral use quantities (AZ) and the total use
quantities (Ax) for any change in end use values (Ay) by using the following equations (Karnib
2017a, d):

Ax = (I-A) ' Ay (36)

—

AZ = A(I-A) ' Ay (37)

Where.

(I-A)'Ay is the diagonal matrix with the elements of the (/—A) Ay along the main
diagonal.

The direct and indirect repercussions in intersectoral use quantities (AZy;e) and (AZ;givecs)
resulted from change in WEF end use demand as revealed in Fig. 1 above are demonstrated in
Karnib (2017d) to be evaluated as follows:

AZdirect = AZ} (38)

AZindirect = AA/Z\” (39)

Where:
u is a unit column vector, whose elements are 1 used to generate row sums of the matrix AZ.
AZuy is the diagonal matrix where the elements of the AZu are placed along the main
diagonal.

2.2 WEF nexus indicators

A set of indicators are identified based on the methodological approach of the Q-Nexus Model.
These indicators are clustered into quantity-based indicators, intensity-based indicators and
allocation-based indicators. Table 1 shows the descriptions and equations of the proposed
indicators for the water use in energy production (water for energy) and in food production
(water for food). Similar type of indicators are used for the other intersectoral relationships
between WEF resources, i.e., energy for water, energy for energy, energy for food, food for
energy and food for food.

The use of the Q-Nexus Model theory to evaluate the values of the above-mentioned
indicators will include the direct and indirect WEF interactions effects. The distinction
between the direct and indirect effects values could be done using Egs. (38) and (39).

2.3 Use of Q-Nexus Model for informing policy making

In this section, the use of the Q-Nexus Model for informing policy making will be introduced.
Three categories of scenarios analysis will be performed: i) the first category consists of
analysing scenarios related to change of end use demands or reducing end use losses; ii) the
second category consists of analysing policies of adopting efficient technologies for the
intersectoral use by considering “Best Practice” or “High Efficient” WEF production tech-
nologies; and iii) thirdly the model is used to simulate different water, energy and food
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Table 1 Water for energy and water for food indicators of the Q-Nexus Model

Description Equation Equation No.
Quantity-based ~ Water use in the production of the j energy inflow e — i e (40)
indicators / =
Water use in the energy production e — % i e (41)
=
Water use in the production of the j# food inflow E. i o 42)
J &
Water use in the food production M- = i i i 43)
) e
Total intersectoral water use (in the energy and V=ge+ S (44)
food production)
Total water use XV =Y+ 45)
Intensity-based  Intensity of water use in the production of the j* pe =7 (46)
indicators energy inflow / 5
Intensity of water use in energy production ¢ = “; (47)
Intensity of water use in the production of the j* P Ll (48)
food inflow I
Intensity of water use in food production - ‘V_j/ (49)
Allocation-based ~ Proportion of water usage in the j* energy inflow ave =5 (50)
indicators to the total water use in energy 4 o
Proportion of water use in energy to the total water use g"~¢ =< (51)
Proportion of water usage in the j* food inflow to the (52)
total water use in food
Proportion of water use in food to the total water use (53)

intersectoral allocation policies and evaluate the performance of the WEF nexus systems.
These three categories of scenarios analysis will be presented in sequence:

i) Variation of end use demand: the model allows to simulate scenarios of change of
end use demand (Ay) and computing resulting change in intersectoral quantities (AZ) and
total use quantities (Ax) as presented in Eqgs. 36 and 37. A detailed application of the
variation of end use demand to evaluate the WEF nexus in Lebanon is presented in Karnib
(2017a).

ii) Adopting efficient technologies for intersectoral use: the Q-Nexus Model allows
analysing policy options of adopting high efficient WEF production technologies by changing
the production intensities (¢). High efficient technology matrices could be proposed using Eq.
35 which reflect the WEF intersectoral production alternatives using most efficient technolo-
gies at present. A comprehensive application of the variation of intersectoral use technologies
for the WEF nexus in Lebanon is presented in Karnib (2017b).

iii) Scenarios proposed based on change of WEF intersectoral allocation policies: In
quantitative WEF nexus systems, different water and energy inflows are used to produce
water, energy and food supplies. For example, different water sources (i.e. groundwater,
surface water, desalination ...) may be used in electricity and food production. The Q-
Nexus Model allows to consider different water and energy allocations options in WEF sectors
by changing the intersectoral inflows allocation coefficients (c), therefore, technology matrix
alternatives could be then proposed using Eq. 35. A detailed numerical experiment of
analysing WEF intersectoral allocation policies could be found in Karnib (2017c).

