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A B S T R A C T

Frost affects horticultural plants considerably and result in multi-dimensional harms: from economic losses to
psychological problems for people involved in horticulture. As a result, prevention of frost in horticulture is
of utter most importance for many countries. In this paper, first we propose a novel green energy-integrated
solution, a hybrid renewable energy-based system involving active heaters, for this less studied, but very
important problem. We then develop a multi-objective robust optimization-based formulation for optimization
of the proposed system in order to (i) optimize the distribution of a given number of active heaters in a given
large-scale orchard to optimally heat the orchard by the proposed frost prevention system and (ii) optimize the
layout of the thermal energy distribution network to minimize the total pipe length (which is directly related
to the installation cost and the cost of energy losses during energy transfer). Finally, the resulting optimization
problem is approximated using a discretization scheme. A case study is provided to give an idea of the potential
savings using the proposed optimization method compared to the result from a heuristic-based design, which
showed a 24.13% reduction in the total pipe length and a 54.29% increase in optimal heating. Compared to
current active frost prevention methods, the proposed hybrid green energy system for frost protection is a
cleaner, environmentally friendly and potentially cost-effective solution.
1. Introduction

Fruit constitutes an indispensable component of our daily nourish-
ment and a significant fraction of export income for many countries
(for example, ≈ e15–20 billion for EU member states De Cicco, 2020).
However, during budding and/or flowering periods, buds or flowers
of many fruits are vulnerable to low temperature levels, especially to
temperatures below 0 ◦C, and hence for them frost occurrence can
cause a significant yield loss. As an example, the frost occurrence on
March 31, 2014 in Malatya, Turkey (which is the world capital for dry
apricot production Asma, 2007) caused around 95% of yield loss whose
economic value was $1.2 billion US (Anonymous, 2016).

There is a growing interest in the research community for the de-
velopment of sustainable solutions for the horticulture and agricultural
sectors, which not only benefits the environment, but also improves
the economics of these sectors (Merida García et al., 2021). Among
these required sustainable solutions, development of effective, cheap
and clean frost prevention technologies is crucial for the communities
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especially involved in horticulture. The current frost prevention prac-
tices can be divided into two main categories: passive frost prevention
systems (such as soil management, plant selection, plant covering,
chemical treatment) and active frost prevention systems (such as the
use of active heaters, wind machines, helicopters, sprinklers and cre-
ation of artificial fog) (De Melo-Abreu et al., 2016; Zhou et al., 2020).
Since passive methods provide limited protection, the recent trend is in
general on developing active frost prevention mechanisms.

Some recent studies on active frost prevention methods in horticul-
ture are as follows. In Lamb (2009), electrically heated cables were
used as a heating mechanism to protect vines against possible frost
damages. In Yongguang et al. (2016), a sprinkler irrigation system was
utilized to protect tea against frost episodes through latent heat release.
In Beya-Marshall et al. (2019), the effectiveness of a portable wind
machine was tested in control of frost with comparison to a stationary
wind machine under different operating conditions. In Alboon et al.
(2012), a fuzzy logic controller and wireless sensor network-based
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NP-complete Nondeterministic polynomial-time

complete
US United States
ch-lps Candidate heater location points
cp Check point

technology were used for full automation to predict frost and provide
the necessary protection through burning a solid fuel in order to create
an artificial smoke cloud. Although these mentioned studies provided
significant contributions, they have some obvious disadvantages. For
example, solutions using wind machines and creating artificial fog are
neither cost-effective nor environmentally friendly. The use of electri-
cally heated cables may not be suitable for many other types of fruits
and it requires a lot of manual work. As for sprinkler irrigation systems,
they are expensive to install and they require a large volume of water.
Frost prevention in horticulture is a challenging and active research
topic, and there are many research rooms. A state-of-the-art survey
on frost prediction and active frost prevention methods can be found
in the recent survey paper by Zhou et al. (2020) and the references
therein. The study of Zhou et al. (2020) analyzes the frost problem from
a cyber–physical system perspective.

Among active frost prevention methods, use of conventional active
heaters is a common and very practical option since they are easy
to install. However, conventional active heaters are problematic: they
consume a significant amount of fossil fuel. As a result, they are not
cost-effective and not environmentally friendly. However, it is possible
to use alternative types of active heaters which are based on cleaner
energy sources. In this paper, we propose a novel and cleaner hybrid
green energy system (combining renewable and non-renewable ener-
gies) providing the required energy for a set of active heaters which
blow hot air on trees (to be called hot air blowing active heaters
(HABAHs) in the rest of the paper) during frost periods. Compared to
conventional active heaters, the proposed system integrating HABAHs
is a cleaner and cost-effective solution, and it can be a good choice
for frost prevention in large-scale orchards (Atam and Arteconi, 2017;
Atam et al., 2020). The suggested system is discussed in detail in
Section 2.

