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Abstract: The water–energy–food nexus has captured the attention of many researchers and pol-
icy makers for the potential synergies between those sectors, including the development of self-
sustainable solutions for agriculture systems. This paper poses a novel design approach aimed at
balancing the trade-off between the computational burden and accuracy of the results. The method
is based on the combination of static energy hub models of the system components and rule-based
control to simulate the operational costs over a one-year period as well as a global optimization
algorithm that provides, from those results, a design that maximizes the solar energy contribution.
The presented real-world case study is based on an isolated greenhouse, whose water needs are
met due to a desalination facility, both acting as heat consumers, as well as a solar thermal field
and a biomass boiler that cover the demand. Considering the Almerian climate and 1 ha of tomato
crops with two growing seasons, the optimal design parameters were determined to be (with a solar
fraction of 16% and a biomass fraction of 84%): 266 m2 for the incident area of the solar field, 425 kWh
for the thermal storage system, and 4234 kW for the biomass-generated power. The Levelized Cost of
Heat (LCOH) values obtained for the solar field and biomass boiler were 0.035 and 0.078 e/kWh,
respectively, and the discounted payback period also confirmed the profitability of the plant for fuel
prices over 0.05 e/kWh. Thus, the proposed algorithm is useful as an innovative decision-making
tool for farmers, for whom the burden of transitioning to sustainable farming systems might increase
in the near future.

Keywords: global optimization; energy hubs; thermal desalination; greenhouse agriculture; levelized
cost of heat; water–energy–food nexus and optimal design

1. Introduction

The growth of the world population, together with other environmental factors, such
as climate change, are putting great pressure on the resources used to provide essential
commodities for humankind. This is particularly noticeable for the water and food supply
as well as others, such as energy, which is required in any kind of developed society
that seeks to ensure human welfare. The magnitude of the problem increases if the nexus
between these resources is taken into account. Water is fundamental for the agricultural
sector, the main source of food, whereas energy is required to maintain suitable conditions
for crop yield, as well as to transport and process food products, and in many any other
links of the supply chain. In addition, energy determines the efficiency and effectiveness of
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water use, which is fundamental in creating the conditions for sustainable food production.
This relationship has given rise to the so-called “water–energy–food (WEF) nexus”, which
has been recognized as one of the crucial problems that humanity must face for proper and
sustainable development [1,2].

Currently, the agriculture industry is the world’s main water consumer, approximately
utilizing 80% of the total consumption (with territorial variations due to economic devel-
opment and climatology [3]); however, this figure is expected to increase as the surface
area used for irrigated crops does, by 1.3% per year according to the current trend [4]. This
increase in water consumption can compromise the sustainability of the agricultural system
in arid or semi-arid regions, such as the Mediterranean basin, causing severe economic
problems as many of these places base their economy on this sector. Indeed, not only
economic upheaval can arise but there will also be environmental degradation and a true
social crisis as a consequence.

For these reasons, the use of desalination technologies has emerged as one of the
most promising solutions to expand natural water reserves and mitigate water deficits in
agriculture ecosystems [5]. However, massive and indiscriminate use of this technology
can lead to cost overruns and serious environmental problems, since, currently, most
of the energy requirements for these facilities come from on-grid electricity obtained by
conventional sources, such as fossil fuels, and only around 1% of the total worldwide
desalination facilities are powered on a sustainable way through renewable sources [6].

To deal with the aforementioned challenges, it is necessary to promote the use of
alternative desalination technologies that allow a direct coupling with renewable energies
and that can adapt their production to the water demand of agricultural holdings to avoid
cost overruns in the desalinated water, which is claimed to be one of the main problems
preventing the adequate use of desalinated water in agriculture systems in some target
regions [7].

Membrane Distillation (MD) technology is an alternative desalination method that
presents a wide variety of advantages to be used in agriculture environments [8]. This
method consists of a thermally driven desalination technique that can deal with low–
medium water needs and operate in a discontinuous and intermittent mode [9], which is
consistent with the needs of small- to medium-sized agricultural settings as demonstrated
in our previous work [10]. In addition, this technique can produce desalinated water from
different sources, such as sea or brackish water and can treat even high salinity solutions
reaching zero-liquid discharges, thus, avoiding the environmental problem that brines can
produce [11]. Nevertheless, the main interest lies in its low operating temperature, which
allows the MD modules to be easily coupled with low-enthalpy energy sources, such as
low-grade solar thermal energy or waste heat [12]. Hence, this technology is currently in
the spotlight, as an adequate alternative to be included in sustainable agricultural systems
where renewable energies play a major role. Such is the case of greenhouse crops, for which
there is a growing trend to use renewable or neutral emissions sources to supply heat,
among other purposes [13].

Although greenhouses are normally placed in locations with favourable conditions to
keep the operational costs as low as possible, most of them require heat for frost prevention
or for maintaining an appropriate crop temperature over winter. Despite this, only a
small number of growers can afford auxiliary heaters due to their relatively high cost,
and those who can, typically install combustion systems based on natural gas or diesel
oil, which worsens the problem of environmental pollution [14]. It is, then, not surprising
that solar heating systems are attracting increased attention to respond to the imperative
for minimum emissions and sustainable development [15]. Moreover, this energy source
becomes particularly economically profitable in isolated or rural areas, where the cost of
the aforementioned conventional energy carriers can significantly increase due to transport
issues. In this context of self-sufficient environments powered by renewable energies,
greenhouses, and thermal desalination technologies (i.e., MD) can emerge, providing a
unique solution to address the water–energy–food nexus [16].
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Different studies have evaluated the feasibility and performance of solar thermal
systems for heat supply in greenhouses. For instance, in [17], the authors analysed the
operation of flat-plate collectors in greenhouse environments and concluded that this
technology is a profitable solution with less environmental impact than conventional
systems. A similar study was carried out in [18], where the profitability of solar thermal
systems in comparison with conventional heating systems, such as heat pumps, was
demonstrated as well.