Figure 2 summarise the potential simulation input variables and output indicators of the Q-
Nexus Model.

@ Springer



4902 Karnib A.

Simulation Potential
Output Indicators

Water for Energy Indicators

Simulation Potential
Input Variables

Water end use demand

Energy end use demand /
Q-Nexus ‘
Food end use demand Model (Nexus ‘

Simulator)
Intersectoral use intensities

Intersectoral resource

allocation coefficients

Water for Food Indicators

Total Water Requirement
Indicators

Energy for Water Indicators
Energy for Food Indicators
Total Energy Requirement
Indicators
Food for Energy Indicators
Food for Food Indicators
Total Food Requirement
Indicators

Fig. 2 The simulation potential input variables and potential output indicators of the Q-Nexus Model

Figure 3 presents a generic scenario-based framework of using Q-Nexus Model for
informing policy making. The identified related input variables of challenges and policy
options serve as input to the nexus simulation model; and when processed, selected output
indicators will be used to inform policy making.

Table 2 presents examples of WEF nexus challenges (or tensions) and the related input
variables of the Q-Nexus Model. Moreover, Table 3 presents examples of WEF nexus policy
options and the related input variables of the Q-Nexus Model.

While the presented scenario-based framework of using Q-Nexus Model for informing
policy making is generic in nature, analyses of challenges and policy options (solutions) must
be specific to the area/country for which the solutions are sought. Therefore, the examples of
challenges and solutions mentioned above are not exhaustive, many other challenges and

Identification of Input

. P variables
Input Variables

Q-Nexus Model
(Nexus Simulator)

Selecting appropriate
WEF nexus indicators

. for informing policy
Output Indicators making

P
c
]
=
o
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>
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2
©
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Fig. 3 Generic scenario-based framework of using Q-Nexus Model for informing policy making
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Table 2 Examples of WEF nexus challenges/tensions scenarios and the related input variables of the Q-Nexus
Model

Challenges/tensions Identified Input variables of the Q-Nexus Model
Increasing water demand W

Increasing energy demand ¥

Increasing food demand vl

Reducing of cultivated lands y! i

Reducing irrigated agriculture yl_f '

Change in water allocation c

Change in cropping type/pattern yl_f ot

solutions and their related Q-Nexus Model input variables could be identified based on the
particular challenges or solutions that are applicable to the area/country under study.

Pairing WEF nexus simulator with policy making can be used beneficially for the evalu-
ation of policy options and can provide key insights for policy makers. The nexus simulator
can be used to execute the WEF nexus simulation many times which allows policy makers to
analyze changes in the WEF nexus input variables and calculate the changes occurred in WEF
sectors. This will allow policy/decision makers to examine valuable information that the
simulation model may generate.

3 lllustrative Example and Analysis Of Results

A hypothetical case study of a WEF nexus system consistent with Lebanon setting will be
presented to elucidate the Q-Nexus Model features for informing policy making where the
entire series of direct and indirect effects will be evaluated. The following WEF inflows are
considered:

*  Water sector inflows (W) (Mm?/year): 1) surface water; 2) groundwater; 3) desalination; 4)
wastewater reuse; 5) agricultural drainage and recycled water reuse. The values of energy
use in these water inflows include water extraction, treatment, conveyance and
distribution.

