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A B S T R A C T

In this article, the preliminary routing, sizing, and cost structure of a heat network that supplies energy, in an
agrarian district, to greenhouses located around a cogeneration plant in the municipality of El Ejido (Almería)
is presented. A genetic algorithm is employed to select a set of points of consumption (plots of land)–which
indirectly determine the network routing over the road network–resulting in a project with a better net present
value. To obtain the routing, the Steiner tree problem is solved through an approximation that involves several
algorithms derived from graph theory and the use of georeferenced information. The design is constrained to
ensure technical feasibility, so that the available thermal power from the plant, averaged for hourly periods
over a year, is greater than the demand from the greenhouses. The said demand is calculated through an
empty-greenhouse climate model, considering temperature setpoints compatible with the most common crops
in the region. According to the results, a network of total length equal to 1.3464 km and an average pipe
diameter of 0.1532 m would be required to annually supply 8621.4 MWh of heat to 12 points of consumption.
The net present value of the project would be 6 417 900 AC, considering a 3% discount rate and useful life of
30 years, with an initial investment cost of 1 723 300 AC and an annual operation cost of 15 800 AC year−1. A
sensibility analysis of the variables with greater economic impact is also presented.
1. Introduction

For years, the European Union has been implementing policies for
decarbonization in which heat and cold networks are presented as one
of the main infrastructures capable of efficiently integrating energy
produced from various renewable sources [1]. Although its use is not
so widespread globally, its potential as an alternative to meet future
heat and cold energy needs has already been demonstrated [2]. The
current geopolitical context, in which Europe has recently been hit
by an energy crisis [3], suggests that its implementation should be
accelerated, as happened in Denmark with the global energy crisis of
the 70 s, which is now a pioneer in this type of systems [4].

When it comes to designing a new thermal network, it is very com-
mon to use geographic information systems (GIS) to address the spatial
aspect with georeferenced information. This is because the location
and quantification of production and points of consumption, as well
as the pre-existence of roads and buildings that restrict its layout, will
determine the total length and, consequently, the investment costs [5].
To cite some examples, the QGIS tool [6] has been used in the feasibility
study of a thermal network located in Vitoria-Gasteiz [5], and in the
analysis of spatial clusters of points of consumption with potential
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for the deployment of this type of networks [7]. Extensions for GIS
have also been developed to solve the routing problem automatically,
such as the STEFaN algorithm, which can be integrated into QGIS
itself [8], or the so-called Comsof Heat [9]. The problem is that they
use a pre-established model, hence they lack flexibility when there are
specific needs in the design process, if compared to general-purpose
tools or programming languages. As for other alternatives, the selection
of points of consumption is generally fixed beforehand, even when the
optimal routing of the network may mean not guaranteeing supply
to all points in that area. Such a problem is not strange, given the
fact that ‘‘current open-source tools for energy systems simulation and
optimization are still relatively limited’’ [10].

Moreover, the literature available mainly considers cases in urban
environments, with commercial or residential buildings, relegating to
a second place those networks that could be deployed in industrial
or agricultural areas. Whilst the overall energy consumption of the
former ones indeed tends to be higher [11], and this may have at-
tracted more attention, one of the factors that indeed determine the
economic viability of a thermal network is demand density [12]. Al-
though this factor plays in favor of most urban environments, which
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Nomenclature

Symbol Description (Units)
𝐴 Area of each plot obtained in QGIS (m2)
𝐀 Vector of size 𝑁×1 whose elements are the

area corresponding to each supply point
(m2)

𝑎 Experimentally adjusted coefficient (slope)
to determine the cost of a substation (kW)

𝑏 Experimentally adjusted coefficient (inter-
cept at the origin) to determine the cost of
a substation (AC)

𝐶𝑖𝑛𝑣 Initial network investment costs (AC)
𝐶𝑜𝑝 Annual network operating costs (AC year−1)
𝐶𝑠𝑢𝑏 Total cost of the substations based on the

selected supply points (AC)
𝐶𝑗
𝑠𝑢𝑏 Substation cost at supply point (𝑗 AC)

𝐶1 Experimentally adjusted Persson and
Werner coefficient 1 based on country
(AC m−1)

𝐶2 Experimentally adjusted Persson and
Werner coefficient 2 based on country
(AC m−2)

𝑐 Cost of the electrical energy that Ence
would stop selling in order to operate the
thermal supply network (AC kWh−1)

𝑑𝑎 Average pipe diameter according to Pers-
son and Werner (m)

𝑑𝑖𝑎𝑔() Function that returns the vector of its
argument in diagonalized form -

𝐸 Energy that would be consumed annually
at the selected supply points (kWh year−1)

𝑒𝑐 Cover thickness (mm)
𝑓 (𝐻𝑜𝑌 ) Expression that returns the power based on

the argument (𝐻𝑜𝑌 kW)
𝐺 Global radiation in the horizontal plane

(Wm2)
𝐻𝑜𝑌 Hours elapsed since the beginning of the

year (ℎ)
𝑖 Discount rate used to estimate the present

value of all cash flows (-)
𝐿 Total network length (m)
𝑚𝑎𝑥() Function that returns the maximum value

of its argument (-)
𝑁 Total number of supply points (-)

𝑛 Number of years corresponding to the
useful life of the project (year)

𝑁𝑃𝑉 (𝐱) function that returns the current net value
of the network as a function of (𝐱 AC)

𝑃 Perimeter of each plot obtained in QGIS
(m)

𝑃𝑒 Electrical power at the generator terminals
(MW)

𝑝 Sales price of the energy consumed
(AC kWh−1)

𝑄𝑐 Thermal power generated by the combus-
tion of dry biomass (MW)

usually have multi-story buildings that concentrate demand, some au-
thors consider a minimum threshold value an annual density of 5
GWh km−2 year−1 [12], which is equivalent to 18 MJ m−2 year−1. Yet
2

Fig. 1. Contrast view with the location of greenhouses (white), according to SIGPAC
data, in El Ejido (red) and in other Almerian municipalities (blue). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)

energy needs in greenhouses are very diverse, in order to maintain
appropriate interior temperature levels for the main activity carried out
inside (crop growth), literature shows that annual consumption usually
ranges from 3000 MJ m−2 year−1 in northern European countries to
around 150 MJ m−2 year−1 at latitudes such as those in southeastern
Almería [13]. Note that this minimum estimated value for thermal
needs in greenhouses (which according to the authors of the study
corresponds to an economical strategy, versus optimizing production
volume) exceeds by almost an order of magnitude the threshold of 18
MJ m−2 year−1 considered for the viability of a district heating network.

Finally, Almería is home to the largest concentration of green-
houses in the world, with the greenhouse area of El Ejido being the
largest in the province (Fig. 1): 42% of the total, according to 2012
data [14]. Given also the likely future construction of a biomass co-
generation plant in the same area, a project that was initiated in 2017
and has recently obtained environmental authorization from the Junta
de Andalucía [15], an opportunity presents itself: these conditions
could be compatible with the implementation of a thermal network for
greenhouses, as this work aims to determine.

Based on what has been presented so far, the scientific and social
interest of this study can be summarized in the following ideas.

• The current design methodologies for heat networks do not con-
sider the selection of favorable or unfavorable points of consump-
tion in the layout. The design is self-limited by including all pre-
selected points in the network layout, even when economically
it may be more profitable to have a shorter network that only
connects those points of consumption with higher demand. In
this regard, other authors have highlighted the importance of the
initialization strategy adopted for the optimization algorithm [16]
and hence a novel technique consisting in pre-determining the
layout for a smaller inner ring is also proposed in this study.

• To the best of the authors’ knowledge, there are no publica-
tions regarding the design of thermal supply networks in agri-
cultural contexts. However, there is interest in greenhouse agri-
culture in increasing crop production by reproducing favorable
climatic conditions, which on many occasions includes injecting
CO2 and/or thermal energy from fossil fuels [14]. There is also in-
terest in analyzing sustainable alternatives to both meet the heat
demand due to industrial activities in southeastern Spain [17]
and synergistically combine CO2 capture systems with district

heating [18].
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Fig. 2. Contrast view with the location of greenhouses (white), according to SIGPAC
data, and the cogeneration plant (red) in the municipality of El Ejido. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of this article.)

• The outcome of this work responds to a potential situation in
which useful heat could be wasted at the cogeneration plant.
Although, according to the company, that heat is intended to be
used in drying the biomass used by the plant, it might happen
that at certain times there is more production than heat demand.
The existence of a supply network would provide flexibility to the
operation of the plant, allowing its distribution to greenhouses
when technical or economic reasons so require.

Therefore, the main objective of this work is the predesign and
economic analysis of a thermal network to supply a certain number
of greenhouses located, as can be seen in Fig. 2, around the plant that
Ence Energía 𝑦 Celulosa, S.A. has projected in El Ejido [15].

