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ABSTRACT 
The interdependence among energy, water, food, and land sectors has been addressed through 
the concept of Energy-Water-Food-Land nexus (EWFLN), where interconnections between differ-
ent sectors generate complex feedback loops. In the field of EWFLN, transitioning from determin-
istic to stochastic approach is considered as the natural choice for policy makers. Working with a 
large number of uncertain parameters can make a stochastic system complex. Therefore, Identi-
fication of the significant uncertain parameters in the system would create a more acceptable 
model before transforming from a deterministic to a stochastic approach. This study incorporates 
uncertainty prioritisation in the mathematical model for the optimisation of EWFLN. The specific 
objectives of this study include creating a mathematical model, determining and prioritising un-
certain parameters, and prescribing appropriate policy recommendations. This study points out 
clearly which specific parameters should be taken into consideration for risk hedging. The sensi-
tivity analysis results present a quantitative hierarchical ranking of uncertain parameters based on 
their influence on the objective function. The results demonstrate that energy price, solar radiation 
flux and crop yield are the most sensitive among them all. Moreover, it provides information about 
prioritised uncertain parameters to the policy makers to avoid dangerous risk of food, water, and 
energy scarcity. 
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INTRODUCTION 
The existence of human beings is under threat with-

out proper utilisation of basic lifesaving resources like 
food, water, and energy. Food is produced by the agri-
culture, livestock, and aquaculture sectors. On the whole, 
production of food cannot be dispensed without water 
and energy. Therefore, for ensuring food security, energy 
and water security must also be ensured. EWFLN, a 
widely used scholarly concept, demonstrates complex 
interactions [1, 2, 3], which can be used in an innovative 
way to manage optimal resources in a sustainable way 
[4]. According to the UN World Water Development re-
port 2024, the agricultural sector consumes 70% of 
global freshwater while the domestic sector accounts for 
approximately 10-12% [5]. However, the International Re-
newable Energy Agency and Food and Agriculture Or-
ganisation [6] report that the food system including ‘pro-
duction to table’ accounts for about 30% of total global 

energy consumption.  
In this study of optimisation of biomass energy pro-

duction in the water-food-energy-land nexus system, it 
is inevitable to have uncertainties in the determination of 
parameters due to insufficient information, variations of 
natural resources, fluctuations of socio-economic condi-
tions as well as subjective judgment [7, 8]. Different au-
thors have used different techniques to manage uncer-
tainties in the parameters in the field of optimisation of 
EWFLN. This optimisation framework, combined with 
scenario analysis of population growth, has been de-
signed to assess EWFLN systems in the study of Peña-
Torres et al. [9].  

Xie et al. [10] studied an inexact stochastic-fuzzy 
programming model with a view to allocating irrigation 
water and land resources with multiple uncertainties such 
as surface water and groundwater availability, the 
amount of random effective rainfall and the imprecise 
water requirements of crops. The results revealed that 
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water allocation is explicitly affected by uncertainties, 
and the results also provided information for the adjust-
ment or justification of the existing water and land re-
sources management. Cansino-Loeza, Tovar-Facio and 
Ponce-Ortega [11] provided a mathematical model for 
disadvantaged rural areas for their availability of basic 
needs to produce water, food and energy sustainably 
with provision for determining the mix of technology con-
sistent with demand and nutritional requirements. This 
work incorporates mixed integer stochastic linear pro-
gram with population change, water and energy demand 
change as uncertain parameters. The results provided 
positive feedback that enables the community to be self-
sufficient and provides a balanced diet for inhabitants us-
ing renewable technologies considering waste treatment.  

After reviewing all the literature, the authors believe 
that prioritisation of uncertainty in the EWFLN has not 
been fully explored and addressed. Therefore, prioritisa-
tion of uncertain parameters through sensitivity analysis 
will be presented and its impact will be discussed in this 
study.  