Table 3 Examples of WEF nexus policy options and the related input variables of the Q-Nexus Model

Policy options (solutions) Identified Input variables of the Q-Nexus Model
Reuse of wastewater and drainage water »w,e
Increasing water use efficiency in different water uses t
Modernize and improve sustainability of agricultural t
infrastructure and production
Promote renewable energy sources yi.tc
Change in food crop productivity I_‘, t
Technology change in energy production ¥, tc
Change in resources allocation policies c

Reduce losses and wastes Vot
Making use of trade ’

i
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Table 5 Intersectoral and total water and energy use of the BAU scenario

2% (Mm?/year) x¥ (Mm?/year) z¢ (ktoe/year) x¢ (ktoe/year)

1486 1900 947 6104

*  Energy sector inflows (E) (ktoe/year): 1) petroleum; 2) electricity (petroleum); 3) electric-
ity (hydro); 4) electricity (wind/solar); 5) biofuels. These inflows are evaluated in terms of
primary energy equivalent on a net calorific value basis.

* Food sector inflows (F) (kt/year): 1) irrigated cereals; 2) irrigated roots and tubers; 3)
irrigated vegetables; 4) irrigated fruits; 5) Other Agriculture, Forestry & Food products.
These inflows are evaluated by including agriculture, food processing, transportation and
storage.

w_f

Table 4 presents the WEF intersectoral use values (Z}}/‘e Zi ™, z;-w, zl‘.]’re R el , Z,;_e’ zl;‘f .) and

ij
the corresponding end use values (!, %, 14, 3%, 15, 3%). These values represent the Business as
Usual (BAU).

The resulting effects on water and energy use (direct and indirect) will be analyzed as

consequences of the following challenges and policy options scenarios:

* Scenario 1 (challenges scenario): This scenario consists of increasing 20% the household
end use demand of water, energy and food due to population growth. All other end use
demands, WEF production intensities and allocation coefficients are assumed unchanged.

* Scenario 2 (policy options scenario): This scenario consists of: i) reducing 20% of the
water losses of the water end use; and ii) decreasing 20% the water use intensities (t;-v‘f ) of
the food production inflows which means increasing water use efficiency in food produc-
tion (the energy use intensities for food production are assumed unchanged).

»  Scenario 3 (combination of scenario 1 and scenario 2): The positive and negative impacts
resulted from scenarios 1 and 2 will be analyzed. This scenario shows how negative effects
of scenario 1 could be offset by the positive effects of scenario 2 within the nexus approach
framework where the direct and indirect impacts of challenges and policy alternatives are
calculated.

Scenario 1

Iqut Output
Variables Indicators

Ay
AzV

Fig. 4 The selected input variables and output indicators of the Q-Nexus Model used for scenario 1
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Table 6 Additional intersectoral
water use (Az") and energy use Az* Az
(Az°) resulted from scenario 1

Direct 145.25 79.62
Indirect 8.99 21.23
Total 154.24 100.85

The required water and energy (quantitative-based indicators) will be used for informing
policy makers about the effects of the above-mentioned scenarios.

The intersectoral water and energy use (z) and the total water and energy use (x) for the
BAU scenario are shown in Table 5.

Simulation results of scenario 1:

The resulting change in the water and energy intersectoral use (Az*) and (Az¢) caused by the
additional household end use demand (Ayf?) are assessed using the Q-Nexus Model simulator.
Figure 4 presents the selected input variables and output indicators of the Q-Nexus Model used
for scenario 1. The results of the direct, indirect and total resource requirements are presented
in Table 6.

The intersectoral water resources will have to increase its direct output by Az, .., =
145.25 Mm?, similarly, intersectoral energy resources will have to increase its direct output
by AZY,.., = 79.62 ktoe, but then, these new direct intersectoral values require to produce
additional indirect intersectoral water and energy quantities. Ultimately, water will have to
increase its total outputs (direct and indirect) by AZ¥ = 154.24 Mm3. Similarly, the energy
sector should increase its total outputs (direct and indirect) by AZ¢ = 100.85 ktoe.

Simulation results of scenario 2:

The BAU water use intensities in food production inflows (t‘;"f ‘) are shown in Table 7. The
newly examined water use intensities for scenario 2 are shown in Table 8.

In addition to the increasing of the water use efficiencies, this scenario considers also a
reduction of 20% of the end use water losses which are amounted at 35.60 Mm?/year. Figure 5
presents the selected input variables and output indicators of the Q-Nexus Model used for
scenario 2.