In [19], the authors demonstrated how the cost of a heating system could be reduced
up to 25% by including solar thermal technology. However, in all of the above-mentioned
references, the authors stated that, even with thermal storage systems, other backup devices
were needed to cope with the whole demand of the greenhouse because of its irregular
behaviour linked to the availability of solar irradiance. Therefore, in the line with the ideas
presented in [13], a mixed hybrid heating system based on solar-biomass energy can be
proven to be an efficient solution to provide all the necessary energy to these environments.
This was also stated in [20], where the authors researched the use of such hybrid systems
for heat provision in rural locations. The use of biomass energy is particularly suitable
since agriculture environments present a unique opportunity to reuse part of their waste as
biomass, thus, creating added value and contributing to a circular economy [21].

Additionally, food waste, which is tightly linked with energy challenges [22] and is
intense in agricultural production [23], can also be used in the above-mentioned context
due to its potential to produce valuable fuels [24,25]. However, in order to exploit all
the advantages that solar energy–biomass hybrid systems can offer and to make them
profitable, further design methods that include economical, technical, and environmental
aspects, and that take into account, in an integrated way, the optimization and operation of
the system are nevertheless yet to be addressed, as they have barely been developed in the
literature thus far.

To the best of authors’ knowledge, the most complete study dealing with the above
issue was presented in [26], where an optimization method to design hybrid systems based
on solar energy and biomass for supplying heat to industrial processes was proposed.
In that study, the authors formulated an optimization problem based on a weighted-
sum objective function that attempted to maximize the solar energy contribution while
minimizing the net energy balance of the complete system, which is tackled through
a dynamic model programmed in TRNSYS and MATLAB. Even though the proposed
method considers the variability on the demand profile—a basic requirement for the
correct design of these systems—the use of a dynamic model considerably penalized
the computational burden when solving the problem. In fact, the authors designed the
system considering only one week of data. Such a high computational burden discourages
the use of the proposed method for more complex and accurate analyses—for example,
with very heterogeneous demands or longer periods of data, of at least one year, that
include seasonality—unless a wide enough parallel computing network is employed.
Furthermore, considering the objective function as a weighted sum, which defines a multi-
objective optimization problem, requires carrying out numerous tests to tune the weighting
factors until reaching the desired solution, and therefore delaying and further complicating
the design process.

According to the above literature review, the main novelty of the present article lies in
the development of a demand-side optimal design method for hybrid systems that allows
users to perform an optimal dimensioning considering a heterogeneous demand over the
year, and the exemplification of this via an actual system representative of the WEF nexus.
In this sense, the main contributions can be summarized as follows:

• A demand-side optimal sizing algorithm composed of two layers is presented. The up-
per layer performs the design, based on a global optimization algorithm that attempts
to maximize the solar energy contribution in the hybrid system. Unlike the approach
presented in [26], the optimization problem is formulated as a single-objective prob-
lem with an operational constraint that prevents the key elements, such as the solar
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field, from being oversized. The approach itself facilitates its applicability since no
setting parameters need to be tuned.
On the other hand, the lower layer is responsible for evaluating the operation of the
hybrid system from the sizing parameters provided by the upper layer and sending
the results back to the same one; hence, they are in continuous communication until
the optimization algorithm converges to the global solution of the problem. Therefore,
the algorithm offers a solution that integrates both the operation of the system over
the period of time considered and the optimal design of its sizing parameters.

• The Energy Hubs (EH) [27] approach is proposed to link the two aforementioned
layers. This broad methodology allows one to build a model that represents energy
and mass balances between certain input resources that can be converted into other
output resources. Each component of the system is usually characterized by static
or time-variant conversion factors, thus, considerably decreasing the computational
burden of the problem. A complete EH model for these kinds of systems is proposed,
and the way in which these models are related to the sizing parameters provided
by the optimization technique is depicted. This type of modelling methodology is
justified as long as an effective low-level controller is implemented in the systems
under study, which was addressed in previous studies [28,29] for the solar thermal
field and biomass system, respectively.

• A case study in the province of Almería (Southeast Spain) is presented to illustrate the
performance of the proposed methodology. In this case study, a full year of data on an
hourly basis was used for design. The results obtained are analysed in operating and
economic terms demonstrating and validating the good performance of the proposed
methodology. The province of Almería is a region of special interest since, on the
one hand, its main economic driving force is agriculture based on greenhouse crop
production [30,31], and, on the other, it has a wide availability of solar energy, which
makes the implementation of solar-based technologies viable.
In addition, this province is the perfect illustration of the relevance of the WEF nexus
in the situation where there are trade-offs between (1) the production of high-quality
products that supply a large part of Europe with healthy food, (2) a development
model that has turned the poorest province in Spain into a reasonably equitable
cooperative agricultural model, and (3) huge stress on the water resources and aquifers
as well as problems with dealing with nitrate directives and controlling greenhouse
expansion. Thus, the solution offered by this paper is part of the puzzle of the
transitioning agricultural systems into more sustainable pathways.

The paper is arranged as follows. Section 2 is devoted to a description of the hybrid
system and the formulation of the EH model. Section 3 presents the development of the
proposed design optimization method, discussing how the demand is calculated, how the
hybrid facility is operated, and posing the optimization problem. Section 4 shows and
discusses the results obtained in the case study. Finally, Section 5 summarizes the main
findings of this study.