NOMENCLATURE 
Index Description 

𝑜𝑜 
Sources of water 

𝑎𝑎 
Agriculture sectors 

𝐿𝐿 
Livestock sectors 

𝑚𝑚𝑚𝑚 
Livestock types 

𝑐𝑐 
Crop types 

𝑑𝑑 
Domestic sectors 

𝑡𝑡 
Time period in months 

𝐴𝐴 
Water and energy consuming 
sectors 

𝑝𝑝 
Biomass gasification power 
plant 

𝑠𝑠𝑠𝑠 
Sectors such as agriculture 
livestock domestic energy 
water  
 

𝑎𝑎𝑎𝑎 
Agriculture and livestock sec-
tor 

  
Acronym Description 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 
Water and energy consuming 
sectors 

𝐴𝐴𝐴𝐴𝐴𝐴 
Agriculture and livestock 

𝐴𝐴𝐴𝐴𝑊𝑊� 
Effective area for rainwater 
harvesting in the sectors 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑟𝑟� 
Effective area for solar panel 
in the sectors 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴� 
Maximum limit of effective 
area of solar panel installed in 
surface water pumping loca-
tion 

𝛼𝛼𝛼𝛼 
Water efficiency coefficient 
for energy generation 
 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 
Total cost in all sectors 

𝐴𝐴𝐴𝐴𝐴𝐴��,�,����  
 Raw food sent to domestic 
from agriculture and livestock 
sector 

𝐴𝐴𝐴𝐴𝐴𝐴��,����  
Raw food sent to market from 
agriculture and livestock sec-
tor 

𝐴𝐴𝐴𝐴𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑� 
Area of land dedicated for 
crop production in agriculture 
sector 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑠𝑠� 
Conversion factor crop to bi-
omass 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡�� 
Monthly amount feed required 
to produce unit amount of 
meat 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶�� 
Cost in an individual sector 

𝐸𝐸�,���−����� 
Monthly amount of energy 
supplied to actors 

𝐸𝐸�,�,�Plant−����� 
Energy distribution to actors 
from power plant 

𝐸𝐸�,������−����� 
Energy distribution to actors 
from solar panel 

𝐸𝐸�,������−��� 
Monthly energy sold from so-
lar panel to external grid 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 
Overall nexus profit 

𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝑡𝑡� 
Fuel efficiency coefficient for 
energy production 

𝐹𝐹�,�����−����� 
Water harvested in all sectors 
such as domestic livestock  

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑥𝑥�,� 
Rainwater precipitation flux in 
the sectors 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑑𝑑�,���� 
Amount of food required in 
domestic sector 

𝐹𝐹�,���−����� 
Total water Input to a sector 

𝐹𝐹�,�,��������−����� 
Monthly water distribution 
from a water source to actors 

𝐹𝐹�,�
�������−plant 

Monthly water distribution in 
power plant 
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𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑑𝑑��,�
��� 

Production of raw food such 
as crop from agriculture and 
meat from livestock 

𝐺𝐺𝐸𝐸�,� 
Monthly energy generation in 
a gasification power plant  

𝐺𝐺𝐸𝐸�,������−����� 
Solar energy generation in the 
sectors 

𝑀𝑀𝐼𝐼�� 
Amount of input resource sold 
in a sector 

𝑀𝑀𝑅𝑅�� 
Amount of resource sold by 
an individual sector  

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡� 
Amount of biomass type c fed 
for energy generation per 
month 

𝑀𝑀𝑀𝑀𝑀𝑀𝑝𝑝�,�,� 
Amount of crop produced in 
agriculture sector in a season 
 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑒𝑒�,�,� 
Amount of crop waste pro-
duced in agriculture sector in 
a season 

𝑀𝑀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹��,� 
Monthly amount of feed re-
quired for meat production in 
livestock sector 

𝑀𝑀𝑀𝑀𝑀𝑀𝑣𝑣��,� 
Monthly amount of meat pro-
duction in livestock sector 
 

𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅� 
Solar radiation flux in month t 

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 
Water source such as river 
deep well 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 
Total revenue from all sectors 

𝑅𝑅𝑅𝑅𝑣𝑣�� 
Revenue in an individual sec-
tor 

𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝐼𝐼�� 
Unit cost of input in a sector 

𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 
Cost of water (per m) con-
sumed in agriculture sector 

𝑈𝑈𝑈𝑈𝑅𝑅�� 
Price of resource output from 
individual sector 

𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 

 

Price of water (per m) dis-
tributed to agriculture sector 

𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 
Price of energy sold to exter-
nal power grid 

𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑝𝑝� 
Price of crop type c 

𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑒𝑒� 
Price of agriculture waste (per 
ton) 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶� 
Yield of crop 

𝑍𝑍 
Overall profit of the nexus 

METHODS 
This section includes superstructure, the mathe-

matical model for maximising profit of the nexus, and the 
solution method. The superstructure includes addition of 
modular gasification biomass energy plant, solar power 
system in all sectors, water sources including rainwater 
and their overarching input/output network.  