However, installation and operation costs are still significant bar-
riers for widespread use of a HABAH-based frost prevention system.
Adoption of renewable or hybrid energy solutions (combination of
renewable and non-renewable energies) to create hot air can reduce
these costs up to some level and such solutions are environmentally
friendly solutions. Still, independent of the used energy source, two
important optimal design problems for active heater-based frost pre-
vention systems are (i) the optimal distribution of a given number of
active heaters inside a large-scale orchard so that maximum protection
against frost episodes will be achieved and (ii) if hot air is distributed to
HABAHs through a piping network, then optimization of the layout of
distribution pipe network to reduce pipeline cost and thermal energy
losses. The developed multi-objective robust optimization framework
to address these two optimal design problems includes the following
advanced techniques: k-node minimum spanning tree (k-MST) con-
struction, robust optimization, system discretization, and mixed-integer
2

linear programming (MILP). The details will be given in Section 4.
The main objectives and contributions of this paper can be sum-
marized as follows. (1) This paper is the first attempt in the open
literature to propose a novel and cleaner hybrid green energy-based
solution to the frost prevention problem in large-scale fruit orchards.
(2) This is also a pioneering work in proposing a multi-objective
robust optimization-based approach, including a novel MILP-based k-
MST formulation to tackle the challenging, but important inherent
optimal design problems in applications based on a k-MST. (3) The
proposed frost prevention system together with the use of the devel-
oped multi-objective robust optimization framework is expected to be
a successful and cost-effective solution to the challenging problem of
frost prevention in horticulture.

The rest of the paper is organized as follows. Section 2 details
the proposed hybrid green energy-based frost prevention system. In
Section 3, an empirical, but physically reasonable model for the spatial
variation of the heating effect of a HABAH is given. The development of
the multi-objective robust optimization formulation for the considered
application is described in detail in Section 4, which includes the
proposed discretization scheme for optimization approximation, the k-
MST and robust counterpart formulations, each of which is a part of
the overall optimization problem. A case study is given in Section 5 to
demonstrate the savings using the optimization-based design compared
to a heuristic-based design. Finally, the main findings of this study
along with some future research directions are given in Section 6.

2. Proposed hybrid energy-based frost prevention system

A simplified schematic of the proposed hybrid green energy-based
frost prevention system, where HABAHs are used, is given in Fig. 1.
This system is called a hybrid green energy system because a combi-
nation of renewable and non-renewable energy sources is used. The
working principle of the system is as follows. Solar energy through solar
collectors will be used to heat water and store it inside an insulated
pool. The stored hot water will be used to heat air via a water–air
heat exchanger and the hot air will be distributed through a pipe
network to a number of blowers inside the orchard which will blow
hot air on trees during frost periods. When necessary, additional energy
from the grid will also be used to heat water in the pool (option 1),
or to directly heat air via an array of electrical air heaters (option
2). The proposed system can be seen as an integrative part of the
application of the concept of vulnerable-smart horticulture that can
help also in mitigating effects of climate change that may result in
significant horticulture yield loss (Azadi et al., 2021).

The use of a solar thermal system can provide significant advantages
for regions with rich solar radiation, and for such regions, the extra
energy that may be needed from the electricity grid to further heat
the water or air will be a small fraction of the total energy used for
frost prevention. This statement is based on the fact that similar hy-
brid solar thermal systems proved their viability and cost-effectiveness
for residential building applications (Allouhi, 2021). As a result, the
proposed hybrid solution has the potential to be an economically
feasible and cost-effective solution. The economic feasibility analysis
of the proposed hybrid frost prevention system (such as calculation of
investment/operational costs and payback time) is not in the scope of
the current paper and this will be studied in a future paper.

Note that the use of solar thermal collectors to store energy in
pools with different insulation designs have already been considered
for heating swimming pools with promising results (Francey et al.,
1980; Dongellini et al., 2015). In addition, in literature similar to
our proposed system, an application of solar energy has appeared in
agriculture: in Farzaneh-Gord et al. (2013), solar energy was used
to reduce fuel consumption in greenhouses where an array of solar
collectors was used to store thermal energy in a water tank which
was coupled to an air–water heat exchanger to heat the air inside the

greenhouse.
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Fig. 1. Schematic of a hybrid green energy-based frost prevention system integrating HABAHs for large-scale fruit orchards.
Fig. 2. Outline of the components of the developed optimization model.
In our proposed hybrid energy solution, the purpose of the pool is
to store solar thermal energy for a different application and pool will
be completely covered from all sides with the most effective insulation
material to minimize energy losses. As a result, the insulation and hence
the storage efficiency requirements of the solar thermal-driven pool
system of our study are more demanding. Additionally, we developed
an advanced multi-objective robust optimization framework for system
optimization. Fig. 2 presents an outline of the components of the
developed model, which are detailed in the following sections.

