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In agricultural industries, efficient nutrient and water management are crucial to saving costs maximising crop
yields, and increasing profit. A fertigation system is used to irrigate sufficient nutrients and water for the growing
needs of the crops. However, the water and nutrient volume needed for each crop remains unknown due to
various crop phases and the dynamics of nutritional demand. Therefore, this research work presents the
optimisation modeling for an Automated Fertilizer Blending System (AFBS) to minimise the operational cost of
nutrients, water, and electricity. The proposed optimisation model considers for the AFBS: (i) operational status
of irrigation pump and stock tanks; (ii) stocks level for nutrient and water at each stock tank; (iii) inventory level
for nutrient solutions in an AFBS tank; and (iv) nutrient and water level of the plants. The mathematical model
is developed as mixed-integer linear programming (MILP). The optimisation problem is modeled using GAMS
v-38.2.1 and solved by CPLEX 12 with a zero-optimality gap. In conclusion, cost comparison analysis between
electricity, fertilizer, and supplied water represents the optimal cost percentage in engaging with nutrient losses
minimised by 30%, water runoff, and electricity costs for optimal condition-based fertigation systems.

1. Introduction

The mismanagement of adding fertilizers and water to crops negatively impacts the sustainability of the planet,
people, and profits. Nitrogen (N), Phosphorus (P), and Potassium (K) are the main nutrients in fertilizers, and
they are absorbed into crops along with water. Poor management of nutrients (especially nitrogen) and water
runoff has led to soil degradation and water pollution known as eutrophication. As reported by Chang et al.
(2021), nitrogen input is critical for agricultural production, and this excess nitrogen can lead to severe
ecosystem damage and water pollution.
Finally, due to the different growth stages of plants requiring different amounts of nutrients and this issue is still
unknown. Therefore, without knowing the actual needs of plants, the amount of water and nutrients supplied to
plants will affect the growth of plants and cause high costs to the agro-industry. Therefore, efficient management
of fertilizers and water is critical to saving costs, producing high-quality crops, and maximising crop yields.
According to Razak et al. (2021), the best strategy to reduce this complexity is to adapt and adopt computer-
aided model-based product design. The strategy to reduce this complex effect due to the agriculture industry is
by constructing an effective schedule for fertigation using mathematical optimisation. This is to maximise the
absorption of nutrients and water supply given to the crops and to support the crop development at an accurate
level and period. The key decisions to be made by the optimisation model are:

i. The operational status (e.g. On and Off) of irrigation pumps and stock tanks.

ii. Inventory level for blending and each stock tank (fertilizer and water).

iii. Nutrient and water levels are needed by the plants.
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1.1 Optimisation model of fertigation

Fertigation is extensively used as a dispenser unit for agriculture industry use, making it more accessible and
comfortable in general landscaping systems. Dosing device for standard results, where nutrients are introduced
and good irrigation is needed for fertigation (Draman et al., 2021). Zulkafli and Kopanos (2018) explained that
the proposed optimisation framework can be used to integrate different types of material and energy supply
chain operations using a unified model representation to manage this interdependent network more efficiently,
both techno-economically and environmentally. This fertigation system also minimised crop fertilizer uses by
30% (Aziz et al., 2021).

In the previous study, Kandelous et al. (2012) presented a design for optimal subsurface drip irrigation systems
using optimisation model AMALGAM to estimate the cost-saving using cost-benefit analysis. Furthermore,
minimising fertilizer is a much-needed optimisation technique that has a major impact on healthy crops and
sustainable agricultural practices (Amudha et al., 2021).

1.2 Significance of the study

Although there is a large body of work in the open literature involving different methods of optimising fertigation,
there is a lack of a unified model representation that addresses nutrient excess, water runoff, and costs in an
integrated optimisation framework. Therefore, the novelty of this study is to optimise fertigation by using a Mixed
Integer Linear Programming (MILP) optimisation model to create an efficient fertigation schedule to reduce
operating costs, avoid overuse of fertilizers/nutrients, and avoid adverse effects on the environment. The
optimisation model is written in GAMS v-38.2.1, and solved by CPLEX 12. This research work highlights a
predicted and prescriptive analysis of an optimisation modeling of the Automated Fertilizer Blending System
(AFBS) as one of the best available techniques (BAT) to minimise the cost of fertilizer, water, and electricity
compared to the trial-and-error experimental works.