2. Hybrid Plant Description and Modeling
2.1. Plant Description

In this article, a hybrid network composed of a solar thermal field and a biomass
boiler aims to cover the demands of an isolated greenhouse environment that is located in
a coastal area. Thermal energy is required to maintain the desired temperature range for
the crops and to power a thermal desalination unit in charge of providing irrigation water.
The layout of this environment is presented in Figure 1, and this is based on different real
facilities located in Almería (Southeast of Spain).

This real representative environment allows us to directly address actual production
concerns and experiences, which is essential to demonstrate the adequacy of the proposed
method and the applicability of the obtained results. Nevertheless, it should be remarked
that these facilities are exclusively used to determine the key parameters for the EH
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modelling of the system, such as efficiency or conversion factors, and to determine the heat
demand of the greenhouse. However, they will be appropriately scaled through the design
technique proposed in this article for the case study addressed as described in Section 4.

For the solar thermal field and the thermal desalination facility, the solar membrane
distillation pilot plant located at Plataforma Solar de Almería (PSA, www.psa.es (accessed
on 9 June 2021)) is used as a reference. The solar thermal field consists of two rows of five
flat-plate collectors: Solaris CP1–Nova by Solaris Energía Solar SA, with an area of 2 m2

each, so that the total area of the solar field is 20 m2. Its total nominal capacity is 7 kWth
at 90 ◦C, and its output is connected to a thermal storage tank of 1.5 m3 that is used as
an energy buffer. The thermal desalination unit uses a commercial air-gap MD module
manufactured by Aquastill. This module has a total effective membrane area of 24 m2,
providing a maximum distillate production of around 30 L/h under the best operating
conditions [32]. Further information about this pilot plant can be found elsewhere [33].

The greenhouse and the biomass boiler are located at the Experimental Station of the
Cajamar Foundation, also in the province of Almería but 40 km from the PSA. The first one
is an Almería-type greenhouse (E–W orientation), with a total area of 821 m2, 616 m2 of
which are available for cultivation purposes. The cover is made of polyethylene, and the
greenhouse is equipped with an automatic ventilation system, incorporating side windows
on the south and north walls. On the other hand, the Missouri 150,000 multi-fuel boiler
(normally fed with biomass) is available to meet the crop’s necessities. A more extensive
description of this facility can be found in [29].

Figure 1. Supply and demand agents in the greenhouse environment.

2.2. Model of the Hybrid System

Although the hybrid system is based on the aforementioned real plants, the main
idea behind this work is to determine the optimal size of the solar field, storage tank,
and biomass boiler. For this aim, these elements were modelled through the EH method-
ology, since it allows one to obtain a direct relationship between the operation of the
different subsystems and the main design parameters that determine their size, i.e., the
total area of the solar field, capacity of the thermal storage tank, and maximum power of
the biomass boiler.

www.psa.es
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The schematic diagram of the EH model is presented in Figure 2, where each of the
components is modelled through an input port, related to any kind of energy carrier; a
conversion factor, for modelling the conversion of resources or energy; and an output
port, which represents the demand of any kind of energy [27]. In the case of the biomass
boiler, the input is the amount of biomass burned whereas the output is the thermal power
provided to the demand agents. In the solar thermal field, the input is the solar irradiance,
whereas the output is the thermal power delivered to the same agents.

Figure 2. The Energy Hubs (EH) schematic diagram from which the mathematical model is derived.

Regarding the conversion factors, the biomass boiler’s can be calculated based on
the boiler’s overall efficiency (ηb) and the Lower Heating Value (LHV) of the biomass.
This factor (ηBB) relates the biomass flow (ṁB) provided to the system with the heat flux
generated by the biomass-generated power (Q̇BB) [34]:

Q̇BB(k)
ṁB(k)

= ηBB = ηb · LHV, (1)

where k represents a discrete instant of time. In addition, the output of this equation is
limited according to the maximum power that the biomass system can provide:

0 ≤ Q̇BB(k) ≤ Q̇max
BB . (2)

In this constraint, the parameter Q̇max
BB will be computed by the optimization algorithm

responsible for determining the optimal size of the system.
In the case of the solar field, the conversion factor (ηsf) that relates the radiant power

received by the solar field (I) to the thermal power generated (Q̇s f ) can be calculated
according to the efficiency of the solar collectors [35] as:

Q̇s f (k)
I(k)

= ηs f (k) = ηo − α ·
[

Tin(k)− TA(k)
GT(k)

]
− β ·

[
(Tin(k)− TA(k))2

GT(k)

]
, (3)

where ηo denotes the collector optical efficiency, α and β are thermal loss parameters, Tin
is the inlet temperature of the solar field, TA is the ambient temperature, and GT is the
incident irradiance on a tilted plane (the collectors’ surface), which has been calculated
according to the HDKR model [36]. In this equation, I must be related to the solar irradiance
available at each sampling time and the solar field size. Thus, the following constraint
must be satisfied:

0 ≤ I(k) ≤ GT(k) · As f , (4)
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where As f is the total area of the solar field that will be computed by the sizing optimiza-
tion algorithm.

Finally, the storage state (Qs) of the thermal storage tank can be modelled as follows:

Qs(k + 1) = ηs ·Qs(k) + ηch ·Qch(k)− ηdis ·Qdis(k), (5)

where ηs, ηch, and ηdis, are the storage degradation, charge, and discharge efficiencies,
respectively, and Qch and Qdis are the charged and discharged thermal energy, respectively.
This equation is also constrained by the maximum capacity of the storage tank (Qmax

s ),
another parameter Qmax

s that will be provided by the sizing optimization algorithm.