3. Spatial heater power effect variation modeling

The heating effect of any hot air blower-type active heater decreases
with distance and this effect depends on a number of factors such as the
installation configuration of the air blower, the mass flow rate of blown
air and its temperature, wind speed/direction, and the types of trees. In
3

this paper, we assume the following representative empirical function
for the spatial variation of the heating effect of a given HABAH:

𝑃𝑥𝑖 ,𝑦𝑖 (𝑥, 𝑦) = 𝑃0𝑘
𝑢
𝑖 𝑒

−𝑘𝑡𝑢𝑛
√

(𝑥−𝑥𝑖)2+(𝑦−𝑦𝑖)2

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
≜𝑓 (𝑥,𝑦;𝑥𝑖 ,𝑦𝑖)

= 𝑃0𝑘
𝑢
𝑖 𝑓 (𝑥, 𝑦; 𝑥𝑖, 𝑦𝑖) (1)

where 𝑓 (𝑥, 𝑦; 𝑥𝑖, 𝑦𝑖) is the ‘‘effective heating power" of the 𝑖th ac-
tive heater, which is centered at (𝑥𝑖, 𝑦𝑖), at the point (𝑥, 𝑦). Basically,
𝑓 (𝑥, 𝑦; 𝑥𝑖, 𝑦𝑖) reflects the fraction of the maximum heating power 𝑃0
transferred to the point (𝑥, 𝑦) in the orchard. The parameter 𝑘𝑡𝑢𝑛 is
a tuning parameter to vary the heating effect and the parameter 𝑘𝑢𝑖
is an uncertain parameter lying in the interval [𝑘𝑢𝑖 , 𝑘

𝑢
𝑖 ] to account for

uncertainty in 𝑃𝑥𝑖 ,𝑦𝑖 (𝑥, 𝑦) due to non-modeled effects. For any specific
type of hot air blowing heater, a function similar to 𝑃𝑥𝑖 ,𝑦𝑖 (𝑥, 𝑦) can be
used, and hence the developed general optimization framework in the
next section can be used for any hot air blower.
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4. Energy distribution network optimization formulation

Being aware of the importance of optimization in energy systems,
in this section we develop a multi-objective robust optimization-based
approach for optimal placement of a number of HABAHs inside a
given large-scale orchard for effective frost prevention and optimal
design of the layout of energy distribution network of the proposed
framework. The basic building blocks for the developed optimization
scheme consist of (i) modeling the optimal heating of the orchard
against frost as an optimization constraint where for each point from
a created set of uniform discrete points in the orchard the total power
received from all heaters should be in a range whenever possible, (ii)
constructing a k-MST from a large undirected graph with unknown
edge weights for optimal design of the layout of the energy distribution
pipe network to reduce installation and energy loss costs. The resulting
problem is a large-scale multi-objective robust mixed-integer nonlin-
ear programming problem where we use a discretization scheme to
approximate the problem with a MILP problem. The developed MILP-
based k-MST formulation is very useful for multi-objective optimization
problems for which k-MST is a part. The k-MST problem is known to be
NP-complete (Fischetti et al., 1994). The suboptimal k-MST heuristics
developed in the literature, such as Arya and Ramesh (1998), Arora
and Karakostas (2006) and Garg (1996, 2005), are not found suitable
for the considered application since multiple objective functions are
studied simultaneously, in addition to other non-traditional constraints
that should be satisfied.

4.1. The optimization problem

As mentioned before, the motivation behind the use of optimization
for the presented application is as follows. (i) For a given orchard,
we want to locate 𝑘 HABAHs inside the orchard in order to heat the
iven orchard optimally in a balanced way. (ii) The heaters should be
onnected through a pipe network in such a way that the length of the
nergy distribution pipeline network is minimum. Minimization of this
ength has a twofold benefit: first, the installation cost is minimized
nd, second the energy losses from the pipe network during energy
irculation is minimized (the shorter the total pipe length, the smaller
s the thermal energy loss because heat loss increases linearly with total
ipe length).

