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Abstract: Energy demand is steadily growing as society becomes more industrialised. Renewable
energy sources (RES) have long been used for various applications by thermal energy systems in the
European Union (EU). Biomass and solar energy represent important RES in the development of
energy transition in some regions such as coal-mining areas of Europe. Bioenergy is a key renewable
energy storage mechanism for solar energy which, when combined, can tackle many of the barriers to
the use of solar energy. Against this background, this study evaluates the potential implementation
of both biomass and solar energy for energy production in coal-mining areas in Spain as a direct
alternative to coal. The shown methodology relies on a comprehensive analysis of existing resources
and their conversion to thermal energy from a multi-parametric point of view. The obtained results
show that the solar-biomass combination can be used for thermal energy systems as a challenging
option. The theoretical total hybrid-modular systems if implemented in the study area are equivalent
to 1165 MWy, and supply thermal energy for 170,000 single-family houses.

Keywords: bioenergy; biomass; solar energy; zero-emission energy system; mining areas; Spain

1. Introduction

Increasing the use of renewable energy sources (RESs) is an objective towards foster-
ing economic development, improving energy security as well as protecting the world
climate [1]. The study areas are often characterised by energy dependence on fossil fuels
that are bound to a logistical infrastructure of supply, conversion, and management fully
integrated with their industry. A major problem associated with the use of fossil fuels is
their greenhouse gases (GHGs), i.e., mainly CO, and other harmful gases, such as NO, or
S50;,. Alternative methods are proposed for reducing anthropogenic gas emissions by burn-
ing fossil coal [2-4]. The global energy transition that is inexorably developing worldwide
for global warming, environmental, technological, social, and economic reasons, poses a
great challenge, but at the same time, it is a great opportunity.

Exploring how to convert RES into alternative thermal energy to coal is a major
factor to achieve an efficient energy conversion. Thus, using RES, particularly biomass,
for heat rather than electricity production relies on higher energy conversion efficiency,
resource availability, and lack of constraints set by regulatory regimes [5,6]. Solar energy
is dependent on other RES, such as biomass, as a thermal energy source given its daily
intermittency and seasonal cycles, which affects continuity energy supply [7]. Any energy
system is primarily designed to ensure that the supply of energy services to the end-user is
uninterrupted.

The thermal energy systems in buildings have a high potential to contribute to the
expansion of RES because they are responsible for almost 36% of the world final energy
and 40% of CO, emissions. The integration of energy systems to supply thermal energy
has pushed the frontier of knowledge of energy systems development by confronting the
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challenges posed by intermittent solar irradiation and cyclic biomass production [8-13].
Mahmoud et al. [14] have explored the combined use of biomass and solar energy to reduce
the environmental impact of energy production compared to conventional systems. Fernan-
dez et al. [15] also illustrated the importance of using forest biomass along with the solar
resource as the main source of thermal energy production. Ma et al. [16] looked at the need
for developing technology for thermal generation systems for heat networks. Additionally,
Mouaky and Rachek [17] developed scenarios for solar and biomass integration from an
energy conversion and management point of view, together with the importance of thermal
energy production. Finally, Diaz-Cuevas et al. [18] demonstrated that RES resource avail-
ability is a key aspect for the direct implementation of thermal energy systems. Resource
availability, technology, and energy conversion were identified as the main barriers [19-22].
These systems have a global market that is different from conventional systems, which can
greatly influence their energy performance due to impacts on the solar-biomass combina-
tion. Therefore, assessing hybrid systems for their deployment requires multi-parametric
modelling such as fossil fuel mining regions, since these areas facilitate the integration of
resource, energy conversion, and energy management [23-26]. Furthermore, modelling
requires a detailed and full assessment of the energy production cycle [16,27,28].

For all the reasons specified above, this paper looks at the integration of biomass and
solar energy through a multi-parametric analysis, using a processing model of analytical
classification of the synergies between resource, conversion, and energy management. The
study area is the coal mining regions of Spain, suppliers of energy resources, within a
transition energy context, required by European Union (EU) regulations. An important
novelty of this study is to assess the amount of energy available by evaluating how feasible
it is to combine biomass and solar energy as a primary source, regardless of the nature of
the thermo-energy availability. In addition, it also analyses the usability of these sources in
terms of self-sufficiency and stable thermal supply within a specific coal mining territory,
as an alternative to coal, taking into account the existing technical and environmental
conditions in such areas. A further novelty is to be able to provide energy self-sufficiency
in remote fossil fuel-producing areas or regions in the world.