2. Materials and methods

The profitability of a heat network is usually analyzed based on
investment costs, operational costs, and the benefit obtained from the
provision of the supply service, that is, the sale of useful heat [19].
Although a detailed analysis of these would require the complete
development of the project, to know the material needs and sizing, it is
also possible to carry out a preliminary feasibility analysis based on the
tools available in the literature, as detailed in the following sections. A
copy of the MATLAB data and code employed in this research study
can be found on GitHub1 and Fig. 3 summarizes the approach adopted
with regard to data processing.

As other authors have presented, the available and demanded heats
need to be calculated first [20,21], as well as a graph representing all
of the possible routes for the pipes of the networks [20].

• To estimate the available heat for the potential consumers, real
data from the plant, published by the public administration, has
been analyzed and used to define an annual curve, as explained
in Section 2.1.

• To estimate the potential demand from the consumers, the typ-
ical meteorological year of the region together with a climate
model for greenhouses of the municipality have been employed
as detailed in Section 2.2.2.

• To locate each possible point of consumption and determine the
possible routes for the pipes of the networks public information
from the roads and plots of land in the municipality have been
processed within QGIS environment to generate a planar graph
that has been then exported to MATLAB (see Section 2.2.1).

• A genetic algorithm, fed with the above-said information and
executed in MATLAB, is responsible for providing the refined
design of the network, as further detailed in Section 2.3.

1 https://github.com/jerort/greenhouses_DHN
3

2.1. Heat availability estimation

In this work, only the costs directly related to the network are
analyzed, assuming the existence of thermal energy sources whose
construction and operational costs are not part of this analysis (the
sale price of thermal energy is). In particular, in this study, only a
single heat source is considered, corresponding to the Ence Energía 𝑦
Celulosa, S.A. cogeneration plant (hereinafter ‘‘the plant’’ or ‘‘Ence’s
plant’’) located in El Ejido. In other words, a monopolistic status with
a policy control mechanism based on a price cap, which is the approach
for many European countries [22], is assumed.

Since it is necessary to know the thermal generation power or useful
heat of the plant, data that has not been disclosed to the media, they
can be estimated based on the information available in the Integrated
Environmental Authorization (AAI) of the project [23]. On the one
hand, Table 1 collects the characteristics of interest for this section
according to the design that Ence describes in the AAI. The thermal
power of the biomass boiler provided by Ence refers to fuel feed and
not to the useful heat of the generated steam, as explained in the AAI
itself. Likewise, given the fuel data in Table 1, this fact can be verified,
considering the lower heating value (LHV) of biomass (mixed with
traces of plastic) and the fuel flow.

On the other hand, according to the main activities required to
operate the plant, which are stated in the aforementioned AAI, the heat
available for the thermal network (𝑄𝑛𝑒𝑡) can be estimated by means
of Eq. (1),

𝑄𝑛𝑒𝑡 = 𝜂𝑝𝑙𝑎𝑛𝑡 ⋅𝑄𝑐 − 𝑃𝑒 −𝑄𝑑𝑟𝑦 (1)

where 𝜂𝑝𝑙𝑎𝑛𝑡 is the global efficiency of the plant (i.e. considering the
thermal power dissipated by any mean, such as gases, ashes, trans-
port processes, electrical generation...), 0.7 according to similar facil-
ities [24] and the International Energy Agency (IEA) reference val-
ues [25]; 𝑄𝑐 is the thermal power generated by the combustion of dry
biomass, 164.8 MW according to Table 1; 𝑃𝑒 is the generated electric
power, 40 MW according to Table 1; 𝑄𝑑𝑟𝑦 is the thermal power required
for drying fresh biomass.

To determine 𝑄𝑑𝑟𝑦 in Eq. (1), several hypotheses were assumed
based on the nominal design data for Ence’s plant, as further detailed
in Appendix A. As a result, Eq. (2) expresses the considered availability
of thermal power for the thermal network (𝑄𝑛𝑒𝑡) throughout the year,
so that the thermal needs for the drying process can be also met,

𝑄𝑛𝑒𝑡 =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

30 000 kW From January 1st to April 30th
𝑓 (𝐻𝑜𝑌 ) From May 1st to June 30th
0 kW From July 1st to September 30th

30 000 kW From October 1st to December 30th

(2)

where 𝑓 (𝐻𝑜𝑌 ) is an expression that returns the power as a function
of the hours elapsed since the beginning of the year (𝐻𝑜𝑌 ), in a way
that it decays, with a constant slope, from 30 000 kW on May 1st to 0
kW on July 1st. Taking into account that the number of hours elapsed,
since January 1st, on those two days is 2440 and 3904, respectively,
𝑓 (𝐻𝑜𝑌 ) can be defined by Eq. (3).

𝑓 (𝐻𝑜𝑌 ) = −30 000
3904 − 2440

⋅ (𝐻𝑜𝑌 − 2440) + 3000 (3)

2.2. Heat demand estimation

In order to obtain the thermal needs over the year for each possible
point of consumption (i.e. a greenhouse), several characteristics, such
as type of crop, climatic conditions, and greenhouse area, require to
be taken into account. Subsequently, the selection of points of con-
sumption that compose the network is carried out so that the total
power does not exceed the value of 𝑄𝑛𝑒𝑡 at any time. This ensures that
the needs of consumers are met without excessively compromising the
operation of Ence’s plant.

https://github.com/jerort/greenhouses_DHN
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Fig. 3. Schematic overview of the steps required to create the network graph used as an input for the optimization framework.
Table 1
Nominal design data for Ence’s plant.
Source: Retrieved from [23].
Feature Value

Generated, self-consumed and available electric power 40 MW; 8.5 MW; 31.5 MW
Thermal power of the biomass boiler 164.8 MW
Flow and LHV of the main fuel (vegetable biomass with 25% maximum humidity) 54.4 𝑡∕ℎ; 2480 kcal/kg
Mean and maximum percentage of plastic in biomass and LHV of the plastic 1.53%; 3.1%; 9473 kcal/kg
Water sent to the dryer 858.2 𝑡∕ℎ; 130 ◦C
Exhaust gases from the dryer 110 000 m3/h; 45 ◦C
Thus, georeferenced information from the Spanish Geographic In-
formation System of Agricultural Plots, known as SIGPAC [26], can
be used, from which the geometry and geographic coordinates of all
plots corresponding to greenhouses can be identified. Likewise, the
thermal demand curve corresponding to each plot is determined from
the climatic data of the region and from established climatic models for
greenhouses, on which some simplifications are made [27,28].

2.2.1. Georeferenced points of supply
To work with georeferenced information, QGIS software, a free and

open-source geographic information system compatible with multiple
platforms [6], is used together with a complement to download SIG-
PAC’s data [29]. Through these, the enclosures and their respective
attributes corresponding to plots in El Ejido (in .gpkg format) are
obtained. In addition, since the routing of the network is carried out
through roads to save costs, two .shp files from the Spanish National
Geographic Institute, known as IGN [30], are used: One corresponds
to the transportation networks in the province of Almería and the
other to the borders, municipalities, and administrative units. All of
the information is related to the ETRS89 reference system [31], in
geographic coordinates (EPSG 4258), hence new vector layers with
.gpkg extension and reprojected in UTM coordinates (EPSG 25830)
are first generated. Because UTM coordinates are expressed in meters,
subsequent calculations for the length of the network are facilitated.
4

The content of the original layers needs to be adapted to generate a
graph, whose use is justified in Section 2.3, with all potential points of
consumption connected through the road network. First, the road layer
from IGN is processed to eliminate undesirable geometries and yield a
new layer of linear entities in which all its elements are interconnected,
without any isolated road sections. Second, the plots corresponding
to greenhouses are identified and processed, eliminating undesirable
geometries such as internal rings in polygons, and polygons whose area
does not exceed 1000 m2 or whose area/perimeter ratio is less than 5
m, leaving a total of 14 746 plots as potential points of consumption
(Fig. 4).

Given the constraints on the network design (the routing is limited
to the roads present in the processed vector layer), the application
of graph theory is very useful [32], as other authors have already
pointed out [5,7]. Section 2.3 explains that the layout of the network is
determined by a subgraph of the graph corresponding to the entire road
network of El Ejido and the possible points of production and supply.
The information to construct that graph has been generated in QGIS,
as detailed below.

Whilst the points of supply are determined by the location of the
greenhouses, the centroid of the plant is approximately located on the
satellite view (see Fig. 4 and Fig. 5(a)) at the spot where the boiler
would be located, according to the AAI [23]. Its UTM coordinates
(ETRS89 30N) are as follows: 520 055.76 E; 4 065 150.53 N. The said
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Fig. 4. Vector layers with the roads and greenhouses in El Ejido from which the points and edges of the graph are generated.
centroid together with the centroids of each greenhouse are used to
generate, with the help of QGIS’s Networks plugin [33], six files (three
for EPSG 4258 and three for EPSG 25830) that are exported to MATLAB
programming environment [34] in .geojson format, whose content of
interest is described below.