As constraints of the optimization problem, the following conditions
hould be satisfied:

− 𝜇𝑙
𝑠 ≤

𝑘
∑

𝑖=1
𝑘𝑢𝑖 𝑓 (𝑥

𝑐𝑝
𝑠 , 𝑦𝑐𝑝𝑠 ; 𝑥𝑖, 𝑦𝑖) ≤ 𝑓 + 𝜇𝑢

𝑠 , 𝑠 = 1,… , 𝑛𝑐𝑝 (2)

(𝑥𝑖 − 𝑥𝑡𝑗 )
2 + (𝑦𝑖 − 𝑦𝑡𝑗 )

2 ≥ 𝑑2ℎ𝑡, 𝑖 = 1,… , 𝑘, 𝑗 = 1,… , 𝑛𝑡 (3)

Here, (2) is used to enforce the condition that at each selected discrete
check point (𝑥𝑐𝑝𝑠 , 𝑦𝑐𝑝𝑠 ) in the orchard (‘‘cp’’ meaning check point) the
um of power fractions from all heaters should be in the range [𝑓, 𝑓 ]

whenever possible (if not possible, then minimum violations 𝜇𝑙
𝑠, 𝜇

𝑢
𝑠 are

llowed); (3) is used to ensure that the distance between a heater
nd the root of a tree is a minimum of 𝑑ℎ𝑡 meters because heaters
hould not be installed in areas occupied by tree stems and branches
assuming that the area occupied by a tree is approximately a circular
rea with center (𝑥𝑡𝑗 , 𝑦

𝑡
𝑗 ) and radius 𝑑ℎ𝑡). Note that the constraints in

2) are uncertain constraints since 𝑘𝑢𝑖 s are uncertain parameters lying
n the interval [𝑘𝑢𝑖 , 𝑘

𝑢
𝑖 ].

The cost function to be minimized is
∑

(𝑖,𝑗)∈𝑉 ×𝑉 , 𝑗>𝑖
𝑞𝑖𝑗

√

(𝑥𝑖 − 𝑥𝑗 )2 + (𝑦𝑖 − 𝑦𝑗 )2 + 𝛼
𝑛𝑐𝑝
∑

𝑠=1
(𝜇𝑙

𝑠 + 𝜇𝑢
𝑠 ) (4)

where 𝑉 = {1, 2,… , 𝑘}, 𝑞𝑖𝑗 is a binary variable indicating whether the
energy pipe network contains a ‘‘direct’’ pipe branch (𝑞𝑖𝑗 = 1) or not
(𝑞 = 0) from heater 𝑖 to heater 𝑗. The objective function consists of the
4

𝑖𝑗
sum of two terms where the first summation term denotes the length
of the minimum spanning tree consisting of k nodes (k-MST) and the
second summation term is used to penalize power range violations at
check points.

Note that the above optimization problem consisting of the cost
function (4), constraints (2)–(3) and k-MST constraints (which we did
not write at this point since they will be developed later in detail) is a
multi-objective robust nonlinear programming problem.

4.2. Discretization of orchard domain

In this section, we propose a discretization-based approach to be
used in solving approximately the multi-objective robust nonlinear
programming problem given in the previous section. In this approach
we create a set of uniform discrete points inside the orchard satisfying
the constraints in (3) as candidate heater location points (ch-lps) to
place the heaters and we denote this set by  with || = 𝑛𝑐ℎ−𝑙𝑝𝑠 ≫ 𝑘.
Next, we construct an undirected weighted graph  = ( , ) where 
is the set of weighted edges between each candidate heater location
point and the edge weights 𝑑𝑐ℎ−𝑙𝑝𝑠𝑒 , 𝑒 ∈  , are the distance between the
andidate heater location points. The advantage of using this discretiza-
ion technique is that the nonlinear constraints in (3) will be eliminated
rom the optimization problem, and we will be able to replace the
onlinear terms in (2) and (4) with linear terms as shown later.

Since k-MST is a part of the considered multi-objective robust
ptimization problem, next we develop a mixed-integer linear program-
ing formulation for the k-MST problem.

.3. MILP-based formulation of k-MST problem

In this section, we extend the original Miller–Tucker–Zemlin (MTZ)
ILP model developed for the traveling salesman problem Miller et al.

1960) to the k-MST problem.

.3.1. Model structure and main variables
Consider a generic undirected graph  = ( , ) where  is the

ode set and  is the set of weighted undirected edges. For every edge
= {𝑖, 𝑗} ∈  , where 𝑖, 𝑗 ∈  , a binary decision variable 𝑧𝑒 is defined
hich represents the edge’s inclusion (value of 1)/exclusion (value of 0)

n the k-MST. Furthermore, for every node 𝑖, we define a binary variable
𝑖 that equals 1 if node 𝑖 is included in the k-MST and zero otherwise. It
s required to construct a tree with exactly 𝑘 nodes to achieve the stated
bjectives. Next, we develop the necessary constraints of the k-MST
odel.

.3.2. Constraints
The MTZ formulation is based on defining a pair of binary variables

or each edge that suits the directed traveling salesman tour, denoted
s 𝑤(𝑖,𝑗) and 𝑤(𝑗,𝑖). The following set of constraints represent their
elationships with 𝑧𝑒 = 𝑧{𝑖,𝑗}:

𝑒 = 𝑤(𝑖,𝑗) +𝑤(𝑗,𝑖) ∀𝑒 = {𝑖, 𝑗} ∈  (5)

The relationships provided in (5) enable smooth translations be-
ween the decisions of including/excluding the hypothetical directed
rcs (𝑖, 𝑗) and (𝑗, 𝑖) and the inclusion/exclusion of the undirected edge
𝑖, 𝑗}.