This work is organised as follows: Section 1 introduces the research background and
the aim of the work. Section 2 explains the research context and methodology used in the
modelling process to combine biomass—solar in the study area. Section 3 shows both the
results and the details of its application. Section 4 provides a detailed multi-parameter
analysis of the use of biomass and solar energy in energy systems. Section 5 summarises
the main findings of the study on the use of solar and biomass energy in the coal mining
areas of Spain.

2. Materials and Methods
2.1. Research of Biomass and Solar Energy

Thermal systems based on biomass and solar energy have been studied for various
parts of the world [29-31]. The combination of energy systems based on biomass and solar
has shown efficiency with thermal energy production [31]. These studies emphasise that the
multi-parametric evaluation context is critical for efficient energy management, where the
design for a hybrid solar heating plant minimises thermal energy storage. Thus, to improve
energy conversion, it is furthermore necessary to analyse the potential contribution of
different local RES for direct energy management by energy systems.

Coupling biomass and solar energy as hybrid resources require a stable energy sup-
ply environment to minimise potential negative impacts. The hybridisation of biomass
combustion with solar thermal complements each other to overcome their management
drawbacks [29,30]. Additionally, this type of energy supply is continuous and uniform.
The main research challenge results from their management and performance, establishing
techniques for accurately predicting their output and reliably integrating them.

Hybrid plants will become an increasingly attractive option as the cost of biomass
feedstock and solar thermal decrease while fossil fuels continue to rise. In this sense, it
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could be possible to increase biomass savings up to where solar participation in the thermal
energy supply has a key role in operation [32]. The viability in each location depends
rather on its financial performance and its ability to manage the risks facing it, which
are to be assessed separately and take into account the local context and energy business
environment. The ultimate economic viability of potential implementation projects depends
on the local conditions of the final promotion.

2.2. Study Area

As with the rest of the EU, Spanish coal has always faced difficulties with competing in
the international market and received significant state subsidies. Many industries, e.g., iron
and steel, energy, etc., use coal as raw material. Spanish mining areas have traditionally
been known for their poor economic diversification; this gives rise to entire logistic chains
of coal extraction, transport, and conversion, which are, by the way, well established and
technologically consolidated. During the last decades, mining and the use of coal for heat
generation as a primary energy source has taken up most of the economic activities within
these mining areas, leaving little space for the development of other alternative resources.
This study focuses on the seven mining regions of Spain, as shown in the map below
(Figure 1).
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Figure 1. The study area of the coal mining regions areas of Spain.

At present, coal mining and associated industrial activities are located in the following
territories: Asturias; Leon and Palencia (Castilla y Ledn); Huesca, Zaragoza, and Teruel
(Aragon); and Ciudad Real (Castilla la Mancha) [33,34] (see Table 1).

2.3. Multiphase Mathematical Model

Solar energy combined with biomass exhibits direct integration capability for thermal
purposes as an alternative to coal for the production of storable, stable, and time-efficient en-
ergy supply. Therefore, the following methodology is presented to calculate biomass/solar
resource potential for energy purposes; it defines energy management nodes in the stated
territories. Using nodal networks for RES modelling enables the assessment of biomass re-
sources in detail when implementing that type of energy system in a study area [5,26]. The
multiphase mathematical model developed for this work comprises three phases in the area
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of study: resources, thermo-energetic conversion system, and energy management [5,35,36],
as described in Figure 2.

Table 1. Definition of the node code and the sectors in the study area, as Figure 1.

Node Code Name of the Sector
SA1 Asturias
SA2 Ciudad Real
SA3 Huesca
SA4 Ledén
SA5 Palencia
SA6 Teruel
SA7 Zaragoza
Study Area -
: f-multiphase-method

1
Phase I: Resources r >¢ Energy collection node
1

v * v
Biomass Solar GIS Databases
i
IO" _ Phase Il: Thermo-energetic
| conversion
v ' v
Bioenergy Solar energy

v v

Phase llI: Energy L ’¢
management

Parametrical analysis:

1
i . Resources
: . Techology
| il . Hybrid termal production and
| environmental conditions.
v
Results [~~~ ~"=======~" FO

Figure 2. Flowchart of the multiphase mathematical algorithm through mass and energy balance in
the study area for biomass and solar energy-based system.