• Connections. Includes the area and perimeter of each greenhouse
and the identifier of the ‘‘point of supply’’, node to which each
greenhouse is connected. A point of supply is defined as a point
belonging to a road that is located as close as possible to the
centroid of the plot (Fig. 5(a)). A node of this type can supply just
one or several greenhouses. The connection segment between the
centroid and the point of supply is not part of the network or the
graph.

• Nodes. Contains the identifier (numeric) of each of the 21 233
nodes of the graph representing the entire road network of El
Ejido and the possible points of production and supply (Fig. 5(b)).
Each node is assigned two logical attributes to determine whether
it is a point of supply and/or production (Ence’s plant) or simply
a vertex of the road network.

• Edges. Contains the identifier of the origin and destination nodes
that join each of the 24 384 edges of the graph and their weights,
determined by the distance between those two nodes. The dis-
tance is calculated with an ellipsoidal projection based on el-
lipsoid EPSG 7030 [35] and performing a correction based on
non-ellipsoidal geometry to consider the elevation of each vertex.

2.2.2. Heating needs in greenhouses
Instead of trying to characterize all the plots of land that have been

identified as greenhouses to obtain their potential thermal demand, a
single climatic, greenhouse, and crop model is chosen, considering the
representative data of the area in which the district heating network
would be deployed. In other words, the same thermal demand model
for a greenhouse with a geographical reference equal to Ence’s plant
centroid (36.7315◦ N; −2.7746◦ E) is used to simulate and obtain a
single annual thermal demand curve per unit area. In combination with
the area of each point of consumption, the hourly thermal demand of
each plot of land can be obtained. Among the hypotheses considered
to justify this decision, it is worth mentioning the following.
5

• PVGIS, which is used to extract the typical meteorological year of
the region, has a geographical resolution of 0.28◦ [36,37], a value
greater than the geographical extension of the plots (0.13◦ N–S
and 0.24◦ E–W).

• By having a single annual power curve dependent on the area (as
opposed to a curve for each plot), the computational burden of
the optimization algorithm used for network design (explained in
Section 2.3) is reduced.

• It is not possible to determine the state of the crop and, conse-
quently, its transpiration value, without adding a greater (unnec-
essary) number of assumptions regarding the annual operation of
the greenhouses (irrigation, number and type of campaigns, etc.).

• Latent heat due to transpiration tends to be insignificant com-
pared to the rest of the thermal needs when it comes to heating
(which is relevant for this study) as opposed to cooling (which
is not), as shown, for example, in the practical cases of IDAE’s
guide [27].

• Air exchange is not necessary due to the absence of crops and the
lack of cooling requirements in this study, hence only infiltration
losses are considered. An air exchange rate of 2 h−1 is assumed,
the minimum value for plastic covers in greenhouses of a certain
age [27], since the average greenhouse age is 14 years [14]. This
also imposes more restrictive design conditions for the network,
as it decreases the energy density of the plots.

To generate the demand curve, the guide of the Institute for Diver-
sification and Energy Saving [27] proposes the energy balance defined
by Eq. (4):

𝑅𝑛 +𝑄𝑐𝑙𝑖 = 𝑄𝑐𝑐 +𝑄𝑟𝑒𝑛 +𝑄𝑒𝑣𝑝 +𝑄𝑠𝑜𝑖𝑙 (4)

where 𝑅𝑛 is the net radiation, 𝑄𝑐𝑙𝑖 is the heat energy supplied/subtracted
by the heating/cooling system (depending on the needs), 𝑄𝑐𝑐 is the heat
lost by conduction and convection through the greenhouse enclosure,
𝑄𝑟𝑒𝑛 is the sensible and latent heat lost by air renovations and infil-
trations, 𝑄𝑒𝑣𝑝 is the latent heat consumed in the evapotranspiration of
plants and soil, 𝑄𝑠𝑜𝑖𝑙 is the heat lost by conduction through the soil.
IDAE’s guide presents the necessary expressions to determine 𝑄𝑐𝑙𝑖 from

the rest of the variables involved in Eq. (4) [27].



Energy 301 (2024) 131695J. Ramos-Teodoro et al.
Fig. 5. Data processing in QGIS to be exported in .geojson format to MATLAB.
Table 2
Construction and operational parameters of the greenhouse thermal demand model.
Description Symbol [27] Value

Roof absorption coefficient for solar radiation 𝛼 0.04
Soil absorption coefficient for solar radiation 𝛼𝑠 0.18
Transmission coefficient of the roof for solar radiation 𝜏 0.89
Cover thermal conductivity 𝜆𝑐 0.33 Wm−1◦C−1

Cover thickness 𝑒𝑐 0.2 mm
Greenhouse air renewal rate 𝑅 2 h−1

Daytime temperature inside the greenhouse 𝑡𝑖 22 ◦C
Night temperature inside the greenhouse 𝑡𝑖𝑛 10 ◦C
Relative humidity inside the greenhouse – 60%
Neglecting the radiation emitted by the cover, which other authors
also do not consider [28], the expression for calculating the net radia-
tion of IDAE’s guide can be rewritten as in Eq. (5), with one term for
the radiation absorbed by the ground and another for the greenhouse
cover,

𝑅𝑛 = 𝐺 ⋅ 𝛼 ⋅ 𝑆𝑑 + 𝐺 ⋅ 𝜏 ⋅ 𝛼𝑠 ⋅ 𝑆𝐶 (5)

where 𝐺 is the global radiation on the horizontal plane (in W∕m2), 𝛼
is the absorption coefficient of the cover for solar radiation, 𝑆𝑑 is the
surface of the greenhouse cover (in m2), 𝜏 is the transmission coefficient
of the cover for solar radiation, 𝛼𝑠 is the absorption coefficient of the
ground for solar radiation, 𝑆𝑐 is the surface of the greenhouse ground
(in m2). Given the usual crops and construction parameters in the
region [14], a triple-layer coextrusion PE-EVA-PE cover material with
a thickness of 800 gauges (0.2 mm) and dry sand soil are considered
to determine the parameters shown in Table 2.

As for obtaining the rest of the terms in Eq. (4), considering the
parameters shown in Table 2, the expressions shown in IDAE’s guide
are strictly used to calculate 𝑄𝑐𝑐 and 𝑄𝑟𝑒𝑛. The surface convection
coefficient for the interior environment of the greenhouse takes a
constant value of 7.2 Wm−1◦ C−1 [38], whereas for the exterior this can
be calculated using the equation proposed by the same authors [38].
The characteristics of the PE-EVA-PE cover of 0.2 mm, thickness, and
thermal conductivity (Table 2), are also considered. Air losses are
considered to occur only due to infiltrations (no ventilation) with a
renovation rate of 2 h−1. For the pressure inside the greenhouse, which
can be considered equal to atmospheric pressure, typical meteorolog-
ical year data for the region are used. Also, the contribution of 𝑄𝑒𝑣𝑝
to Eq. (4) is neglected and to calculate 𝑄𝑠𝑜𝑖𝑙 by means of Eq. (6), it is
assumed that, of the total heat losses, ‘‘around 10% occur through the
soil’’ [27].

𝑄 = 0 1 ⋅ (𝑄 +𝑄 )∕0 9 (6)
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𝑠𝑜𝑖𝑙 𝑐𝑐 𝑟𝑒𝑛
Given the usual construction parameters in the region [14], green-
houses can be represented as prismatic volumes of high 2 5 m. Eqs. (7)
to (9) are used to calculate surfaces and volumes:

𝑆𝑑 = 2 5 ⋅ 𝑃 + 𝐴 (7)

𝑆𝑐 = 𝐴 (8)

𝑉𝑔𝑟𝑒 = 2 5 ⋅ 𝐴 (9)

where 𝑃 is the perimeter (in m) of the plot obtained by means of QGIS,
as explained in 2.2.1, 𝐴 is the area (in m2) of the plot obtained by
means of QGIS, as explained in 2.2.1, 𝑉𝑔𝑟𝑒 is the volume of air inside
the greenhouse (in m3).

In addition to the parameters mentioned so far, which are constant
or a function of each plot, a typical meteorological year or (TMY)
corresponding to the geographical coordinates of the centroid of Ence’s
plant (36.7315◦ N; −2.7746◦ E) is used. This data set is obtained
from the PVGIS platform [36,37] and contains the hourly value of the
following meteorological variables for the aforementioned geographical
point during an annual period: global radiation on the horizontal plane
(in W∕m2), ambient temperature (in ◦C), relative humidity (in %), wind
speed (in m/s), and atmospheric pressure (in Pa). From all of the above,
the thermal demand curve for each plot can be obtained, considering
only positive values for 𝑄𝑐𝑙𝑖.