In similar minimum spanning tree formulations, a node in  is
rbitrarily selected and labeled as the terminal node. All resultant
irected paths using the hypothetical directed arcs should end at that
erminal node as part of the restrictions that lead to the formation of

tree (Abdelmaguid, 2018). In the case of k-MST, since not all the
odes will be included in the tree, that terminal node cannot be chosen
rom the nodes in  . Therefore, we add a dummy node 𝜏 to represent
he terminal node in the current formulation. We also define a set of
ummy edges 𝐷 = {{𝑖, 𝜏} ∶ 𝑖 ∈ }. The lengths of the edges in 𝐷 do
ot affect the objective function, and therefore, their values are not of
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concern. For every dummy edge 𝑒 ∈ 𝐷, a binary decision variable 𝑧𝑒
is augmented to the model, as well as pairs of 𝑤(𝑖,𝜏) and 𝑤(𝜏,𝑖) binary
ariables associated with its corresponding hypothetical directed arcs.
ccordingly, similar to constraints (5), the following constraints are
dded to the model:

𝑒 = 𝑤(𝑖,𝜏) +𝑤(𝜏,𝑖) ∀𝑒 = {𝑖, 𝜏} ∈ 𝐷 (6)

In the MTZ formulation, there should be exactly one arc directed
out of node 𝑖, as well as exactly one arc directed into it in order to
complete the traveling salesman tour. This restriction is not suitable for
trees, since a node in a tree can have more than two edges connecting
it to more than two nodes. As demonstrated in Abdelmaguid (2018),
this can be circumvented in the minimum spanning tree formulation by
allowing only one restriction. That is, having exactly one arc directed
out of a node, except the terminal node 𝜏. In the k-MST formulation,
this has to be governed by the condition of whether this node is
included in the tree or not. The following constraints, represent these
conditions:

∑

𝑗∈∪{𝜏},𝑗≠𝑖
𝑤(𝑖,𝑗) = 𝓁𝑖 ∀𝑖 ∈  (7)

∑

𝑗∈ ,𝑗≠𝑖
𝑤(𝑗,𝑖) ≤ (𝑘 − 1)𝓁𝑖 ∀𝑖 ∈  (8)

Here, the constraints in (7) restrict the number of selected outgoing
rcs starting at node 𝑖 to be exactly 1 if it is included in the k-MST, and
o be zero otherwise, for all nodes 𝑖 ∈  . Meanwhile, the constraints
n (8) make sure that node 𝑖 will be connected by incoming arc(s) only
hen it is selected to be included in the k-MST.

Constraints (7) and (8) will result in a set of paths that start at a
ubset of nodes and can intersect at intermediate nodes. In the current
odel, all such paths should end at the dummy terminal node (𝜏). To

achieve that, the following two constraints are added:
∑

𝑗∈
𝑤(𝜏,𝑗) = 0 (9)

∑

𝑖∈
𝑤(𝑖,𝜏) = 1 (10)

Constraints (9) and (10) make sure that only one edge connecting
node 𝜏 will appear in the final solution. This restriction is necessary to
make sure that all resultant 𝑘 nodes will be connected. The only edge
hat connects node 𝜏 to one of the other 𝑘 nodes can then be excluded

when the final MILP solution is interpreted.
Subtours in the MTZ formulation are eliminated by introducing

continuous variables 𝑢𝑖 for each node 𝑖 ∈ 𝑉 ∪ {𝜏}. The elimination is
done by allowing a directed arc (𝑖, 𝑗) to appear in the solution only
when 𝑢𝑖 > 𝑢𝑗 . The following constraints maintain this logic:

𝑢𝑖 ≥ 𝑢𝑗 +𝑤(𝑖,𝑗) − 𝑘(1 −𝑤(𝑖,𝑗)) ∀𝑖 ∈  − {𝑗} ∀𝑗 ∈  ∪ {𝜏} (11)

The range of values that can be assigned to the 𝑢𝑖 variables are
efined by the following constraints:

𝜏 = 0 (12)

𝑖 ≤ (𝑘 − 1)𝓁𝑖 ∀𝑖 ∈  (13)

𝑖 ≥ 𝓁𝑖 ∀𝑖 ∈  (14)

Finally, the constraint that specifies the number of selected nodes
o be exactly 𝑘 and the domain constraints are defined as
∑

𝑖∈𝑉
𝓁𝑖 = 𝑘 (15)

𝑖 ∈ {0, 1} ∀𝑖 ∈  (16)
5

(𝑖,𝑗), 𝑧{𝑖,𝑗} ∈ {0, 1} ∀𝑖, 𝑗 ∈  ∪ {𝜏} (17)
.4. Robust counterpart formulation for uncertain constraints

As mentioned before, the constraints in (2) are uncertain constraints
ince the 𝑘𝑢𝑖 are uncertain parameters lying in the interval [𝑘𝑢𝑖 , 𝑘

𝑢
𝑖 ].