2.3.1. Phase I: Biomass and Solar Energy Resources

The RES is analysed as a primary resource to generate the thermal energy form of
energy conversion, i.e., heat, on different studies based on bioenergy [25,36]. Several
researchers have assessed the potential of RES for various regions using Geographic Infor-
mation System (GIS) tools [37,38]. However, the challenges posed by the energy transition
in certain environments require a search for efficient, straightforward alternatives to the
existing energy systems for the optimal management of indigenous fossil energy resources.
Accordingly, biomass as an alternative to coal appears to be the best way to be used, either
in thermal applications or as raw material in the energy industry [39]. Additionally, inte-
grating the natural cycle of biomass with solar energy reveals synergy that facilitates their
combined use employing new methodologies. Solar energy could be used for immediate
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utilisation, such as water heating or heat storage [11]. The Photovoltaic Geographical
Information System (PVGIS) is a database application that allows the user to obtain solar
radiation data at a given location [40-43]. This information enables the assessment of solar
resource potential in the study area. For the evaluation of potential resources, the GIS
database is taken as a starting point—the BIORAISE GIS tool of the Research Centre for
Energy, Environment and Technology (CIEMAT)—which provides data on forest biomass
in the vicinity of each of the nodes considered in the study area [44].

To analyse the RES, the novel “f-multiphase-method”, “f-method-p”, evaluates frac-
tions of the total heating load supplied by RES to meet the energy demand. The model
proposes dimensionless parameters called “f-factors” for each type of RES.

Forest biomass is one of the main resources for thermal bioenergy in mining areas
because of the potential energy conversion as a primary resource, and its integrability in the
industrial energy supply chains [9,24,27]. To select the most suitable location for resource
assessment in each sector of the studied area (Figures 1 and 2), a collection area is defined
for forest biomass according to the borderline of each coal region of Spain [25,26]. The
collection area is the geographic surface inside the regional borderline [44].

Information on the potential forest biomass in the study area can be used to calculate
the available biomass by including several environmental constraints, including energy
content to define the potential access to the resource as the biomass distribution, production,
and location by GIS tool [44,45].

The potential mass (M) is the forestry residues, i.e., branches and leaves, found within
the study area. The available mass (m) includes branches and tops including leaves. It is
obtained from the BIORAISE GIS database by cleaning, thinning, and felling operations
data (Figure 2), which takes into account the techno-economic constraints of the biofuel
supply to define the useful resources. The software assigns an average productivity value
(taken from yield tables of different forest species) to each of the Corine Land Cover
categories [44]. In a specific way, it is possible to achieve a centralised energy conversion of
the largest amount of the available resources in each area. This procedure will allow this
location to be characterised as a resource evaluation node. Techno-economic constraints
affect bioenergy supply depending on the supply biofuel conditions [44,45]. The available
biomass resources include conifers, wood, and mixtures. Available biomass is evaluated in
the surroundings of the selected node in each regional area, as shown in Equation (1).

m=Y" m M

where:

m: total available mass (dry t/year).
m;: total available mass of conifers, hardwood, and mixtures (dry t/year).

The resulting energy from the available residues (E) is shown in Equation (2), where
the Lower Heating Value (LHV) is used.

E =} (miLHV;) @

where:

E: energy from available mass (GJ/year).
m;: total available mass of conifers, hardwood, and mixtures (dry t/year).
LHV;: Lower Heating Value of conifers, hardwood, and mixtures (GJ/dry t).

Solar energy is one of the most important resources for thermal applications in
Spain [7]. For solar energy, PVGIS is used as a reference to define average daily radi-
ation as a solar energy resource in the study area (Figure 1) [7,41,42].

2.3.2. Phase II: Thermo-Energetic Conversion

The overall RES potential in Spain is greater than total domestic demand, including
fossil fuels [46]. Despite this situation, Spain is highly dependent on fossil fuel imports.
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Coal is the main indigenous resource for energy generation [47]. However, this situation is
changing as coal is rapidly being phased out.

The technological capacity of the Spanish energy industrial sector is at the forefront
to use RES to generate electricity and/or heating [48]. There is ample literature; e.g.,
Saint-Marc et al. [6] analysed forest biomass electricity production in Spain. With available
resources and energy system parameters, a techno-economic parametric model was applied
to show the potential of biomass production and the barriers to electricity generation. This
demonstrated the challenge of the non-viability posed by this type of power plant in the
current context, even after using energy crops. In this sense, Paredes-Sanchez et al. [5]
demonstrated that the main application for bioenergy implementation is thermal energy
in mining areas. The management of sustainable energy systems will play a key role in
district heating systems (DHS) for future thermal energy in Spain in the areas under study.
This would require a careful balancing between thermal energy generated, the sum of
energy consumed, and heat losses. Typically, shares of the solar district heating can be
categorised into centralised and distributed systems. Centralised systems include a large-
scale ground-mounted solar field, typically coupled with a thermal energy storage system,
whereas distributed (solar panels) systems are located on rooftops of single buildings to
supply their heat demand [49,50].