2. Methodology and Materials
2.1 Systematic Methodology

This research aims to formulate a mathematical optimisation model to reduce the cost due to nutrient losses
and excess utility consumption ( e.g. water and electricity). This systematic methodological framework had been
adopted by (Razak et al., 2021) for blending, fertilizer formulation (Nor et al., 2018), optimum irrigation system
(Draman et al., 2021), and operational planning of utility and production systems (Zulkafli and Kopanos 2016).
Limited research and attention are given in the literature on the decision to reduce nitrate leaching by applying
the exactly amount of fertilizer and water required by the crop. According to author's best knowledge, limited
study in the literatures that address the optimal cost of fertilizer, water, and electricity in an optimisation model.
This work addresses the research gap on the modelling of fertigation system for AFBS. Therefore, the main
novelty of this work is the new optimisation model framework for determining optimal fertilizer and utility costs
considering nutrient and water requirements. Based on Kroggel M. and Kubota C. (2018) the cost percentage
of fertilizer usage in time-based fertigation for 80 days tomato plant growth was higher compared to optimal
condition-based fertigation as shown in Figure 1.
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Figure 1: Comparison of fertilizer cost percentage of time-based and optimal condition-based in agriculture.

The four systematic stepwise optimal fertigations for automated fertilizer blending systems are cordially outlined
in Figure 2. The input parameters are minimum or maximum fertilizer level, water and nutrient demand, the
volume of blending and stock tank, electricity price, water, nutrient, and penalty cost.
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Task 1 is problem definition which consists of three parts defining the variables (Task 1.1), target properties
(Task 1.2), and constraints (Task 1.3). The target properties are nutrient and utility costs. The continuous and
binary variables are blending outlet, blending inlet, fertilizer outlet, fertilizer inlet, water inlet, water outlet, nutrient
absorbed, nutrient level, nutrient supply, and total cost. The constraints are tabulated in Table 1. The constraints
as mentioned by Zulkafli and Kopanos (2016) set a limit related to the fertilizer quantity, nutrients for plants,
lower and upper bounds for the flow of nutrients to plants, nutrient balance for each plant, the lower and upper
boundary for nutrient contents, the demand of nutrients; and the objective function. Task 2 is property model
identification to predict nutrient blend and utility consumption properties. In this task, the attributes of the variable
are converted to upper and lower bounds of nutrient contents.

Task 3 is the generation of optimum nutrient blends and utility consumption candidates consisting of three parts
declaring and defining data (Task 3.1), coding the optimisation model in GAMS (Task 3.2), and optimal
operational cost (Task 3.3). According to Mahmud et al., (2018), GAMS is a high-level modeling system for
mathematical optimisation. It is designed for modeling and solving different types of problems - linear, nonlinear,
and mixed-integer optimisation problems. The main feature of this program is also that it can be used on different
computer platforms, and the models can be ported from one platform to another. Mathematical models are
plugged into the software environment to be solved using the appropriate programming language to produce
results. All variables and other basic information must also be written entirely in the programming language.
Task 4 is cost-benefits analysis (CBA). A CBA is a process of comparing the projected or estimated costs and
benefits associated with a project decision to determine whether it makes sense from a business perspective
(Tim Stobierski, 2019).