To develop a deterministic MILP problem corresponding to the robust
MILP, which is called the ‘‘robust counterpart" in the robust optimiza-
tion literature (Bertsimas and Sim, 2004; Li et al., 2011), we need
to express the uncertain constraints (2) in a deterministic form such
that they are satisfied for all realizations of the uncertain parameters
𝑘𝑢𝑖 , 𝑖 = 1,… , 𝑘 in their range 𝑘𝑢𝑖 ≤ 𝑘𝑢𝑖 ≤ 𝑘𝑢𝑖 . This happens if in (2)
we replace 𝑘𝑢𝑖 s with their lower bounds 𝑘𝑢𝑖 and upper bounds 𝑘𝑢𝑖 for
‘‘≤’’ and ‘‘≥’’, respectively. Using this replacement combined with the
discretization scheme, we obtain the ‘‘robust counterpart constraints"
as

𝑓 − 𝜇𝑙
𝑠 ≤

𝑛𝑐ℎ−𝑙𝑝𝑠
∑

𝑖=1
𝓁𝑖𝑘

𝑢
𝑖 ℎ𝑖𝑠 𝑠 = 1,… , 𝑛𝑐𝑝 (18a)

𝑛𝑐ℎ−𝑙𝑝𝑠
∑

𝑖=1
𝓁𝑖𝑘𝑢𝑖 ℎ𝑖𝑠 ≤ 𝑓 + 𝜇𝑢

𝑠 𝑠 = 1,… , 𝑛𝑐𝑝 (18b)

where ℎ𝑖𝑠 ≜ 𝑓 (𝑥𝑐𝑝𝑠 , 𝑦𝑐𝑝𝑠 ; 𝑥𝑐ℎ−𝑙𝑝𝑖 , 𝑦𝑐ℎ−𝑙𝑝𝑖 ) denotes heat influence of a heater
ocated at the 𝑖th candidate heater location point with coordinates
𝑥𝑐ℎ−𝑙𝑝𝑖 , 𝑦𝑐ℎ−𝑙𝑝𝑖 ) at the 𝑠th check point with coordinates (𝑥𝑐𝑝𝑠 , 𝑦𝑐𝑝𝑠 ).

.5. The overall approximated optimization problem

Collecting all the previous developments, we can express the overall
ulti-objective robust optimization problem as in (19). The parameters
𝑛𝑜𝑟
1 , 𝛽𝑛𝑜𝑟2 are used to normalize each part of the cost function to lie in
he interval [0,1]. For a given large-scale orchard, it is important that a
roper number of candidate heater location points and check points are
reated so that a good trade off is achieved between the optimality of
he resulting approximated MILP problem and the number of resulting
ssociated binary variables, which affect the solvability and the time
equired for the solution of the approximate MILP.

Approximate MILP:

min
𝑧{𝑖,𝑗} ,𝑤(𝑖,𝑗) ,𝑤(𝑗,𝑖) ,𝑤(𝑖,𝜏) ,𝑤(𝜏,𝑖) ,𝓁𝑖 ,𝑢𝑖 ,𝜇𝑙

𝑠 ,𝜇𝑢
𝑠

{

1
𝛽𝑛𝑜𝑟1

∑

{𝑖,𝑗}∈
𝑧{𝑖,𝑗}𝑑

𝑐ℎ−𝑙𝑝
𝑖,𝑗 + 𝛼

𝛽𝑛𝑜𝑟2

𝑛𝑐𝑝
∑

𝑠=1
(𝜇𝑙

𝑠 + 𝜇𝑢
𝑠 )

}

(19a)

(5) − (17) (k-MST constraints) (19b)

𝑓 − 𝜇𝑙
𝑠 ≤

𝑛𝑐ℎ−𝑙𝑝𝑠
∑

𝑖=1
𝓁𝑖𝑘

𝑢
𝑖 ℎ𝑖𝑠 𝑠 = 1,… , 𝑛𝑐𝑝 (19c)

𝑛𝑐ℎ−𝑙𝑝𝑠
∑

𝑖=1
𝓁𝑖𝑘𝑢𝑖 ℎ𝑖𝑠 ≤ 𝑓 + 𝜇𝑢

𝑠 𝑠 = 1,… , 𝑛𝑐𝑝 (19d)

𝜇𝑙
𝑠, 𝜇

𝑢
𝑠 ≥ 0 𝑠 = 1,… , 𝑛𝑐𝑝 (19e)