If the annual energy density of each plot is calculated, by adding up
the thermal demand curve over the entire annual period and dividing
by the area of the plot, it is possible to obtain the histogram shown
in Fig. 6(a). This histogram shows that the 14 746 plots have a
very similar energy density according to the applied model, with an
average density of 179.11 MJ m−2 year−1 and a range between 178.41
MJ m−2 year−1 and 181.51 MJ m−2 year−1, values consistent with others
reported in the literature [13]. For this reason, only the average power
curve per unit area of all plots is considered (Fig. 6(b)).
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Fig. 6. Analysis of the thermal needs for all the plots corresponding to greenhouses in El Ejido.
2.3. Optimal routing

As mentioned above, the network layout is determined by selecting
points of consumption (plots of land) that are more favorable from the
economic point of view. Except for the node corresponding to Ence’s
plant, the graph defined in Section 2.2.1 contains nodes that are part
of the road network, some of which are points of supply connected
to the said points of consumption. The rest of the nodes just encode
the possible routes between the points of supply and the plant (single
point of production) in the graph. Fig. 7, on which further detail is
provided throughout this section, illustrates the three-stage approach
used to get the network layout, where the first stage includes the use
of a genetic algorithm to both initialize the population and obtain the
optimized population, the second corresponds to the calculation of the
cost function employed by the said algorithm, and the third is devoted
to solving the minimum Steiner tree required to calculate the cost of
the network.

Considering that the selection of a certain point of supply implies
the selection of the points of consumption connected to it, the problem
addressed in this section consists in determining a subset of nodes,
corresponding to points of supply, that maximizes a certain economic
indicator of the profitability of the thermal network: the Net Present
Value (NPV) of the possible solutions (see Section 2.4). In other words,
it is about solving an optimization problem in which the cost function
is given by the NPV and for which a genetic algorithm is used, as
illustrated in Fig. 6(a). At this point, it is essential to acknowledge that
genetic algorithms have proven successful in studies involving other
design features related to heating networks’ layout [39,40]. In this
case, the decision variables of the problem are binary and represent
whether or not a certain point of supply is selected to be part of the
network, hence each individual in the population represents a subset
of connected points of supply (a subgraph of the original graph).

As the most influential factor, when it comes to the investment and
operational costs, is the total length of the network (see Section 2.4),
the resulting subgraph needs to have the minimum essential length to
connect the points of supply/production. In terms of graph theory, if
the weight of the edges of the graph is defined as the geographical
distance between two points of the road network (see 2.2.1), then one
condition that such subgraph needs to meet is that, regardless of the
nodes corresponding to points of production or supply, all its nodes
must be connected without loops and in such a way that the total sum
of weights is the minimum possible (thus minimizing the total length of
the network). Determining a subgraph that meets the above condition
is known as the Steiner tree problem and this subgraph is called the
7

minimum Steiner tree or MST, an acronym also used in the literature
for the minimum spanning tree (not in this article).

Since reaching the optimal solution to the MST problem is not
computationally possible in polynomial time, this problem is usually
simplified based on the minimum spanning tree [41]. Similarly to
other previously published papers on district heating networks [5,7],
a simplified algorithm is implemented in the MATLAB programming
environment, as explained in Appendix B. This approach consists of
the following steps: (i) the application of a Delaunay triangulation, to
determine between which points of supply or production the edges of a
new graph are generated; (ii) the use of Dijkstra’s algorithm, to calcu-
late the weight of the edges; (iii) the execution of Kuskal’s algorithm, to
obtain the minimum spanning tree. Despite the possible convergence to
suboptimal solutions, there is a fundamental reason to use this method
instead of others that try to obtain the actual MST: the problem can be
solved in polynomial time. However, unlike the cited papers, in which
the points of supply/consumption are predetermined [5,7], in this work
a genetic algorithm (see Section 2.4) is used to generate populations
of candidate solutions on which the simplified Steiner tree problem is
solved (see Appendix B).

Genetic algorithms are a set of metaheuristic optimization tech-
niques based on an iterative improvement process, through recom-
bination and mutation of existing solutions, by selecting individuals
that minimize a particular cost function. They try to imitate natu-
ral selection, where the best-adapted individuals survive whereas the
rest do not. The MATLAB programming environment provides the ga
function [34], expressly designed to apply this optimization algorithm,
which is used in this work. It is worth mentioning that, in Fig. 7,
two sections corresponding to the same genetic algorithm are shown.
This is because the genetic algorithm is executed twice with different
configurations to reduce the computational effort in finding solutions.
As the results of this technique are highly dependent on the initializa-
tion values of the population, the following process described below is
carried out.

First, a new ‘‘nodes’’ file is generated in QGIS, in which all the
points of supply at a distance greater than 2 km from Ence’s plant
are redefined as simple points of the road network. This reduces the
optimization problem by having only 733 points of supply (decision
variables) instead of 14 085. Subsequently, the genetic algorithm de-
scribed in Section 2.4 is executed on this layer of nodes with the
default configuration for ga [34], except for the following parameters:
(i) parallelized computing (UseParallel parameter), which is activated to
reduce the computation time of the algorithm; (ii) the size of the popu-
lation (PopulationSize parameter), which is set to 1000 individuals; (iii)
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Fig. 7. Descriptive diagram of the strategy for obtaining the optimal network layout consisting of three stages.
the maximum number of recessive generations (MaxStallGenerations
parameter), which is set to 1000 and; (iv) the matrix that defines
the initial population (InitialPopulationMatrix parameter), in which the
individual corresponding to ‘‘not building the network’’ is defined, with
NPV equal to 0 AC. Until completing the population size, the rest of the
individuals are defined randomly according to the default configuration
for ga function [34].

Second, and from the previous point, the optimized individuals with
NPV greater than 0 AC (profitable projects with points of supply within
a radius of 2 km from Ence’s plant) are kept and used to initialize a
new matrix that defines the initial population. The genetic algorithm is
executed again (with identical configuration except for the said matrix)
considering the 14 085 points of supply of the municipality (with
the file described initially in 2.2.1). This generates a new optimized
population in which the best individual (the one with the highest NPV)
is chosen to design the thermal supply network.
8

In this way, the computation time and the number of explored
candidate solutions are considerably reduced since the random gener-
ation of individuals results, in general, in highly unprofitable projects.
For the first search, the individual defined in the initial population
as a borderline project (NPV equal to 0), is likely to be recombined
with others when the population is made up of many unprofitable
projects. For the second execution, with an increased computational
burden as the number of decision variables is multiplied by twenty, the
algorithm hopefully counts at the start with a set of profitable projects
concentrated around Ence’s plant, on which to explore whether it is
more or less profitable the expansion into new points of supply.

2.4. Cost function

As introduced in the previous paragraphs, obtaining points of supply
(and indirectly points of consumption) to determine the layout of
the network is based on solving the optimization problem presented
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in Eq. (10):

min −𝑁𝑃𝑉 (𝒙)
𝑠.𝑡 𝑸𝒅𝒆𝒎 ⋅𝑨′ ⋅ 𝒙 ≤ 𝑸𝒏𝒆𝒕 ⋅ 𝜂𝑛𝑒𝑡

(10)

here 𝒙 is a vector of 𝑁 × 1 binary elements (value 0 or 1) that
epresents, from the set of points of supply of the graph described in
.2.1, which are part of the supply network (value 1); 𝑁 is the total
umber of points of supply (14 085); 𝑁𝑃𝑉 is a function that returns
he net present value of the thermal network as a function of 𝒙, that
s, the points of supply selected to be part of it; 𝑨 is a vector of size
×1 whose elements are the area corresponding to each point of supply

the sum of the areas of the points of consumption that are grouped
n that point of supply); 𝑨′ denotes the transpose of vector 𝑨; 𝑸𝒅𝒆𝒎
s a vector of size 8760 × 1 whose elements are the thermal power
emanded per surface unit for each hour of the year (defined from the
urve in Fig. 6(b)); 𝑸𝒏𝒆𝒕 is a vector of size 8760 × 1 whose elements
re the thermal power available to the network at each hour of the year
defined from Eq. (2)); 𝜂𝑛𝑒𝑡 is the thermal efficiency that considers the
eat losses by distribution, taking a value of 0.7596 as justified below
see Eq. (19)).

The NPV is an indicator used in investment decisions, which con-
emplates the future cash flows of a project over time, to determine ‘‘the
rofitability of a projected investment or project’’ [42]. To estimate the
urrent value of all cash flows, a discount rate is used, whose value
s usually equated to the cost of capital or the minimum gross return
equired for the project [43]. Calculating NPV via Eq. (11) is possible
hanks to the availability of methodologies to estimate the investment
nd operational costs and the income obtained from the sale of energy
o consumers, as explained below.