0 ≤ Q(k) ≤ Qmax
s . (6)

2.3. Performance Indicators

In order to assess the performance of the hybrid system, different metrics will be
employed. First, the useful contribution of each of the power sources is given by the Solar
Fraction (SF) and the Biomass Fraction (BF). These metrics can be calculated as follows,
according to the total thermal energy demand (QTot), i.e., the sum of the demands of the
greenhouse and desalination plant,

SF =
p

∑
k=1

Qs f (k)
QTot(k)

, (7)

BF =
p

∑
k=1

QBB(k)
QTot(k)

, (8)

where p is the number of samples considered in the analysis. Similarly, the amount of
biomass used with respect to the solar fraction can be computed through the Biomass
Power Utilization Index (BPUI) [26]:

BPUI =
BF
SF

. (9)

In relation to the economic profitability, the first selected metric to be analysed has
been the Levelized Cost of Heat (LCOH), which corresponds to the adaptation of the
well-known index Levelized Cost of Energy (LCOE) to projects where the systems to be
evaluated generate thermal energy instead of electricity, such as the hybrid solar-biomass
power plant considered in this work. This metric is calculated as the ratio between the total
life cycle cost and the total lifetime energy production of the power plant [26],

LCOH =
CInv + ∑N

i=1
CO+CM
(1+r)i

∑N
i=1

γ·Q
(1+r)i

, (10)

where N is the useful life of the system expressed in years, CInv, CO, and CM are the
investment, operation, and maintenance costs, respectively, Q is the total heat provided by
the solar field or biomass boiler depending on the studied system, r is the discount rate
(a nominal value has been employed in this article as described in Section 4), and γ is a
conversion factor.

Another interesting economic indicator for these kinds of investments is the dis-
counted payback period, which can be seen as a measure of the risk inherent in the project.
This metric determines when profit generation starts, in other words, when the cash flow is
positive, indicating how certain the project cash inflows are [37]. This can be calculated by
using the Cash Flow (CF) per year, which is given by the formula
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CF(i) = −CInv +
i

∑
j=0

−CO − CM + Csavings

(1 + r)j , ∀i ∈ {1, . . . , N}, (11)

where i is the year under study, and Csavings accounts for the savings obtained with the
hybrid heating system. Note that cash flow is negative the first year of investment; how-
ever, when the cumulative cash flow turns positive, the discount payback period is reached.

3. Design Optimization Method

The main objective of this work is to develop an operation-based optimization design
method that exploits the synergies between the operational and design phases. In order to
simultaneously take into account these phases, the developed algorithm was divided into
two layers related to each other as shown in Figure 3. In the operational layer, a one-year
meteorological dataset of the selected location is used to simulate the performance of the
different subsystems. First, the thermal (Qg) and water demands (Mtrp) of the greenhouse
are computed by means of its climate and humidity models, and then an EH model of the
desalination facility is used to predict its thermal demand (QD).

Once both demands are calculated, they are used in the EH model of the solar-biomass
system, which is governed by a rule-based control system in charge of ensuring the required
thermal power to cover the demands. As presented in Figure 3, the sizing layer includes
an optimization algorithm responsible for providing the optimal design of the system,
according to a given objective function that attempts to ensure a sustainable energy supply
by minimizing the biomass boiler contribution.

The communication between layers can be summarized as follows: (i) the sizing
parameters provided by the optimization algorithm are sent to the operational layer to
configure the EH model of the solar energy–biomass system, and (ii) in the operational layer,
the one-year simulation is performed and the states of the different devices throughout it
are sent to the sizing layer in order to calculate the new value of the objective function. This
procedure is repeated until the optimization algorithm converges to the global solution.
Figure 4 shows a detailed solving flowchart of the design algorithm to better clarify the
aforementioned procedure. In addition, the following subsections depict each of the blocks
presented in Figure 3.

Figure 3. Schematic diagram of the design optimization algorithm.
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Figure 4. The solving flowchart diagram.

3.1. Operational Layer: Thermal Demand Calculation

As mentioned above, the first step to carry out the optimal design of the hybrid
system consists of predicting the thermal demand of both the greenhouse and the thermal
desalination facility. The heat required by the greenhouse can be estimated using the
climate model of this environment, as presented in [38]; hence, the temperature inside the
greenhouse (Ta) can be calculated as follows:

caρa
vg

Ass

dTa

dt
= q̇sol,a + q̇cv,ss−a + q̇heat − q̇cv,cnd−e − q̇ven − q̇trp, (12)

where q̇sol,a represents the radiative flux heating in the inside air through the cover, q̇cv,ss−a
is the convective flux with the soil surface, q̇heat is the contribution of the heating sys-
tem, q̇cv,cnd−e is the convective heat transfer with the outside air, q̇ven is the heat lost by
natural ventilation and infiltration, and q̇trp is the latent heat effect of crop transpiration.
The remaining variables are presented in the Nomenclature section (see the Appendix A).

In addition, to calculate the thermal energy required by the thermal desalination plant,
the water needs of the crops must be also estimated. This can be carried out by using
the internal air humidity model of the greenhouse in which the humidity (Habs,a) can be
computed as [38]:

ρa
va

Ass

dHabs,a

dt
= Mtrp −Mvent, (13)

where Mtrp is the crop transpiration flux, which represents the amount of water lost by
the crops during the transpiration process and that must be supplied through irrigation,
and Mvent is the outflow by natural ventilation and infiltration. The remaining variables
are also presented in the Nomenclature section.