This scenario reduced the total water requirement (direct and indirect) by Ax" =
288.09 Mm?/year compared to BAU scenario. As consequence of the reduction of water
requirement, the intersectoral energy requirement (direct and indirect) will be reduced by Ax¢
= 44.69 ktoe, which indicates that policies of scenario 2 have positive impacts on water
availability and stress.

Simulation results of scenario 3:

Figure 6 presents the selected input variables and output indicators of the Q-Nexus Model
used for scenario 3.

Table 7 The BAU water use in-
tensities in food production inflows Fl F2 F3 F4 F5

(t;?"f ) in m3/kg

1.26 0.49 0.19 0.55 0.13

Table 8 The water use intensities
considered in food production in- F1 F2 F3 F4 F5

flows for scenario 2 (t;'f ) in m3/kg

1.01 0.39 0.16 0.44 0.10
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Scenario 2

Input Output
Variables Indicators

Q-Nexus Model Ax™

(Nexus
Simulator) Ax®

Fig. 5 The selected input variables and output indicators of the Q-Nexus Model used for scenario2

The resulting value of the total water use (direct and indirect) x* = 1779.20 Mm3/year
which is less than the value of the BAU scenario (1900 Mm?/year).

4 Discussion

The challenges of scenario 1 have negative impacts on the water availability and water stress.
The results of the simulation can inform policy makers about the additional direct and indirect
water and energy requirements if the BAU resource production technology and allocation are
remain unchanged. To reduce water stress, challenges of scenario 1 should be combined with
policies to increase water availability. Policy makers should examine policy options such as
increasing the safely wastewater reuse, increasing water use efficiency, increasing the safely
agricultural drainage water reuse and reducing water losses.

The policy options analysis of scenario 2 using the Q-Nexus Model shows that reducing
water losses and increasing water use efficiency in food production will lead to positive
impacts on water availability when compared to BAU scenario.

The simulation results of scenario 3 permit to inform policy makers on how the negative
impacts of the challenges of scenario 1 on water availability may be offset by the positive
impacts of the policy options of scenario 2 in a framework of nexus approach where the direct
and indirect effects of challenges and policy options are calculated.

Scenario 3

Input
Variables Output
Ayl Indicators

Fig. 6 The selected input variables and output indicators of the Q-Nexus Model used for scenario 3
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As shown in this example, policy makers can, based on the considered challenges or policy
options, select the related input variables, run the Q-Nexus Model simulator and use the
relevant output indicators that provide the appropriate information to ensure improved long-
term outcomes of such challenges and actions.

It is important to mention that the Q-Nexus Model helps policy makers in performing quick
analysis and assessment by evaluating the direct and indirect WEF resource requirements for
any considered challenge or policy option. Such quick assessment would inform policy makers
towards the orientations in which deep analysis would be needed.

5 Conclusions and Further Developments

Effective water, energy and food policy making necessitates the adoption of scenario assess-
ment framework supported by science based WEF nexus simulation and assessment tools that
are able to evaluate the direct and indirect WEF resource requirements for any considered
challenge or policy option. This paper presented a generic scenario-based framework of using
Q-Nexus Model for informing about the nexus effects that need to be reflected in the WEF
planning and policy-making settings. The theory of the Q-Nexus Model and its capability to
evaluate the direct and indirect quantitative effects are introduced. The ability of the Q-Nexus
Model to quantify and simulate large set of WEF nexus challenges and policy options are also
presented. These may include scenarios of resources demand change, production technology
change and/or production allocation change. A set of challenges and policy options are listed
and the related Q-Nexus Model input variables and output indictors are identified. Finally, an
example of three WEF nexus challenges and policy scenarios is presented showing model
outputs used as support for guided management policy making strategies.

Using the Q-Nexus Model offers an example on how to bring inputs from science to inform
policy-making to converge toward effective planning and development of WEF systems.
Further works need to be done to improve the model by including the economic and
ecosystems challenges within the nexus analysis. This will permit to move towards a nexus
approach for informing the sustainable development in effective way. This issue is still under
development at our university.
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