𝑃𝑉 (𝒙) = −𝐶𝑖𝑛𝑣(𝒙) +
𝑛
∑

𝑡=1

𝑝 ⋅ 𝐸(𝒙) − 𝐶𝑜𝑝(𝒙)
(1 + 𝑖)𝑡

(11)

In Eq. (11), 𝐶𝑖𝑛𝑣 are the initial investment costs of the network,
which are a function of the layout, and therefore of the points of
supply selected according to 𝒙; 𝐸 is the energy that would be consumed
annually at the selected points of supply, and therefore a function of 𝒙;
𝑝 is the sale price of the energy consumed, for which, in the design of
the network, a constant conservative value is considered, as explained
below; 𝐶𝑜𝑝 are the annual operational costs of the network, which are
a function of the layout, and therefore of the points of supply selected
according to 𝒙; 𝑖 is the discount rate used to estimate the present value
of all cash flows; 𝑛 the number of years corresponding to the useful life
of the project.

Some considerations should be made for the above expression: (i)
the thermal network is considered not to have any residual value at
the end of its useful life, as it is a specific infrastructure and hard
to dismantle; (ii) since the expression provides a positive value when
the project is economically viable, Eq. (10) requires to include the
NPV with a negative sign to set the minimization objective correctly;
(iii) a useful life of 30 years is considered, as it is the minimum
required for pipes according to the EN 253 standard [44], although
up to 50 years could be considered according to Cofely’s guide [19];
(iv) initially, a discount rate of 3% is considered, although, for more
rigorous analyses, the financial situation of potential developer would
have to be considered.

Firstly, the annual energy consumption (for an 8760-hours period)
of the selected points of supply can be calculated according to Eq. (12):

𝐸(𝒙) = 𝑸′
𝒅𝒆𝒎 ⋅ 𝟏 ⋅𝑨′ ⋅ 𝒙 (12)

where 𝟏 is a vector of 8760 × 1 elements with value 1, used to
aggregate the power demanded throughout the year; 𝑸′

𝒅𝒆𝒎 denotes the
transpose of vector 𝑸𝒅𝒆𝒎. Because 𝑸𝒅𝒆𝒎 is expressed in kW∕m2 for
ourly intervals, the units of 𝐸(𝒙) are kWh year−1.

On the other hand, the sale price of energy consumed is initially set
t 0.05 AC∕kWh, which is considered an attractive value for potential
nterested parties, as justified below.
9

• Although, as Cofely’s guide clarifies, a project can be executed by
public administrations, a cooperative of consumers (i.e. farmers),
or private entities (Ence or any other company that acts as an
intermediary), it makes more sense for the approach of this work
to consider the latter case, since the design is based on the
selection of the most favorable points of supply. For a cooperative
or public administration, it is more likely that the points of supply
will be predetermined.

• Assuming that the projected activity for Ence’s plant would be
profitable solely thanks to the sale of electricity, the costs of
generating the heat that would be injected into the network would
be covered (fuel at zero cost). For this reason, the objective of the
energy price should only contemplate, in addition to the business
benefit, the operation and amortization of the network, hence the
price may be reduced in comparison with other sources of energy.

• In the studies analyzed, a price of 0.05 AC∕kWh is considered for
gas in the design of a district heating network [5] and 2.41 AC∕m2

for a diesel-heated greenhouse [14]. For the second case, if the
energy cost is calculated considering the average annual energy
density obtained in Section 2.2.2 (179.11 MJ m−2 year−1), a
similar price would be obtained (0.0484 AC∕kWh).

Regarding the cost analysis, although some authors also consider
he cost of fuel [45], since this is considered to be nil, as previously
ustified, the following categories can be established: (i) investment
osts; (ii) distribution costs, usually distinguishing between heat and
oad losses and; (iii) maintenance costs, which are neglected as in other
orks because they are practically irrelevant compared to the rest of

he costs [45,46].
The calculation of investment costs based on the so-called ‘‘linear

eat density’’ of the network, which depends on the energy sold annu-
lly and the length of the network, is recurrent in the literature [46].
herefore, a detailed design is not required to assess the costs, only
he network extension and the points of supply. Formulas in [46] have
een recently updated for several countries of the European Union [47]
nd used in studies of a similar nature to this work [5,48], remaining
ccording to Eqs. (13) and (14):

𝑖𝑛𝑣(𝒙) = 𝐿(𝒙) ⋅ (𝐶1 + 𝐶2 ⋅ 𝑑𝑎(𝒙)) (13)

𝑎(𝒙) = 0.0486 ⋅ ln
(

𝐸(𝒙) ⋅ 3.6 ⋅ 10−3

𝐿(𝒙)

)

+ 0.0007 (14)

where 𝐶1 and 𝐶2 are two experimental coefficients based on the coun-
try, with their values being 354 AC∕m and 4314 AC∕m2 respectively for
the case of Spain [47]; 𝐿 is the total length of the network (expressed in
meters), calculated from the selected points of supply (according to 𝒙),
as explained in Appendix B; 𝑑𝑎 is the average pipe diameter (expressed
in meters), obtained from the equation by Persson and Werner [46],
including the conversion factor from kWh to GJ.

As for heat exchange, in the study by Lumbreras et al. [5], a
fixed cost of 2500 AC is assigned to each point of supply or sub-
station [49], a value quite different from the minimum proposed in
Cofely’s guide [19], which is around 22 000 AC. The reason for this
difference may lie in the power considered for each substation, which,
according to the Danish Energy Agency, is affected by economies of
scale: greater power results in a lower price per kilowatt [50]. Thus, in
this work, Eq. (13) is redefined to consider the existence of substations
at points of supply, as expressed in Eq. (15), and Eqs. (16) and (17)
are added, in order to calculate their cost is based on an experimental
fitting with the previous data (see Fig. 8):

𝐶𝑖𝑛𝑣(𝒙) = 𝐿(𝒙) ⋅ (𝐶1 + 𝐶2 ⋅ 𝑑𝑎(𝒙)) + 𝐶𝑠𝑢𝑏(𝒙) (15)

𝒔𝒖𝒃(𝒙) = 𝑚𝑎𝑥(𝑸𝒅𝒆𝒎) ⋅𝑨 ⋅ 𝑑𝑖𝑎𝑔(𝒙) (16)

𝑠𝑢𝑏(𝒙) =
𝑁
∑

𝐶𝑗
𝑠𝑢𝑏 =

𝑁
∑

𝑏
𝑄𝑗

𝑠𝑢𝑏
𝑗 (17)
𝑗=1 𝑗=1 𝑄𝑠𝑢𝑏 + 𝑎
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Fig. 8. Fitting curve obtained to calculate the cost of a substation based on its power.

where 𝐶𝑠𝑢𝑏 represents the total cost of the substations required for the
selected points of supply according to 𝒙; 𝑸𝒔𝒖𝒃 is a vector of size 𝑁 × 1

hose elements are the maximum demanded power by each point of
upply; 𝑚𝑎𝑥 is a function that returns the maximum value among the
lements in 𝑸𝒅𝒆𝒎; 𝑑𝑖𝑎𝑔 is a function that returns 𝒙 in form of a diagonal
in other words, creates an 𝑁×𝑁 diagonal matrix with binary elements
hat represent, from the set of points of supply in the graph described
n 2.2.1, which ones are part of the supply network); 𝐶𝑗

𝑠𝑢𝑏 is the cost
f the substation at the point of supply 𝑗; 𝑄𝑗

𝑠𝑢𝑏 is the 𝑗th element of
𝑸𝒔𝒖𝒃 (the maximum demanded power by the point of supply 𝑗); 𝑎 and
𝑏 are two coefficients adjusted experimentally, as shown in Fig. 8 (with
values of 209 kW and 33 841 AC, respectively).

For the curve in Fig. 8, some fitting indicators have been calculated:
the mean error is 289 AC, the root mean square error is 4237 AC, and
the coefficient of determination 𝑅2 is 0.8834. Note that the samples
correspond to data from the previously mentioned sources, which
present different price scales. In the case of the Cofely guide, only the
minimum (300 kW, 22 000 AC) and maximum (2000 kW, 36 000 AC)
alues have been considered.