The above equations were used in static mode for two reasons: on the one hand,
to reduce the computational burden of the simulations as an entire year of meteorological
data will be considered in the optimization routine, and, on the other, to directly link the
climate model and the EH model within the optimization procedure. Thus, the temperature
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inside the greenhouse can be calculated at each sampling time as a function of the following
meteorological variables:

Ta(k) = f (TA(k), G(k), Vw(k)), (14)

where f (·) is a function of its arguments, and Vw is the wind velocity. For this calculation,
we assumed that the heating and ventilation systems of the greenhouse cannot be used at
the same time. Thus, first, the temperature inside the greenhouse is calculated assuming
that these two systems are turned off. Afterward, the heating or cooling needs are calculated
based on the inner temperature set-point (TSP), which means that, if the temperature inside
the greenhouse is over TSP, the ventilation must be used and the thermal contribution of
this system is considered,

q̇ven(k) = f (TSP(k), TA(k), G(k), Vw(k)), (15)

otherwise, the heating system must be utilized to reach the set-point temperature and the
heat flux needs to be taken into account instead,

q̇heat(k) = f (TSP(k), TA(k), G(k), Vw(k)). (16)

In this way, the heat flow rate needed by the greenhouse is given by Equation (17)

Q̇g(k) = Ass · q̇heat(k). (17)

To calculate the needs of the thermal desalination facility, the crop transpiration flux is
computed by using Equation (13) in static mode as a function of the following variables:

Mtrp(k) = f (Ta(k), G(k), Vw(k), Hr(k)), (18)

where Hr is the external relative humidity. Then, the thermal needs of the desalination
plant can be calculated using the EH methodology according to the Specific Thermal Energy
Consumption (STEC) of the MD module as follows [39]:

Q̇D(k)
Mtrp(k)

=
δ · Ass · ηss · STEC

ρwa
, (19)

where ηss is related to the water losses in the substrate, δ is a conversion factor, and ρwa is
the water density.

3.2. Operational Layer: Rule-Based Control System of the Hybrid System

This system is used to deploy an operational scheme that guarantees the energy
required by the greenhouse and the desalination system despite solar irradiance distur-
bances and demand variations. To this end, solar energy is considered as the primary
energy source while the biomass boiler is used as backup. According to the above issues,
the rule-based control algorithm can be summarized as follows:

1. If the solar irradiance is higher than a threshold value, the solar field is turned on and
the energy provided by this system is used to cover the demand.

2. If the energy provided is higher than the demand, the surplus is stored in the stor-
age system.

3. Otherwise, either the remaining energy in the thermal storage tank (if any) is used to
cover the demand or, if not, the biomass boiler is used instead.

3.3. Sizing Layer: Optimization Problem Statement

In line with the ideas presented in [26] for these kinds of systems, the objective function
of the sizing optimization algorithm is aimed at minimizing the BPUI. In other words,
the optimal solution consists of minimizing the contribution of the biomass boiler to ensure
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a sustainable energy supply. However, this optimization problem must be constrained
to avoid an oversized solar field and storage system. Therefore, the energy balance over
the entire simulation period in the operational layer, concerning the contribution of the
heating system (both Qs f and QBB), the demands (QD and Qg), and the thermal losses
in the storage device (Qloss, this term is computed based on the storage degradation in
Equation (5)) needs to be added as a constraint to ensure economic profitability of the
designed system, and the optimization problem can be formulated as follows:

min
Q̇max

BB ,As f ,Qmax
s

BPUI,

subject to:
p

∑
k=1

Qs f (k) + QBB(k)−Qg(k)−QD(k)−Qloss(k) = 0,

LBB ≤ Q̇max
BB ≤ UBB,

Ls f ≤ As f ≤ Us f ,

Ls ≤ Qmax
s ≤ Us,

(20)

where L and U are related to the lower and upper bounds of the design parameter of the
respective systems. To solve the optimization problem, a genetic algorithm [40] ensures
convergence toward a global solution given the nonlinear behaviour of the objective
function. Furthermore, to avoid the complete evaluation of infeasible solutions in the
operational layer (which, for a one-year period, is quite time consuming), if, at any sampling
time, the energy demand cannot be covered by the power systems and the remaining energy
in the storage tank, the simulation is aborted, and a high value, i.e., 106, is considered as
the cost of the objective function.

4. Results and Discussion

The case study based on the facilities described in Section 2 serves to illustrate the
developed methodology in the design of a solar energy–biomass heating system for an iso-
lated greenhouse environment, which has been adapted to replicate a real-world example
of a small plot greenhouse holder. In this way, regarding the greenhouse included in the
case study, the same greenhouse structure as the one described in Section 2 was used to
configure the model. However, since this is a pilot-scale greenhouse, the results in terms of
heat flux and crop transpiration were extrapolated to a crop cultivation area of 1 ha, which
is more representative of small–medium farms in the province of Almería [41].

The set-point temperature to calculate the heating demand was established at 14 and
21 ◦C for the night and day periods, respectively, whereas the relative humidity inside
the greenhouse was constrained between 40–90%. Both the temperature and humidity
operating conditions were chosen following the recommendations provided in [42] for
tomato cultivation, the type of crop considered in this study. To provide a more realistic
case, we assumed that two cultivation campaigns were carried out over the simulated
year, one long campaign, from September to May, and a short one, from June to July, while
August was devoted to carry out maintenance work, with no crops inside the greenhouse.
This reproduces the timing and operating conditions that are usually used in the province
of Almería for tomatoes.

With regard to the EH model of the solar energy–biomass system and the desalination
plant, the setting parameters used to configure it are shown in Table 1, as well as the sources
from which their values were obtained. Most of the parameters come from certification or
experimental tests performed in the actual facilities. In addition, the threshold irradiance
value used in the rule-based controller to turn on the solar field was fixed at 250 W/m2

following the typical strategies used in solar thermal fields [28].
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Table 1. Value of the parameters of the EH model.