Mathematical model 

Objective function 
 Maximisation of overall profit, expressed in terms of 

revenue minus cost, of the nexus is a single objective 
function for this study. 

 
Figure 1. Superstructure of EWFLN 

𝑀𝑀𝑀𝑀𝑀𝑀 𝑍𝑍 = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 − 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (1) 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = �𝑅𝑅𝑅𝑅𝑣𝑣��
��

 (2) 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = �𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶��
��

 (3) 

𝑅𝑅𝑅𝑅𝑣𝑣�� = 𝑈𝑈𝑈𝑈𝑅𝑅��.𝑀𝑀𝑅𝑅�� (4) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡�� = 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝐼𝐼��.𝑀𝑀𝐼𝐼�� (5) 

Water mass balance  
In this mathematical model, the term ‘actors’ is de-

fined as the sectors in the nexus which consume re-
sources delivered by other sectors of the nexus. The 
amount of water distributed in actors is equal to the 
amount of water sent from water sources and the amount 
of rainwater harvested in that sector. 
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𝐹𝐹�,���−����� =  �𝐹𝐹�,�,��������−�����

�
+ 𝐹𝐹�,�����−����� (6) 

 𝐹𝐹�,�����−����� = 𝐴𝐴𝐴𝐴𝑊𝑊�.𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑥𝑥�,� (7) 

Energy balance 
Amount of energy generation in a biomass gasifica-

tion power plant is expressed in terms of amount of water 
and biomass utilised for this purpose. 

𝐺𝐺𝐸𝐸�,� = 𝛼𝛼𝛼𝛼.𝐹𝐹�,�
�������−plant (8) 

𝐺𝐺𝐸𝐸�,� = 𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝑡𝑡�.𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡� (9) 

Total energy in consuming bodies (actors) is equal to 
the amount of energy flow from generation units to ac-
tors and the amount of solar energy generated in that 
sector.  

𝐸𝐸�,���−����� = �𝐸𝐸�,�,�Plant−�����

�
+ 𝐸𝐸�,������−����� (10) 

𝐺𝐺𝐸𝐸�,������−����� = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑟𝑟�. 𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅� (11) 

𝐺𝐺𝐸𝐸�,������−����� = 𝐸𝐸�,������−����� + 𝐸𝐸�,������−��� (12) 

Food mass balance in agriculture and livestock 
sectors 

Crops from agriculture sectors and meat from live-
stock sectors are sources of food which are distributed 
to domestic sectors and external markets. Production of 
crops, biomass from crops, and meat are linearly related 
to the respective production coefficient factors.  

𝑀𝑀𝑀𝑀𝑀𝑀𝑝𝑝�,�,� = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶�.𝐴𝐴𝐴𝐴𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑� (13) 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑒𝑒�,�,� = 𝑀𝑀𝑀𝑀𝑀𝑀𝑝𝑝�,�,�.𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑠𝑠� (14) 

𝑀𝑀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹��,� = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡��.𝑀𝑀𝑀𝑀𝑀𝑀𝑣𝑣��,� (15) 

𝐴𝐴𝐴𝐴𝐴𝐴��,�,���� = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑑𝑑�,����  (16) 

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺��,�
��� =  𝐴𝐴𝐴𝐴𝐴𝐴��,�,���� + 𝐴𝐴𝐴𝐴𝐴𝐴��,����  (17) 

Solution method 
The model is implemented in four mouza (clusters of 

land) with four domestic sectors in Kazla union, Sar-
iakandi upazila of Bogura districts of Bangladesh. Data 
was collected and implemented in GAMS software with 
CPLEX v.22.1.0.0 as solver for the LP. After running the 
model we have shortlisted the important parameters 
which can affect the objective function through looking 
at the shadow price of equations and the reduced cost of 
decision variables. In such a way we have screened out 
parameters which have no impact on the objective 

function and sorted 46 parameters which might have im-
portance in shifting the value of the objective function. 
Then we have taken each parameter one at a time and 
run the model with ±20% deviation from the base param-
eter value and the percentage shift in the objective func-
tion is calculated. In this way we have sorted important 
parameters and prioritised them sequentially. Out of 
these, we have selected the three most sensitive param-
eters for further analysis. With these three most im-
portant parameters, we have made 125 joint independent 
scenarios; each parameter having five scenarios. The 
scenarios L20, L10, Bse, H10, and H20 are 20% lower, 
10% lower, 10% higher, and 20% higher than the base 
scenario ‘Bse’ respectively. Thus, we have run the model 
with 125 scenarios to find the impact of uncertain param-
eters on the objective function. 