Input : Parameters
Task 1.1 : Variables (max/min level nutrient and water

* demand)

R —— ‘ Task 1.2 : Target properties (nutrient and utility cost

supply

' —{ Task 1.3 : Defining constraints |

$ —{ Task 3.1 : Declaring and defining data

and utility (water and electricity) consumptions

(GAMS) Software

Task 3 : Generation of optimum nutrient blends

Task 3.2 : General Algebraic Modeling System ‘

—{ Task 3.3 : Optimal operational cost
Task 4 : Cost-benefits analysis (CBA) Assumption: ) ) )
1) Fertilizer concentration is 11 times than max value (500 ml fertilizer
A + 500 ml fertilizer B + 10ml water)
2) Volume blend for fertilizer A and B is 1:1 ratio

3) Volume blend for each nutrient in each types of fertilizer is equally

Output : The optimum cost-effective for nutrient divided
and utility supply 4) Total volume blend is equal to water demand by the plant
5) Fertilizer to water ratio is 1:10

Figure 2: Systematic methodology of optimal fertigation for automated fertilizer blending system.

2.2 Development of optimisation systematic framework of fertigation
2.2.1 Constraints and parameters

The optimisation problem is modelled as mixed-integer linear programming (MILP). As shown in Table 1,
continuous constraints are set based on the lower and upper bounds of each target attribute. Fertilizer blend for
target attribute models, constraints, and target values encoded in GAMS. Two binary variables are known as
X if the pump is used and Y, if the stock tank is used in the respective period. All capital letters represent

variables and Greek letters represent parameters of the optimisation framework.

2.2.2 Objective function

The objective function of this optimisation framework model has been successfully achieved by satisfying all
constraints. The objective function is to minimise the operational cost of fertigation, as in Equation (1):

. fertili it; it
min[Te 07Xy + Lo 0y Flon + Lo 0 Wian + Zann 8 Uinn + Zan @ UWgn) (1)
The optimisation model consists of irrigation electricity cost, g¢ec, fertilizer cost, (2)6.9)”"””’ and supplied water

cost, gyster. (Z)ff"“”y is the penalty cost that must be imposed to avoid additional purchases of fertilizer and
water. The electricity prices are referred for low voltage agriculture tariffs from Tenaga Nasional Berhad (TNB)
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Malaysia. The water cost is an industrial water tariff and the fertilizer cost is calculated based on the standard
price of 1 kg basic for each nutrient.

Table 1: Target attributes models and constraints

Attributes Constraints Equation Initial Lower Upper Reference
parameter bound bound
Fertilizer Level of fertilizer, F(; y = @y + Fljpn —FO¢n, ViELLE &g 02 32 (Zulkafliand

Fiio T:t=1 Kopanos,
Fity = Fge-n + Flgon —FOgrn Vi€ 2016)
JteT:t>1
Fertilizer outlet 5(';”3 Yy < FOgjp < 5(’7.";)951/(0 Vi€ ]/ te 0.3 5.39
FO(j ) with pump 1
Yoy
Water ~ Waterlevelin =~ Wy =g+ Wlgn —WOqyn VqE€E @) 0.2 32 (Draman et
stock tank, W) Q,teT:t =1 al., 2021)
Wign) = Wge-1 + Wlgn —
WO(q’t) VgeQ,teT:t>1
EEZS'" SWyo S€q VGEQLET
Water outlet, WO = 0q2jey FOyry VYqEQLET 1.18 107.28
WO
OB < WO SO00% VqeQteT
Fertilizer Blending level, B« = {4 + Bl —BOyy VteT =1 05 80 (Amudha et
mixing B B= B-1) + Bl —BOyy VEeT>1 al., 2021)
Blending outlet, BOy) + UWyy = & VtET 0.8 40
BO(t) with
fertilizer demand,
¢

Blending fertilizer .
g BOF () = E ToNSiny  JEJL
outlet, BOF(; 1y e

with nutrient ET

supply, NS(in,¢)

Blending water BOW(,» = BO) — Xy BOF(jsy Vq €

outlet, BOF;y Q,teT

with blending

outlet, BO(

Nutrient  Level of nutrient, NLin ) = Tn) + NSine — NBiny Vi tam  0.008 113 (Kroggel M.
NL( 5 in plant ellneN,teT:t=1 and Kubota
C., 2018)

NL(ing) = NLnt-1) + NSiine) —
NB(inyy Vi€ELneEN,teT:t>1
PN S NSine SPR%S  VneN,teT