ηb
1 HV 2 ηo

3 α 3 β 3 ηs
4 ηch

4 ηdis
4 ηss

5 STEC 6

[-] [kWh/kg] [-] [W/(m2K)] [W/(m2K3)] [-] [-] [-] [-] [kWh/m3]

Value 0.8 4.86 0.775 3.723 0.016 0.95 0.98 0.98 1.2 106.6
1. Obtained from [34]. 2. Obtained from the database of the European Biomass Industry Association [43], considering, as biomass, Pellets
at 8% moist. 3. Obtained from collector’s certification [44]. 4. Obtained from [45]. 5. Obtained from the operation experience in the real
greenhouse. 6. Obtained from [46] considering the optimal operating conditions reported in that study.

For the simulation and design of systems, Meteornorm v7 Typical Meteorological
Year (TMY) for a representative coastal location at the province of Almería was used to
conduct corresponding model calculations on an hourly basis [47]. TMY data were checked
for consistency with the daily records of an available twenty year agro-climatic station
in close vicinity of the selected greenhouse placement [48]. The overall meteorological
conditions that mostly affect the greenhouse indoor climate, i.e., the irradiation and ambient
temperature, are presented in Figure 5 on a monthly basis. Note that the total global
irradiation along the year was 1827 kWh/m2.
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Figure 5. The monthly global irradiation and mean temperature of the Typical Meteorological Year
(TMY) used.

The algorithm was programmed in MATLAB code (release 2020b), and the genetic
algorithm used to solve the optimization problem is included in the Global Optimization
Toolbox of this software (the reader can find further information about it in [49]). The code
was run on a PC with an Intel Core i7 CPU 2.5 GHz (four cores) and 16 GB of RAM.

The remaining subsections show and discuss the optimization and analysis of the
hybrid solar energy–biomass heating network. First, the results of the optimization proce-
dure that identifies the optimal sizing of the system are presented. Second, the optimized
plant performance is depicted by showing several weeks of system operation for the year
under consideration. Lastly, the solution provided by the algorithm is analysed taking into
account different aspects and putting special attention toward the economic viability of the
hybrid using LCOH and the discount payback period.

4.1. Optimal Design

As commented, the ga algorithm from MATLAB was used to solve the optimization
problem. This algorithm allowed us to deal with the nonlinear behaviour of both the objec-
tive function and the constraint related to the energy balance of the system, as presented
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in the formulation of the optimization problem in Equation (20). Within the optimization
procedure, a complete year of meteorological data on an hourly basis was considered.
The main advantage of taking into account data on such a small time scale is that it allowed
us to make a much more accurate design of the hybrid heating system, considering the
time-varying demands of the greenhouse and desalination facility (see Figure 6).

However, this detailed simulation significantly penalized the solving time of the
optimization problem. For this reason, the ga algorithm was configured to be executed in
parallel, trying to take advantage of all the hardware resources available in the PC, i.e., the
four cores, to reduce the solving time. The bounds in Table 2 were used in the optimization
problem to limit the search space. In this way, the time required to solve the problem was
around 20 min, leading to the results summarized in Table 3.

Table 2. The upper and lower bounds used in the optimization problem.

Lower Bound, Li Upper Bound, Ui

Ass 0 10,000

Q̇max
BB 0 6000

Qmax
s 0 10,000
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Figure 6. Distribution of the hourly thermal demand of the greenhouse (Qg) and desalination facility
(QD) throughout the year under consideration.

Table 3. Values of the optimal sizing parameters and performance metrics.

Optimal Sizing Parameters Performance Metrics

As f Q̇max
BB Qmax

s SF BF BPUI
[m2] [kW] [kWh] [-] [-] [-]

Value 266 4234 425 0.16 0.84 5.25

The optimal size of the solar field was found to be around 266 m2, the thermal storage
system has a maximum capacity of 425 kWh, whereas the optimal maximum capacity of
the biomass system takes a value of 4234 kW (note that this value refers to the total biomass-
generated power, not a single boiler). This configuration led to a solar fraction of 16%, and,
consequently, to a biomass fraction of 84%. The relatively low solar fraction was due to the
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heterogeneous demand of the system. Although the accumulated demand of both systems
was balanced, the greenhouse represented the 51% of the total demand and the desalination
facility represented the remaining 49%, the greenhouse’s demand appeared mainly in the
form of sharp peaks during the night periods in the winter months (see Figure 6). This
prevented an increase in the solar fraction since it would give rise to oversized designs of
the solar field and thermal storage tank that would not be justified taking into account the
demand during the rest of the year, which was more homogeneous since it was attributed
only to the desalination plant (see Figure 6). In June, the demand of the desalination plant
was lower since it coincided with the start of the second growing season (the demand for
water, and therefore for heat, increases as the plants grow), while, in August, there was no
demand as there were no crops inside the greenhouse as commented above.

4.2. Optimized Plant Performance

This section shows two weeks of operation at two different periods of the year to
demonstrate the performance of the optimized hybrid system in the daily operation.
The first one corresponds to the week of 7 to 14 January and is presented in Figure 7. In this
case, there was thermal demand both from the greenhouse, for heating, as it was a cold
month, and from the desalination plant, to cover the irrigation water needs (see Figure 7c).
The main peculiarity that occurs in this case is that the two demands are decoupled in
time, that is, the heating demand of the greenhouse is predominant at night, while the
demand of the desalination plant is higher during the day since the transpiration of the
crops is directly related to the solar irradiance. This disparity supports the application of
the proposed design optimization method using an hourly basis simulation to undertake
an adequate demand-side design.