To consider distribution costs (heat and load losses), a report for
orthern European countries performed by the IEA has been con-

idered [51], which constitutes a conservative approach regarding
he geographical area of this work (assuming the same construction
aterials, there would be lower losses/costs due to the warmer Alme-

ian climate). According to the said report, heat losses (𝑄𝑙𝑜𝑠𝑠) can be
alculated by using Eq. (18):

𝑄𝑙𝑜𝑠𝑠(𝒙)
𝐸(𝒙) +𝑄𝑙𝑜𝑠𝑠(𝒙)

⋅ 100 = 17 ⋅
(

𝐸(𝒙) ⋅ 10−3

𝐿(𝒙)

)−0.5

(18)

where the left-hand term expresses the heat losses as a percentage of the
total produced heat, and the fraction on the right-hand side represents
the previously mentioned linear heat density (including a conversion
factor from kWh to MWh). Since the generation costs of the injected
heat into the network are assumed to be covered (fuel at zero cost), heat
losses (𝑄𝑙𝑜𝑠𝑠) do not directly affect operational costs (𝐶𝑜𝑝), but they do
indirectly impact the plant design, as reflected in the thermal efficiency
of the network (𝜂𝑛𝑒𝑡) in Eq. (10). This efficiency can be calculated by
means of Eq. (19),

𝜂𝑛𝑒𝑡(𝒙) = 1 −
𝑄𝑙𝑜𝑠𝑠(𝒙)

𝐸(𝒙) +𝑄𝑙𝑜𝑠𝑠(𝒙)
= 1 − 0.17 ⋅

(

𝐸(𝒙) ⋅ 10−3

𝐿(𝒙)

)−0.5

(19)

hence it is a function of the selected points of supply according to 𝒙.
However, to avoid introducing a relationship in Eq. (10) that would
significantly increase the genetic algorithm’s computation time (as this
10

m

constraint would require solving the MST problem in order to calculate
𝐿, as explained in B), the following arrangements are made: (i) a
minimum linear heat density value of 0.5 MWh/m is set–which is
consistent with Eq. (14) and the observations used for Persson and
Werner’s fitting [46]–and the corresponding efficiency (𝜂𝑛𝑒𝑡 = 0.7596)
is calculated using Eq. (19); (ii) the said efficiency value is considered
in Eq. (10) to obtain the available power for consumers; (iii) a condition
is introduced into the cost function to associate any network design
with a linear heat density below 0.5 MWh/m with a Net Present Value
(NPV) of −1 000 000 AC.

The above procedure addresses the elimination of designs with
ow linear heat densities and efficiencies worse than 0.7596, since a
roject with a negative NPV is not viable compared to a situation with

‘zero cost’’, where the project would not be carried out. Whilst this
implification might lead to slightly less optimal results, the compu-
ation time until convergence is exponentially reduced by removing
he dependency on 𝐿 in the constraint. Furthermore, this approach
eals with another issue arising from Eqs. (13) and ((14): as the linear
eat density decreases, so does the value of 𝑑𝑎 and the total project
ost. Therefore, without bounding the value of linear heat density as
as been done (or introducing additional constraints), solutions with
bsurdly long networks could be reached, where the pipe diameter
ecomes negative (with densities on the order of 0.01 MWh/m). The
hoice of 0.5 MWh/m as the minimum value for linear heat density
s based on the minimum pipe diameter value (0.0293 m) for the
bservations in Persson and Werner’s study [46].

Regarding costs due to load losses (or costs of electricity consumed
y pumping the heat transfer fluid), the IEA report suggests that
he electrical energy consumed is around 1% of the thermal energy
upplied to the network [51], as expressed in Eq. (20):

𝑜𝑝(𝒙) =
0.01
𝜂𝑛𝑒𝑡(𝒙)

⋅ 𝐸(𝒙) ⋅ 𝑐 (20)

here 𝑐 is the cost of the electricity that Ence would not sell in
rder to operate the thermal supply network, and 𝜂𝑛𝑒𝑡 is calculated
or each candidate solution by means of Eq. (19). A constant value of
.17 AC∕kWh is considered for 𝑐, which is the average price in the day-
head market for the year 2022, according to data from the Spanish
arket operator [52].

.5. Economic sensitivity analysis

Given that many of the assumptions made in this work are not
ree from uncertainty, it is interesting to analyze how the project’s
rofitability can vary when some of the main variables involved in the
alculation of NPV are modified (see Section 2.4), and a sensitivity
nalysis is conducted on the proposed final layout for the district
eating network, considering the following variables.

Regarding 𝑸𝒅𝒆𝒎, the energy density estimated from the model in
ection 2.2.2 is based on a number of assumptions. Whether an increase
n the thermal demand due to using higher temperature setpoints or a
ecrease because the model might be overly optimistic in selecting cer-
ain parameters, they would affect the NPV and hence further analysis
n its impact is required.

In practice, the price 𝑝 set in Section 2.4 would be better deter-
ined by analyzing the horticultural and energy markets. For instance,

ccording to data from 2013 in the study by Valera et al. at that time,
he price of tomatoes was high compared to the price of fuels. The
uthors explain that with an ‘‘average tomato price of 0.61 AC∕kg’’ and
n ‘‘average diesel price of 1.03 AC∕𝐿’’, the ‘‘fruit production increase of
.86 AC∕m2’’ was much lower than the cost of consumed fuel for heating
2.41 AC∕m2) [14]. From that data, the authors of this work consider
hat reducing the energy price by at least 65% (0.017 AC∕kWh instead
f 0.0484 AC∕kWh) could make heating systems attractive for farmers.
he opposite case is also of interest: how profitability would increase if
nergy can be sold at a higher price (e.g. due to a booming horticultural
arket), as is analyzed for other networks [5].
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Finally, the discount rate set in Section 2.4 (𝑖) is intended for
inimal profit in an ideal case of unencumbered capital and a mod-

rately inflationary environment of 2%, believed to be beneficial for
he economy and the objective of central banks like the European and
merican ones [53]. However, numerous scenarios (financial strategy,
lternative investments, deflationary economic environment, etc.) can
nfluence the appropriate value for this variable, hence its effect is
nalyzed across a wide range of values.

The rest of the variables are not considered in the sensitivity anal-
sis either because of their minimal impact on the NPV or because the
ncertainty associated with them is relatively low. For example, the
rice of electricity 𝑐, subject to variations throughout the year, affects
perational costs, but these costs are nearly an order of magnitude
ower than the annual revenues. The areas of the plots in 𝑨 may not

exactly correspond to the actual heated surface, but it is trusted that
SIGPAC has delimited each greenhouse with sufficient precision.

3. Results

All calculations have been carried out on a desktop computer
equipped with an Intel® Core™ i7-6700K 4 GHz microprocessor,
NVIDIA GeForce GTX 1070 graphics card, 16 GB of RAM, Samsung
SSD 970 EVO 1 TB hard drive, and Windows 10. Some of the most
demanding operations in QGIS took several hours, whereas the com-
putation time of the genetic algorithm was 4.1045 h for the reduced
problem (using only the points of supply within a radius of 2 km
from Ence’s plant) and 2.9608 h for the entire municipality. The fact
that the computation time is lower in the second case, when it would
be expected to be much higher due to the larger search space, is
justified by the termination criteria of the algorithm and by the absence
of individuals with better performance (higher NPV). In both cases,
the algorithm terminated with exitflag = 1, which according to the
documentation of the ga function [34] means that the average variation
in the cost function is less than the defined tolerance, without violating
the constraints.

3.1. Analysis of optimized populations

In Fig. 9, heat maps are presented for the two optimized popula-
tions, indicating how many times a particular plot is part of any of
the individuals. Note that, as this is an optimization problem involving
integer variables, the populations may contain individuals that violate
the constraint imposed in Eq. (10), according to the documentation of
the ga function [34]. For this reason, to analyze the results obtained,
it is necessary to filter only those feasible individuals (those that meet
the demand–availability constraint in Eq. (10)) and with a positive NPV
(profitable projects). In the case of the algorithm that runs on the points
placed within a radius of 2 km from the centroid of the plant (Fig. 9(a)),
a series of selected plots can be observed around it. Oppositely, light
blue indicates plots that have not been selected for any individual. The
population contains 341 individuals, hence there are many alternative
projects in which a different plot is selected. The interpretation for
the entire municipality (Fig. 9(b)) is similar, except for a fundamental
difference: the number of feasible individuals (with a positive NPV) is
only 5, due to the much larger search space, and, since no individuals
with better performance have been found, the plots are restricted to
cases practically identical to the final design (see Fig. 12).

Fig. 10 shows the relationship between the total length of the
network, the main design variable, and the net present value (NPV) of
each individual (project) for the two optimized populations. As shown
in Fig. 10(a), there seems to be a threshold around 1.3–1.5 km for
which a project is more profitable. This is because, with shorter lengths,
the network would not supply a sufficient number of plots due to
the geographic distances between them, and, with longer lengths, the
11

network cannot supply more plots due to the limited available power
Table 3
Characteristics of the proposed thermal network.

Description Variable Value

Net present value of the project 𝑁𝑃𝑉 6.4179 MAC
Total initial investment costs 𝐶𝑖𝑛𝑣 1.7233 MAC
Cost of substations 𝐶𝑠𝑢𝑏 0.3569 MAC
Annual operational costs 𝐶𝑜𝑝 0.0158 MAC year−1
Annual supplied energy 𝐸 8621.4 MWh year−1
Income from annual energy sales 𝑝 ⋅ 𝐸 0.4311 MAC year−1
Total length of the network 𝐿 1.3464 km
Average pipe diameter 𝑑𝑎 0.1532 m

(Eq. (10)). Therefore, the NPV tends to decrease below and above that
threshold, as also reflected in Fig. 10(b).