RESULTS 
In Table 1 and Figure 2, the term “swing” refers to 

the percentage change of overall nexus profit resulting 
from changes in parameter value relative to the base pa-
rameter value. The swing of a parameter is from 20% 
lower and 20% higher than the base parameter value. The 
most sensitive parameters are 1) UPEngyToExt 2) 
SRFlux(t) (Figure 2, table 1) which decrease the energy 
sector’s parameters. The second range of parameter falls 
are in the agriculture sector’s parameters which are more 
than three times lower than the energy sector parame-
ters and include 1) CofPrdAg(c) 2) URCrp(c) and 2) Al-
ndagb(a). The third range is cost parameters which affect 
negatively the overall nexus profit and include 1) 
UCostLabr 2) UnituseLabr 3)UPWatAg, and 4) UCostWa-
tAg. The fourth category affect minutely the overall 
nexus profit and include 1) ASolaroofSurAgMax(a) 2) 
ConfCrptoBmas(c) 3) URAgWaste(c). The range of prior-
itised parameters start with the first prioritised parameter 
“UPEngytoExt” and end with the twelfth prioritised pa-
rameter “URAgWaste(c)”. In this study, we have not con-
sidered the parameters as prioritised which have a per-
centage swing of less than 1. The percentage swing of 
the most prioritised parameters, UPEngyToExt, SRflux(t) 
and CofPrdAg(c), are 36, 35 and 10% respectively. In 
practice, UPEngyToExt, SRflux(t) and CofPrdAg(c) are in-
dependent, and variation of any of them does not have 
any relationship with variation of other parameters. Now, 
we shall analyse how variation of these three independ-
ent parameters combined affects the overall profit of the 
nexus.  

Figure 3 shows a range of values of overall profit re-
sulting from 125 joint uncertain parameter scenarios of 
the three parameters. The lowest profit is in the LLL (low-
est value of all 3 parameters) joint scenario which is 17.43 
million USD while the highest profit is observed in HHH 
(Highest value of all 3 parameters) joint parameter 
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scenario which is 40 million USD. The results indicate that 
the maximum profit(from HHH scenario) is approximately 
2.3 times the minimum profit (from LLL scenario). 

 
Figure 2. Tornado graph for sensitivity analysis 

 

 

Table 1. Prioritised parameters 

Serial Parameters Swing (%)  

 UPEngyToExt  

 Flux  

 CofPrdAg  

 URCrp  

 Alndagb  

 UCostLabr - 

 UnituseLabr - 

 UPWatAg  

 UCostWatAg - 

 ASolaroofSurAgMax  

 ConfCrptoBmas  
 URAgWaste  

CONCLUSION 
Uncertainty prioritisation is an important field of 

study in the realm of stochastic optimisation. This study 
provides a structured uncertainty prioritisation in the 
framework of the optimisation of EWFLN by maximising 

 
Figure 3. Overall profit of the nexus in different scenarios 
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the overall nexus profit as objective function. Within a 
range of candidate parameters in the mathematical 
model of EWFLN, we conducted a one-at-a-time (OAT) 
sensitivity analysis which revealed 12 important priori-
tised parameters. We have observed that the three pa-
rameters such as UPEngytoExt, SRflux(t) and CofCrp-
Prd(c) are the most sensitive parameters within these 12 
parameters in this study. Therefore, with three parame-
ters, each with 5 scenarios, 125 discrete joint parameter 
scenarios are constructed. Solving the optimisation 
model with each scenario has generated scenario wise 
overall nexus profit results. Visualised in the bar chart 
(Fig 3), the results show that the profit response is not 
the same across the joint scenario space. Three parame-
ters are in the positive direction of profit maximisation; 
the lowest profit is 17.43 million USD while the highest 
profit is 40.00 million USD.  

Practically, these findings focus on targeted uncer-
tain parameters: the top ranked parameters are the most 
valuable for improvement of the objective function. 
Moreover, they are significantly important for risk hedg-
ing. The limitation includes the independence assumption 
among the three most prioritised parameters, discretized 
uncertainty ranges and reliance on OAT impact and ob-
servation of the list file (of GAMS code) for initial screen-
ing out. The future work should consider correlated un-
certainties, probabilistic weighting of scenarios and sto-
chastic optimisation incorporating these prioritised un-
certain parameters. 
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