Figure 7. Simulation results during the week of 7 to 14 January. (a) Global irradiance (G) and storage
tank state (Qs), (b) the total thermal energy demand of the system (QTot), contribution of the biomass
boiler (QBB) and contribution of the solar field (Qs f ), and (c) the greenhouse thermal energy demand
(Qg) and thermal desalination facility demand (QD).

The scheduling performed by the rule-based control can be seen in Figure 7b. On the
first, second, and third days, as the global irradiance was over the threshold value, the ther-
mal demand of the desalination plant was covered using the entire energy provided by
the solar field and using the biomass boiler as backup. During the night, as there was no
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room to store energy in the thermal storage tank due to the irradiance conditions and high
demand during the day (see Figure 7a), the heating demand of the greenhouse was totally
covered with the biomass boiler. Something similar happened in the rest of the days in
which, due to the low availability of irradiance typical at this time of the year (more likely
to have partially or totally overcast skies), the solar field could hardly be operated, and
almost all the energy was covered with the biomass boiler.

The second week corresponded to the week of 17–24 June and is displayed in Figure 8.
Here, the panorama was different from the one shown previously. First, there was no
demand for heating as it was a summer month, and, secondly, the thermal demand from the
desalination plant was lower than in the previous case (see Figure 8c). The latter occurred
since the size of the crops was smaller as it was almost at the beginning of the second
growing season. In this way, it can be observed how the rule-based control system used
part of the energy provided by the solar field to meet the demand of the desalination plant
(see Figure 8b), while the rest was stored in the tank (see Figure 8a).

This allowed, on days with lower irradiance values or with disturbances, such as
the second day of the week shown, part of the energy stored in the tank could be used to
cover the demand, avoiding the operation of the biomass boiler (see Figure 8b) and, thus,
leading to a much more sustainable and efficient operation of the hybrid system in terms
of emissions.

Figure 8. Simulation results during the week of 17 to 24 June. (a) Global irradiance (G) and storage
tank state (Qs), (b) the total thermal energy demand of the system (QTot), contribution of the biomass
boiler (QBB) and contribution of the solar field (Qs f ), and (c) the greenhouse thermal energy demand
(Qg) and thermal desalination facility demand (QD).

4.3. Analysis of the Optimal Solution

The solution provided by the algorithm must be evaluated in terms of not only the
technical feasibility but also the economic, social, and environmental impacts in order
to address sustainability. As the plant’s layout is already bound, up to a certain point,
to the two latter issues in the Almerian agricultural system (all the energy carriers are
renewable, part of the biomass can come from agricultural waste, and desalination con-
tributes to reducing the overexploitation of aquifers), no externalities, such as ecosystem
impacts and/or resource limits, were considered. Only the economic viability was studied
to evidence the effectiveness of the proposed design method. For this purpose, the LCOH
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and discount payback period of the given solution were analysed using the nominal values
presented in Table 4 to configure the economic model.

Table 4. The purchase prices considered for each device, the investment costs of the solution delivered by the algorithm, the
operating and maintenance costs, the discount rate, and the life time of the plant. The values reported in the last three rows
are used for the three devices, i.e., the solar field, biomass boiler, and thermal storage tank.

Cost/Unit CInv [e] CO CM r N [Years]

Solar field 200 a e/m2 53,200 0.009 d kW/m2

0.5% e of CInv 3% f 25Biomass boiler Power law rule b 491,860 0.225 d e/kg

Thermal storage tank 62 c e/kW 26,350 -
a Obtained from the work in [50], b calculated through the power law rule according to the ideas presented in [51], c obtained from the
work in [26], d obtained from reference [52] (considering also the same electricity price of that work to calculate the operating cost of the
solar field), e obtained from reference [53], f obtained from [54].

The first economic metric evaluated was the LCOH, which gives information about the
cost of the energy produced by each device. The value of the LCOH for the solar thermal
field was found to be around 0.035 e/kWh, and the biomass boiler was 0.078 e/kWh.
These figures are in agreement with the LCOH values reported in the literature for similar
applications. For example, in the case of the solar thermal field, an LCOH of around
0.03 e/kWh was obtained in [53], whereas, in the case of the biomass boiler, LCOH values
ranging from 0.07 to 0.10 e/kWh, depending on the biomass price, were disclosed in [26].

This demonstrates the adequacy of the solution provided by the algorithm. The LCOH
values can also be compared to other energy sources employed in these kinds of environ-
ments, especially fossil fuels, which tend to be the economical alternative at the expense of
their environmental impact. As discussed in [31], gas and diesel boilers are normally used
for providing heat to greenhouses, especially in isolated areas. The base price of natural gas
is 0.05 e/kWh, which may be higher if there is no nearby natural gas distribution network,
whereas diesel fuel can reach 0.45 e/kWh in off-grid locations [55].

These reference prices prove the viability of the designed hybrid system, even without
considering the environmental benefits, and suggest that it is especially attractive to
be implemented in rural areas without access to the natural gas distribution network,
in which the price of this resource could be higher than the reference value because of the
transportation costs, or, directly, diesel could be the only option available.

The second economic indicator analysed was the discount payback period. This
metric is highly dependent on the fuel price considered for comparison purposes, as this
price influences the term Csavings in Equation (11). For this reason, several fuel prices from
0.01 to 0.45 e/kWh were taken into account to perform a sensitivity analysis as shown in
Figure 9. This range was chosen to encompass the price that a conventional source, such as
natural gas can reach in different countries considering the supply and demand particular
conditions, the national energy mix, geopolitical situation, network costs, import diver-
sification, environmental protection costs, or levels of excise and taxation [56], and, also,
the price that this kind of conventional sources can attain in isolated rural environments,
i.e., 0.45 e/kWh [55].