In addition, the existence of this threshold justifies the scarcity
of profitable projects when considering all the points of supply in
the municipality: since the geographic extension and the number of
combinations are much larger, it is very likely that the population will
evolve by incorporating individuals that are less well adapted (with
lower NPV). Although, in light of these results, it would be possible
to execute the genetic algorithm again with parameters that favor a
greater number of recombinations (such as larger population size),
the fact that the threshold for optimal projects is far below the 2 km
radius is reason enough to dismiss investing more resources in a new
calculation, which would also be even more computationally expensive.

Finally, with regard to the general characteristics of the optimized
population for the reduced problem, it should be noted that there is a
significant number of projects that could be profitable. Most of them
represent networks of length between 2 and 6 km and an NPV of 2 to
4.5 million euros, as shown respectively in Figs. 11(a) and 11(b). In the
following sections, only the results for the best-performing individual
of both populations (the one with the highest NPV) are presented and
analyzed in detail.

3.2. Design proposal and sensitivity analysis

According to the results obtained after the double execution of
the genetic algorithm, a network of 1.3464 km would be responsible
for supplying 8621.4 MWh of heat annually to 12 points of supply,
each corresponding to a plot located to the northwest of the plant
(see Fig. 12). Its characteristics are summarized in Table 3, which
also breaks down the different cash flows through which an NPV of
6 417 900 AC is obtained. Table 3 shows that operational costs are
significantly lower than annual income, which is why many authors
do not take them into account. The costs related to the substations
are an important part (20.71%) of the total investment costs and are
considered in the subsequent sensitivity analysis, as explained below.

In regard to operational constraints, Fig. 13(a) shows the thermal
availability at the points of consumption, that is, the result of Eq. (2)
weighted by the network efficiency, versus the total consumption of the
12 selected plots. From March to June and from October to December,
the availability of heat is much higher than the demand, which means
that there would be room for improvement, by setting an availability
curve that better fits the demand and allows the network to supply
heat to more plots. However, determining that curve would require
much greater knowledge about the operation of Ence’s plant and even
imposing planning conditions on it.

Regarding the substations needed for the network, Fig. 13(b) illus-
trates the nominal power values and cost of each substation according
to the curve shown in Fig. 8. Except for two of the substations (with
powers of 2999.5 kW and 6124.5 kW) that involve extrapolation from
available data, the rest of them would better fit within the price range
exposed in Cofely’s guide (as opposed to the Danish Energy Agency’s
guide). Since the fitting curve underestimates the prices of the former
and overestimates those of the latter, readers might wonder what would

happen if the substations’ actual prices differ from those in the final
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Fig. 9. Heat map showing the plots selected by the genetic algorithm a higher number of times in the different optimized populations.
Fig. 10. Net present value as a function of the total length of the network for individuals in the optimized populations (in black) and for the final design (in red). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
design. To throw light on this issue, the cost of the substations in
Table 3, 356 900 AC, can be compared with a somewhat extreme case:
considering that 14.5 substations of 2000 kW (ten within the range
of Cofely’s guide and an equivalent number of 4.5 stations for the
two extrapolated ones) are built at a cost of 36 000 AC each (the
maximum price and power according to the guide’s data). In that case,
the total cost of the substations would be 522 000 AC, an increase of
just 165 100 AC over the total investment costs in Table 3, which would
have a negative (but practically insignificant) impact on the NPV.

Finally, Figs. 14(a), 14(b), and 14(c) show how the NPV of the
final design would evolve when some of the variables that have the
greatest impact on the economic model are modified, as discussed
in Section 2.5. In Fig. 14(a), the curve asymptotically decreases to
a negative NPV equal to the total initial investment costs when the
discount rate tends to infinity. Values are only presented in a reasonable
range for the discount rate, between 0 and 0.15, for which the NPV
remains positive, and hence the project would be profitable, assuming
no changes occur in the other two variables analyzed. In Fig. 14(b),
the variable with the highest degree of sensitivity in the model is
12
observed, that is, the price at which thermal energy is sold from the
network to consumers. This variable has a strictly linear relationship
with the NPV, which only falls below zero when the price is below
0.0121 AC∕kWh. This implies that in an unfavorable situation, such
as the one presented in Section 2.5, where the price might need to
be reduced to 0.017 AC∕kWh to maintain demand levels, the project
would still be profitable, assuming no changes occur in the other two
variables analyzed. In Fig. 14(c), the relationship between thermal
energy demand and NPV is shown. Energy demand is expressed in
percentages, considering that 100% is equivalent to the demand curve
used for the 12 plots (Fig. 13(a)), and the restriction imposed on the
power curve is neglected for this analysis. An approximately linear
relationship is shown, with a clear discontinuity for values below 8%,
for which the linear heat density is less than 0.5 MWh/m and therefore
the NPV takes values of −1 000 000 AC, as explained in Section 2.4. For
demands below 12% of the original demand, NPV also takes negative
values.
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Fig. 11. Distributions for the optimized population corresponding to the execution with points of supply within a radius of 2 km from Ence’s plant.
Fig. 12. Final layout of the district heating network and selected plots (in red). (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
4. Conclusions

As stated in Section 1, this paper presents the layout, sizing, and
preliminary cost structure of a thermal supply network that provides
energy to 12 plots located at the northwest corner of the plant that the
company Ence Energía 𝑦 Celulosa, S.A. plans to build in El Ejido [15].
13
Although the results obtained from the economic analysis are en-
couraging, implementing a thermal network like the one proposed in
this article is not exempt from complications for the plant’s operation.
To produce heat and power, Ence would have to consider not only
the needs of the drying process but also the thermal demand of the
network’s users. This might reduce the flexibility of the operation but,
on the other hand, offers an alternative for useful heat that either would
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Fig. 13. Annual energy planning and substations corresponding to the final design.
Fig. 14. Evolution of the net present value of the project corresponding to the final design (red circle) against changes in the main variables. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
reduce the cogeneration plant’s efficiency (with a negative impact
on the legal bonuses for efficiency reasons) or would result in the
accumulation of dried biomass. An interesting study for the company
might also delve into the relationship between the price set for energy
sales and the increase or decrease in demand. This would serve both
to determine new operation strategies and to reduce the uncertainty of
the economic model used in this work.

Since this work offers a preliminary analysis, some simplifications
have been made when estimating the potential thermal demand of the
greenhouses. In order to determine a more realistic demand curve, the
following improvements deserve to be mentioned.

• By analyzing both the digital terrain model and the digital ele-
vation model of El Ejido, the height of each greenhouse could
be estimated more accurately. This was not deemed relevant
for this paper, given the homogeneity of heights, but it is not
negligible when it comes to urban environments with all kinds
of buildings [5].

• Image analysis could be used to determine the geometry of each
greenhouse (e.g. Almería-type, tunnel-type...), which would help
to better determine the thermal needs.

• PVGIS provides the typical meteorological year (TMY) with a lim-
ited geographical resolution. It could be interesting to incorporate
14
data from local weather stations throughout the municipality to
adjust the TMY based on individual plots or groups of plots.

• SIGPAC’s data does not contain information on the owner of
each plot, so incorporating data from the land registry might
be fruitful, as that would allow the identification of owners of
adjacent plots that may require a single point of supply for all
of them (rather than a different point of supply per greenhouse
centroid).

• The temperature setpoints used in this work are applicable to a
wide variety of crops commonly grown in the region, but a more
accurate analysis could consider the area dedicated to each type
of crop throughout the year/season to integrate all their thermal
needs into a crop-weighted demand curve.

Furthermore, it is crucial to acknowledge the limitations associated
with costs, since this study remains agnostic about soil conditions: the
calculation of investment costs is derived from Persson’s study [46],
and their approach involves a regression analysis based on some net-
work characteristics, without considering other geographical conditions
that affect trenching costs. In this regard, the soil type, water content,
depth of cut, or surcharge loads, among others, can have a significant
impact on the expenses. For instance, a rocky terrain may require
specialized digging equipment, or high water content in clay soils could
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imply additional dewatering measures, which introduces variability
in Persson’s equations. Addressing these practical considerations com-
prehensively, as a part of a posterior detailed design, is essential for
accurately assessing the feasibility and cost-effectiveness of the project.

Finally, regarding the application of the methodology developed to
other similar contexts, the same analysis could be carried out from the
perspective of a cooperative of farmers and/or public administrations
as the developer of the project, in which case: (i) it would probably
be necessary to include in the economic model situations in which the
owners already have or are considering installing an individual heating
system and its impact in terms of possible savings; (ii) the design could
encompass the so-called ‘‘secondary network’’, i.e., considering in the
routing the length from each point of supply to the plot centroid or
point of interest for each owner. Also, owing to the limitations of heat
production from Ence’s plant, other situations have not been explored
in depth, but future work could consider the following cases: (i) the
implementation of a heating and cooling network, also considering
the thermal needs of the greenhouses during the summer period; (ii)
the inclusion of urban and/or industrial areas to determine new po-
tential points of supply and their respective demand curve; (iii) the
consideration of more than one source of thermal energy.
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ppendix A. Estimation of the thermal needs for drying

To determine 𝑄𝑑𝑟𝑦 in Eq. (1), the most unfavorable case is first
onsidered, that is, when the plant dryer is operating at its maximum
apacity, with the input of wet biomass being 150 000 kg/h or the
utput of dry biomass being 120 000 kg/h [23]. Since the dryer is made
f a belt system that uses air as a drying medium, Table A.4 compiles
he parameters of Ence’s plant together with those provided by other
uthors for this type of systems [54].