Hybrid energy systems based on RES are emerging to meet new challenges with a
high level of efficiency. Hybrid-modular types of equipment are versatile and can combine
different types of energy sources in the supply chain. For example, they can provide a
heating load for energy processes during the fluctuation or nonavailability of some RES.
One of the main environmental benefits of DHS is its ability to significantly reduce CO,
emissions owing to RES energy conversion technology. Special attention should be paid
to the management of thermal energy to reduce their carbon footprint and GHG, which
is a key to the success of DHS networks to find the right balance between technical and
environmental aspects. Solar district heating represents 10-50% of this total heat supply.
Without heat storage, solar district heating can supply 10-30% of the annual demand
depending on the annual distribution of the solar radiation and the heat load [51].

The “F-chart method” is used as an empirical framework to characterise the long-
term performance of solar heating systems [52]. It is based on f-chart methodology as
approximations of model results fitted to the pair of X and Y values for the solar system. It
correlates those parameters with thermal performance where parameter f; is presented as
a function of two dimensionless parameters X and Y as defined in Equations (3) and (4),
respectively.

X = Collector Energy Losses/ Heating Load ©)]

Y = Energy Absorbed by Collector /Heating Load 4)

In terms of collector properties, those values can also be expressed as follows, as the
base model [52-55], whose metrics are normally defined per month. The proposed model
is based on (Equations (5) and (6)):

F/R = A
X = FaUp T8 (T = Tt 35 ©)
Fr () = A
X = F(ra),, Ly N ©
n

All the parameters and properties used in this model are available from collector tests
and operational conditions, where:

A. = Area of solar collector area (m?).

F'r = Collector-heat exchanger efficiency factor (%).

Fgr = Collector heat removal factor (%).

U = Collector overall energy loss coefficient (W /m?-°C).
At = Total number of seconds in the month.
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Ta= Monthly average ambient temperature (°C).

Tt = Empirical reference temperature (°C).

Hr = Monthly average daily radiation incident on collector surface per unit area (J/m?).
L = Monthly total heating load for space heating and hot water (J).

N = Number of days per month.

(&) = Normal transmittance—-absorptance product (%).

(to) = Monthly average transmittance—absorptance product (%).

The collector and heat exchanger parameters are determined from standard and
normalized collector tests. Data on environmental and technical parameters are based on
parametrical solar energy databases for each node in the study area [41,42,55]. The model is
adapted for energy supply, energy conversion, environmental conditions, and heat storage
possibilities [55].

Equations (7)—(9) are the result of model data fitting based on the “f-chart method” [52-54].
In this sense, the proposed hybrid-modular system combines solar and biomass energy. For
biomass thermal evaluation, the f; factor defines the contribution per month of biomass
supply to the biomass system heating load. Hence, the total biomass fraction (F},) per year
can be obtained by the sum of all bioenergy supplies per month (Equation (7)).

F, =) (fui-Li)/ Y L 7)

For solar thermal analysis, the fg factor is defined as a dimensionless parameter by
empirical equation to define the solar coverage of the total heating load per month [52]
(Equation (8)).

fs; = 1.029 Y — 0.065 X — 0.245 Y? 4 0.0018 X% +0.215 Y3 (8)

Furthermore, the total solar fraction of annual heating load (Fs) per year can be found
by the sum of all monthly fractions (Equation (9)) during the year.

Fs = Z(fsi' Li>/ Z Li )
Equation (10) for the proposed method fulfils:
Fp +Fs =1 (10)

Lastly, Fy,/s analyses the relationship between bioenergy and solar energy supply
(Equation (11)).
Fy/s = Fy/Fs (11)

In addition, this novel method of analysis, “Factorial Method”, has been developed to
bridge the existing gaps between resources, technology, and management, in hybrid thermal
systems. For example, Rdm& and Mohammadi [50] compared centralised and distributed
systems and concluded that a centralised solution outpaces the distributed systems in terms
of performance and management. In Austria, Denmark, Germany, and Sweden, investment
in DHS installations has already taken place with similar resource and operation conditions
of mining areas of Spain [56]. Solar thermal systems were successfully reported to be for
operation in DHS applications and implementations up to or over 350 kW, and 500 m? [57].
Thus, a thermal system is dimensioned as a modular solar-biomass system based on the
prototypes studied in the study area for thermal energy production [24,25]. The proposed
hybrid-modular system based on the combined use of solar heat and biomass includes
mainly a ground-mounted solar field (solar panels) and a biomass boiler as main energy
systems (Figure 3) [55,56].
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Figure 3. The base structure of the hybrid-modular system.