5. A case study

5.1. Case study description

In this section, we will consider as a case study a large-scale apricot
orchard located in Malatya, Turkey (see the top plot in Fig. 3). This
region is the apricot center for Turkey, but at the same time it is a
region seriously affected by frost events. The bottom plot in Fig. 3
shows the apricot production amounts in Malatya over recent years. As
observed, the yield is very low in some years which are the years where
a significant apricot yield loss occurred due to frost events. Moreover,
this region has a considerable solar radiation level. All these constitute
the main reasons for why a large-scale apricot orchard in this region
was selected as a suitable case study for the research. Currently, there

is no active frost protection mechanism applied in this region because
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Fig. 3. Malatya, apricot capital in Turkey (top), Apricot production in recent years in
Malatya (bottom) (Anonymous, 2016).

Table 1
Orchard and optimization parameters.

Parameter Description Value

𝐿 Orchard length (m) 180
𝑊 Orchard width (m) 120
𝑛𝑡 Number of trees 216
𝑘 Number of heaters 21
𝑛𝑐ℎ−𝑙𝑝𝑠 Number of candidate heater location points 187
𝑛𝑐𝑝 Number of check points 216
𝑑ℎ𝑡 Distance between the root of a tree and center of a heater (m) 3
f Minimum total power fraction at check points 0.5
𝑓 Maximum total power fraction at check points 1
𝑘𝑢𝑖 Parameter to represent the uncertainty in the heating effect of

a heater at a point
[0.8, 1]

𝑘𝑢𝑖 Lower bound of 𝑘𝑢𝑖 0.8

𝑘𝑢𝑖 Upper bound of 𝑘𝑢𝑖 1
𝑘𝑡𝑢𝑛 Tuning variable for spatial variation of the heating effect of

heaters
0.01

𝛥𝑡 Horizontal and vertical distance between the roots of adjacent
trees in the orchard (m)

10

𝛥𝑐ℎ−𝑙𝑝𝑠 Horizontal and vertical distance between adjacent candidate
heater locations in the orchard (m)

10

𝛥𝑐𝑝 Horizontal and vertical distance between adjacent check points
in the orchard (m)

10

𝛽𝑛𝑜𝑟1 Normalization parameter for the length of k-MST 600
𝛽𝑛𝑜𝑟2 Normalization parameter for the sum of power range violations 240

of involved high investment costs. As a result, an economically feasible,

cleaner and environmentally friendly solution which is effective against

frost is very desired. This motivates the suitability of our proposed

hybrid green energy-based frost prevention system to protect apricots

in this region during frost periods. The orchard parameters (together

with optimization parameters) are given in Table 1.
6

Fig. 4. Distribution of trees, candidate heater locations and check points: (a) tree and
candidate heater locations, (b) tree and check point locations. Note that here check
points are taken as tree locations, but in general they can be different.

Fig. 5. Heuristic-based heater locations and pipe network.
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Fig. 6. Pareto plot for the multi-objective robust optimization problem.
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Table 2
Multi-objective optimization and heuristic-based results.
𝛼 Optimality gap (%) objpart1 (m) objpart2 (–)

0.1 6.23 200 0.379
1 35.9 208,28 0.394
𝟓 31.94 411.87 0.149
10 24.56 513.31 0.123
100 25.40 583.64 0.116
1000 30.50 593.43 0.114

Heuristic-based – 542.85 0.326

5.2. Optimization results

In this section, for the considered case study we compare the results
from a heuristic-based design with the multi-objective robust optimiza-
tion results. The candidate heater location points and check points of
the considered large-scale orchard are given in Fig. 4. The heuristic-
based design consists of two stages. In the first stage, we divide the
orchard into 𝑘 parts having the same area and put a heater at the center
of each part. If a heater is put too close to a tree (within 𝑑ℎ𝑡 meters),
it is pushed from the tree in the same direction so that the distance
between the tree and the heater is 𝑑ℎ𝑡 m. By doing so, we ensure that
no heater is located too close to the trees. In the second stage, we find
pairwise distances between the centers to construct an undirected graph
and then a MST from the resulting graph using Kruskal’s algorithm.
The heater locations and pipe network using this heuristic are given in
Fig. 5.