Because the input and output capacities of the dryer previously
xposed are not consistent with the humidity percentages provided
y Ence (from an input humidity of 52%, an output humidity of
0% would be obtained) and in the AAI/AL/142/22 the evaporation
15

apacity is not specified, this is estimated as follows: from the wet m
biomass input flow of 150 000 kg/h (with 52% humidity) the output
flow is calculated so that the dry biomass has a 25% humidity. Thus,
the dryer would yield an output flow of 96 000 kg/h and a water
evaporation rate of 54 000 kg/h.

With the above data, and assuming an energy demand of 5 MJ per
kg of evaporated water, the thermal power required for the dryer in
the worst case scenario would be 75 MW, so by substituting in Eq. (1),
the availability of thermal power for the distribution network would be
0.36 MW. Although this value seems insufficient for a thermal network
of some entity, it happens that the arrival of fresh biomass is concen-
trated in a few months of the year (May, June, and July), as recognized
by Ence itself, which over-dimensions its biomass processing facilities
with respect to those for energy generation [23]. Therefore, the demand
for thermal power for the dryer (higher in spring–summer months)
and for the thermal network (higher in autumn-winter months) are
decoupled in time and it can be considered that the dryer does not
operate all year at its maximum capacity.

In particular, the largest volume of biomass, 75% of the total,
corresponds to spring and long-cycle crops, and the remaining 25%
to autumn crops [55]. Taking into account that Ence plans to process
about 680 000 tons of biomass per year [23], the dryer could process
75% (510 000 tons) if it operates at its maximum capacity for about
3 400 h or, equivalently, 142 days (operating 24 h a day). For the
rest of the year, it would operate at approximately one third of its
maximum capacity to process the remaining biomass, leaving in that
case 50 MW of thermal power available for the supply of the thermal
network and being the annual average of the available power of 20.8
MW. Taking into account the above and the demand curve presented
in Section 2.2.2 (Fig. 6), Eq. (2) expresses the availability of thermal
power for the thermal network (𝑄𝑛𝑒𝑡) throughout the year considered
hereinafter, so that the annual average power available for the network
is about 20.1 MW (lower than the 20.8 MW that would be obtained at
best).

Appendix B. Simplified calculation of a MST

To illustrate the process of obtaining a Minimum Spanning Tree
(MST) from a set of selected points using the procedure described in
Fig. 7 and Section 2.3, consider the graph shown in Fig. B.15(a). For
the sake of simplicity, edge labels have been omitted, hence edges
are referred to based on the nodes that they connect (for example, in
the first row, the edges are denoted by 𝑟1𝑟2 and 𝑟2𝑠1). The following
nomenclature is used for the nodes in the graph: yellow squares labeled
𝑠𝑖 represent the selected points of supply in the graph (where 𝑖 ∈
{1,… , 4}), and red circles labeled 𝑟𝑗 represent simple nodes of the road
network or non-selected points of supply (where 𝑗 ∈ {1,… , 14}). Also,
consider (only for this example) that the nodes represent geographical
points, and due to their equidistance, all edges of the graph have a unit
weight.

According to the above explanations, calculating the Minimum
Spanning Tree (MST) of the graph involves determining the necessary
edges to connect the nodes 𝑠1, 𝑠2, 𝑠3, and 𝑠4 in such a way that the sum
of weights of these edges is minimized. Since, in this case, the edges
have a unit length, the objective is to connect these points with the
minimum number of edges. To achieve this, the first step is to apply
a Delaunay triangulation, which defines a new graph consisting only
of the selected nodes and a new set of five edges (Fig. B.15(b)). This
Delaunay triangulation ensures the connectivity of all nodes in a planar
graph while maximizing the minimum angle of all triangles. In other
words, it avoids forming triangles with very acute angles (as would
occur if the edge 𝑠2𝑠3 had been replaced by the edge 𝑠1𝑠4). The goal
is to generate only a few edges (instead of all possible combinations of
the set of nodes  = {𝑠1, 𝑠2, 𝑠3, 𝑠4}) between geographically close points
to obtain a simpler graph (easier to compute).

In this article, the delaunay function from the MATLAB program-

ing environment was used [56], to do so, employing the geographic
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Table A.4
Nominal design data for Ence’s plant.
Source: Retrieved from [23].
Source Fagernäs et al. [54] AAI. [23]

Technology Band dryer Band dryer
Biomass type Sawdust, shavings and wood chips Agricultural remains of greenhouse crops
Dry biomass outflow 8000–9000 kg/h 120 000 kg/h
Inlet moisture weight 50%–60% 15%–80%
(52% average)
Exit moisture weight 10%–15% <25%
Drying medium Air or exhaust gases Air
Evaporation capacity (H2O evaporated) 10 000 kg/h –
Energy demand for evaporation (per kg of H2O evaporated) 4–5 MJ –
Fig. B.15. Example graph and Delaunay triangulation to calculate an MST.
coordinates imported from QGIS. A fundamental difference compared
to other works in the literature is that the Delaunay triangulation is
computed with points of supply, instead of using the centroids of the
buildings or plots connected to the network [5,7]. The rationale behind
this is that, since the pipes between the point of supply and the plot
(sometimes referred to as the ‘‘secondary network’’) are not considered
part of the network, it does not make sense to use the centroids of each
plot in this triangulation.

To assign weights to the new edges, it is necessary to analyze the
original graph in Fig. B.15(a), as the geographical distance between
nodes representing the edges in Fig. B.15(b) may not correspond to
the road network that would be used to connect points of supply. To
do this, pairs of points connected by the triangulation in Fig. B.15(b)
are considered, and the minimum distance route that would connect
them in the graph of Fig. B.15(a) is calculated through Dijkstra’s al-
gorithm. The choice of this algorithm over Johnson’s algorithm, which
is used by other authors [5,7], is due to the employment of the short-
stpath function provided by the MATLAB programming environment
ith its default parameters [57]. This function is specifically designed

or calculating paths but utilizes Dijkstra’s algorithm for graphs with
ositive-weight edges.

In Fig. B.16(a), the result of the above operations on the original
raph is depicted. Considering the edges defined in Figs. B.15(a) and
.15(b), and defining the function 𝑤 as the one that returns the weight
f a specific edge, the equivalences expressed in Eqs. (B.1) to (B.5) can
16

e derived.
𝑤(𝑠1𝑠2) = 𝑤(𝑠1𝑟2) +𝑤(𝑟2𝑟1) +𝑤(𝑟1𝑟3) +𝑤(𝑟3𝑠2) = 4 (B.1)

𝑤(𝑠1𝑠3) = 𝑤(𝑠1𝑟2) +𝑤(𝑟2𝑟1) +𝑤(𝑟1𝑟3) +𝑤(𝑟3𝑟4) +𝑤(𝑠1𝑟4) = 5 (B.2)

𝑤(𝑠2𝑠3) = 𝑤(𝑠2𝑟3) +𝑤(𝑟3𝑟4) +𝑤(𝑟4𝑠3) = 𝑤(𝑠2𝑟3) +𝑤(𝑟3𝑟7) +𝑤(𝑟7𝑠3) = 3

(B.3)

𝑤(𝑠2𝑠4) = 𝑤(𝑠2𝑟6) +𝑤(𝑟6𝑟9) +𝑤(𝑟9𝑠4) = 3 (B.4)

𝑤(𝑠3𝑠4) = 𝑤(𝑠3𝑟10) +𝑤(𝑟10𝑟13) +𝑤(𝑟13𝑟12) +𝑤(𝑟12𝑠3) = 4 (B.5)

The next step consists in obtaining the Minimum Spanning Tree
(MST) of the graph defined in Fig. B.15(b) (with the already calculated
weights of the five edges) by using Kruskal’s algorithm. The MATLAB
programming environment provides the minspantree function [58], ex-
plicitly designed for this purpose. The choice of this algorithm over
Prim’s algorithm is because the degree of the graph defined in 2.2.1
corresponds to a rather sparse graph, not a dense one [59]. Once
the spanning tree is obtained for the graph determined by the Delau-
nay triangulation, the equivalent tree with the nodes of the original
graph is reconstructed, eliminating duplicated edges in the paths. In
Fig. B.16(b), a possible result for the MST of the example graph is
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Fig. B.16. Application of the Dijkstra’s and Kruskal’s algorithms on the example graph.
hown, but note that the number of MSTs for a graph can be more
han one and the described procedure does not ensure the convergence
o an actual MST (the resulting graph could not satisfy the condition of
aving the minimum possible length).
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