In this way, as observed in Figure 9, for the case of a fuel price of 0.05e/kWh (nominal
price of the natural gas) the discount payback period was 13 years. Although this is a
relatively high value, it is within the useful life of the system confirming its economic
profitability. Nevertheless, this result improved considerably as the price of fuel increased,
reaching periods of 4 years when compared to a fuel price of 0.08 e/kWh and of around
one year from a price of 0.25 e/kWh onwards. This means that, in locations where diesel is
the only option, the use of the hybrid system is much more profitable, and the investment
cost of the hybrid facility can be recovered almost immediately. Finally, it should also be
noted that, for prices below 0.05 e/kWh, the investment is not profitable.
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Figure 9. The discount payback period as a function of different fuel prices.

5. Conclusions

This paper demonstrates that sustainable farming solutions, within the WEF nexus
approach, can be carried out by implementing EH-based models and renewable hybrid
systems for energy production. In particular, a demand-side optimization algorithm for
sizing solar energy–biomass plants was proposed to be implemented in isolated greenhouse
environments. An opportunity for agriculture presents itself as this innovative method
of designing systems may ease decision-making for farmers, on whom the burden of
the transition to sustainable farming systems might be unduly placed in the near future.
The main findings that can be drawn from this study are:

• The proposed algorithm resulted in a powerful tool to carry out demand-side design
of solar-biomass hybrid systems for greenhouse environments. Its use is especially
recommended for applications where the demand is heterogeneous, such as for the
case study conducted. There was a high demand for heating during the winter months
and a more homogeneous demand during the rest of the year due to the thermal
consumption of the desalination plant used to provide the irrigation water.

• The use of the EH modelling methodology was proven to be an effective mechanism
for bridging the design and operation phases. This methodology allowed us to
evaluate, in a simple and fast way, each of the designs proposed by the optimization
algorithm during a full year of operation. This resulted in a much more adequate
design of the system and avoided the oversizing of key elements for the economic
profitability of the system, such as the solar field and the thermal storage tank.

• Regarding the case study, the results revealed an optimal solar fraction for the con-
sidered location (Almería province) and greenhouse size (1 ha) of 16%. With this
solar fraction, the system was able to cover almost the complete thermal demand of
the desalination facility during hot months where there was no heat demand from
the greenhouse.

• Finally, the economic evaluation performed in terms of the LCOH and discount
payback period confirmed the adequacy and viability of the solution provided by the
design algorithm, especially for isolated areas where the price of conventional sources
can be relatively high due to transportation issues.

Future work will focus on extending the design technique to multi-objective opti-
mization frameworks that consider economic, technical, and environmental issues, which
normally conflict in these kinds of systems. Moreover, further studies on the control system
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of the operational layer will be performed. In this article, a rule-based controller was em-
ployed that was proven to be effective for design purposes; however, for practical situations
where irradiance disturbances play a major role, the use of advanced control techniques,
such as model predictive controllers, is more appropriate and could become essential for
the successful implementation of solar-energy biomass systems in real-world applications.
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Abbreviations
The following abbreviations are used in this manuscript:

BF Biomass Fraction
CF Cash flow
EH Energy Hubs
HV Heating Value
LCOE Levelized Cost of Energy
LCOH Levelized Cost of Heat
MD Membrane Distillation
PSA Plataforma Solar de Almería (Solar Platform of Almeria)
SF Solar Fraction
STEC Specific thermal energy consumption
TMY Typical Meteorological Year

Appendix A

Nomenclature

Table A1. Variables and parameters.

Variable Description Units

A Area m2

BF Biomass fraction -
BPUI Biomass power utilization index -
C Cost e
c Specific heat J/kg K
CF Cash flow e
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Table A1. Cont.

Variable Description Units

GT Incident irradiance on a tilted surface W/m2

HV Heating value Wh/kg
Habs Absolute humidity kgwater/kgair
Hr Relative humidity %
I Radiant power received by the solar field W
L Lower bound of the decision variables in the optimization problem -
LCOH Levelized Cost of Heat e/kWh
k Discrete instant time -
M Water mass flux kg/m2s
ṁ Flow rate kg/h
N Useful life of the system years
p Number of samples used in the optimization procedure -
Q Heat Wh
Q̇ Heat flow rate W
q̇ Heat flux W/m2

r Discount rate -
SF Solar fraction -
STEC Specific thermal energy consumption kWh/m3

T Temperature ◦C
U Upper bound of the decision variables in the optimization problem -
V Velocity m/s
v Volume m3

α Thermal loss parameter 1 of the solar field W/(m2K)
β Thermal loss parameter 2 of the solar field W/(m2K2)
γ Conversion factor to pass from Wh to kWh 10−3 kWh/Wh
δ Conversion factor to pass from kWh to Ws 6·104 Ws/kWh
η Efficiency -
ρ Density kg/m3

Table A2. Subscripts and superscripts.

Subscripts and Superscripts Description

A Ambient
a Greenhouse internal air
B Biomass
b Boiler
BB Biomass boiler
ch Charge
cv Convection flux
cnd Conduction flux
D Desalination plant
dis Discharge
e Greenhouse external conditions
g Greenhouse
heat Heating system
in Inlet solar field temperature
Inv Investment
loss Thermal losses in the storage tank
M Maintenance
max Maximum
O Operation
o Related to the solar collector optical efficiency
SP Set-point
s Storage
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Table A2. Cont.

Subscripts and Superscripts Description

s f Solar field
ss Soil surface
sol Solar absorption
savings Related to the savings obtained with the solar-biomass system
Tot Referred to the total thermal energy demand of the system
trp Transpiration of the crop
ven Ventilation flux
w Wind
wa Water
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