For solving the developed multi-objective optimization model, we
used Matlab with YALMIP (Löfberg, 2004) interface to set up the multi-
objective robust optimization problem and we used Gurobi (Gurobi
Optimization, LLC, 2021) as a solver to solve the resulting optimization
problem on a laptop with the following hardware specifications: 8 GB
RAM, Intel(R) Core(TM) i7-8550U CPU @ 1.80 GHz 1.99 GHz. Solver
time was set to 3 h to find a solution close to optimal. The optimization
results are given in Table 2 where the first column includes a series
of values for the multi-objective optimization parameter 𝛼, the second
olumn gives the optimality gaps, and the last two columns denote

bjpart1 ≜
∑

𝑒={𝑖,𝑗}∈
𝑧{𝑖,𝑗}𝑑

𝑐ℎ−𝑙𝑝
𝑖,𝑗

bjpart2 ≜ 1
𝑛𝑐𝑝

𝑛𝑐𝑝
∑

𝑠=1
(𝜇𝑙

𝑠 + 𝜇𝑢
𝑠 )

hich are the total pipe length and average power fraction range
iolation, respectively.
7

The Pareto curve of the multi-objective robust optimization and the
corresponding optimal heater locations and pipe network layout for
each considered 𝛼 value are given in Figs. 6 and 7, respectively, from

hich we conclude that among the considered 𝛼 values 𝛼 = 5 seems a
ood choice (it is the knee of the Pareto curve) with objpart1 = 411.87m

and objpart2 = 0.149. In the Pareto curve we notice that the point
corresponding to 𝛼 = 1 is higher than the point corresponding to
𝛼 = 0.1. Normally, the opposite should be the case. The cause for this
abnormality is the fact that the optimality gap corresponding to 𝛼 = 1
(35.9%) is considerably higher than the optimality gap corresponding
to 𝛼 = 0.1 (6.23%) obtained after 3 h run of the optimization algorithm
(see, Table 2).

Table 2 also shows the heuristic-based design results. When calculat-
ing the power fraction range violations in the heuristic case, 𝑘𝑢𝑖 value
for each heater was created as a random number in the range [0.8,
1]. When the multi-objective robust optimization results corresponding
to the best case 𝛼 = 5 are compared to the heuristic-based results,
we have a 24.13% reduction in the total pipe length and a 54.29%
reduction in power fraction range violations, which clearly show the
savings provided by the developed multi-objective robust optimization
approach.

Note that the optimization framework has two benefits: the first
benefit (which is both an environmental and economic aspect) is that
optimal distribution of HABAHs inside the orchard, via the use of
the developed optimization framework, provides optimal protection
against frost episodes that have recently become more pronounced and
random due to effects of climate chance. The second benefit of the
optimization (an economic aspect) is that the framework reduces the
installation and thermal energy loss costs, since the layout of the energy
distribution network is optimized to have minimal total pipe length.

6. Conclusions

Development of cost-effective, cleaner and environmentally friendly
frost prevention systems for large-scale orchards is a challenging prob-
lem, and successful realization of such a project in real-time will have a
huge societal impact. Being aware of the importance of such a system,
in this paper, first we presented a renewable energy-integrated (solar
thermal) solution for frost prevention in horticulture, thus satisfying the
cleaner, environmentally friendly and potentially cost-effective aspects.
Moreover, the proposed hybrid energy system provides an important
potential application where renewable energy can be used for. Second,
we developed a multi-objective robust MILP formulation (i) to deter-
mine optimally the location of hot air blowers to heat the orchard in a
balanced way to achieve maximum frost protection, (ii) to optimize the

layout of hot air distribution pipe network to minimize the investment
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Fig. 7. Optimal heater locations and pipe network layout using the multi-objective robust optimization-based design for a set of 𝛼 values.
cost and energy losses. The developed optimization framework will
help in reducing further the installation and operation costs of the
proposed system and increase the frost prevention capability. More-
over, the proposed optimization method involved, as part of it, the
development of a MILP-based k-MST formulation which is suitable for
8

multi-objective optimization problems.
The proposed optimization method was tested on a large-scale pilot
orchard with the dimensions 𝐿 ×𝑊 = 180m × 120m. The optimization
results corresponding to the optimal value of 𝛼 obtained from the
Pareto plot and a 3 h run of the algorithm were compared with those
of a heuristic-based design to show the degree of savings, which are

a 24.13% reduction in the total pipe length and a 54.29% reduction
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in power fraction range violations. These savings clearly illustrate
the importance of the use of a numerical optimization framework in
optimal design of the suggested hybrid green energy frost prevention
system. Although here we focused on frost prevention for horticulture,
the proposed framework can be used with minor modifications for other
agricultural applications as well (such as greenhouse applications).

Examples of future works are (i) economic feasibility analysis of
the proposed hybrid green energy solution to determine especially
the installation cost and payback time, (ii) development of another
optimization framework for determination of the minimal number of
heaters to be used for a given large-scale orchard, (iii) integration of
a decomposition scheme for very large-scale optimization problems
corresponding to very large-scale orchards, (iv) design of two control
systems: one to control the hybrid green energy system management
(controlling option 1 and option 2 in Fig. 1) and another to control the
timing and mass air flow rate of HABAHs, and (v) real-time realization
of the proposed system to see its success level.
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