Nutrientbeing  NBn) + Uit = Oiney VIiELN 1.3 120

absorbed by the EN,teT:t

plant, NB(; n ¢

with nutrient

demand, o(;n)

3. Analysis
3.1 Case study: Optimal Fertigation for Automated Fertilizer Blending System for tomato plant

This study is about the optimal fertigation for an automated fertilizer blending system. Figure 3 depicts the
infographic diagram of the case study. The greenhouse size is 4 m x 8 m with 0.5 m spacing between each
plant. The drip irrigation network consists of two fertilizer tanks (j1, j2), a 5 L water tank (q7), and an 18 L
blending tank, with a total number of 10 tomato plants (i1 o i10). Fertilizer tank j1 consists of nutrients n7 and
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n5 while fertilizer tank j2 consists of nutrients n2, n3, n4, n6, n7, n8, n9, and n10. The substrate soil contained
organic matter and had a pH between 5.5 and 6.5, which initially favored plant growth due to its high organic
matter content. The drip irrigation has been scheduled for 80 days (t0 to t80). The design is similar to the design
in Harmanto et al. (2005).
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Figure 3: Infographic diagram of the case study Figure 5: Percentage of the total cost.

3.2 Result: Optimal fertigation of tomato plant

The optimal fertigation schedule has been outlined and the trend of water and fertilizer j7 and fertilizer j2 supplied
to the tomato plant for 80 days is displayed in Figure 4. The operation of every nutrient for every tomato plant
differs according to the needs of the plant for 80 days with four stages of growth plant such as vegetative growth,
flowering, fruiting, and ripening.

As can be seen from the picture, fertilizers are mainly used in the 3™ stage (fruiting) and the 4t stage of plant
growth (ripening and harvest). The 2" stage of flowering requires a lot of water because fertilizer could alleviate
the negative effect of water stress during the flowering stage (Liu et al., 2019).
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Figure 4: Gantt chart of operation nutrient supply for agriculture in 80 days and Water (L) and fertilizer (mg/L)
supply into plants at each period.

Costs are calculated based on mathematical models of data and case studies. Figure 5 shows a percentage of
pie chart of the proportion of each expense during the 80 day irrigation and fertilization period, represented by
the period from t0 to t80. The results concluded that the highest cost is the fertilizer cost, which accounted for
76 % ($78.10) of the total cost. The reason for this is that nowadays large supply of fertilizers to the plant with
essential nutrients like nitrogen needed, so that the crops grow bigger, faster, and produce more food (Cen et
al., 2020). The total fertilizer cost for 80 days is $102.91. The cost of daily supplied water is 17 % ($17.92). By
using the low horsepower pumps, the total operational costs can be reduced. Although the water consumption
is higher than the fertilizer usage, the water cost is the lowest cost due to low water tariffs in Malaysia. The low
water tariff is the minimum charge set by National Water Services Commission (SPAN) for Class 1 industrial
use less than 200 m® at $5.91 per month (SPAN, 2017).

4. Conclusions

The optimal fertigation for AFBS for tomato plants has been successfully developed. The optimisation model of
AFBS demonstrates the optimum fertilizer blending system that irrigates the accurate nutrient and water
requirements of the plants for every stage of plant growth with 30% minimising of fertilizer use. The result
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concluded on minimising the total operating cost for fertigation that is mainly based on fertilizer, supplied water,
and electricity costs. Conclusively the highest cost is fertilizer cost (76 %), followed by water (17 %) and
electricity (7 %) costs. Although the volume of supplied water is approximately ten times greater than the volume
of fertilizer, the water price is relatively much lower than the fertilizer price. This trade-off is due to the low water
tariff mandated by National Water Services Commission in Malaysia. Therefore, the novelty of this optimisation
model of AFBS for fertigation is to represent the ideal condition-based fertigation and to show the effective cost-
benefit analysis (CBA). Future research work will focus on cost comparison analysis between time-based
fertigation and precise condition-based as the proposed fertigation model for AFBS.
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