Figure 3 shows the schematic layout for the hybrid-modular system. The heat source
is produced in series by solar and biomass systems. The solar system is based on solar
collectors; meanwhile, the biomass system uses a boiler. The hot water source for district
heating is obtained from two sources in the daytime. In the nighttime, hot water can be
generated only from biomass without stopping. The use of heat exchangers and pumps
allow supplying the hot water by a heat network.

Additionally, a control system integrating bioenergy and solar energy is needed to
manage the RES conversion to meet energy demand, as shown in Figure 3. Table 2 shows
the main characteristics of the proposed energy system.

Table 2. Operational parameters of the hybrid-modular system.

Main Operation Parameters Load Data
Design power (kWy,) 250
Biomass boiler efficiency (%) 80
Base surface of the solar collection (m?) 250
Full-load operation hours (h) 2000
Biomass/Solar coverage (%) 70/30

2.3.3. Phase III: Energy Management

Although wood-based resource can be used for the generation of heat and electricity,
it remains uncompetitive compared to traditional fossil fuels. Consequently, serious efforts
have been made to develop new technology to increase efficiency and compete with fossil
fuels. Currently, the main challenges in the area of energy management are technical
limitations, viability, social acceptability, and environmental safety. Community initiatives
for RES must promote the production and consumption of sustainable energy systems.
The present analysis is based on thermal energy production as an alternative from the
integration of solar and biomass resources to thermal fossil fuels applications mainly based
on coal in the study area [14,25,58].

Biomass represents a manageable and storable RES alternative and should play an
increasing role in replacing fossil fuels (Phase III). Based on the analysis of energy manage-
ment, the generated energy is compared to its energy-based equivalence to the mass (my)
of other conventional fuels (e.g., coal), as shown in Equation (12).

m¢ = B, /LHV; (12)

This is done by taking the calorific value (LHV;) of the fuels in Table 3 as an approxi-
mation [5].



Energies 2022, 15, 232

90f19

Table 3. Fuel properties and composition based on ultimate analysis on dry weight basis [59-62].

Parameters Unit Wood Fuel Coal Fuel
Carbon wt% 50 82

Hydrogen wt% 6 5
Nitrogen wt% 0.4 21
Sulphur wt% 0.08 0.90

Low Heating Value
(LHV)
Note: wt = weight.

MJ/kg 17 32

Thermal demand is defined by taking into account the consumption of domestic
hot water (DHW) and energy requirement of about 12,980 kWh/single-family house per
year [63]. The techno-economic analysis depends on the market conditions of demand and
supply [24,25]. The techno-economic analysis defines the potential individual components
(capital investment cost, operating cost, and production cost of the unit). The costs have
been defined based on similar systems and the particular conditions of the system [26]. The
economic study is based on the analysis of the parameters shown in Table 4.

Table 4. Main parameters of the economic analysis for base scenarios as an approach.

Parameter Total
Income
Heat price (€/kWhy,) 0.20
Expenditure
Biomass system (€/kWhy,) 0.12
Solar system (€/kWhy,) 0.19
Auxiliary systems and network (€/kWhy,) 0.23
Biomass supply (€/G]J) 5-7
Operation and maintenance (€/(kWhy, -year)) 0.09
General expenses (€/(kWhy, -year)) 0.02
Other (€/(kWhy, -year)) 0.01
Valuation Parameters
Time Period (year) 15
Discount rate (%) 10

Note: As an approach, 80% of the total budget is financed at 15 years with an Annual Percentage Rate (APR) of
6%. Taxes are included, the analysis model considers a Consumer Price Index (CPI) of 3%.

Three Scenarios have been considered as an approach from Table 4 to analyse the
potential evolution of the economic behaviour in the hybrid-modular system with biomass
supply cost of 5 GJ /t, 6 GJ/t, and 7 GJ /t to define Scenario 1, Scenario 2, and Scenario 3,
respectively.

The constitution of a biomass market in the area will be possible once the necessary
instruments of political and economic support have been created for its development.
Biofuels improve considerably the potential of biomass for thermal systems. Table 5
provides the employment generation ratios of biomass and solar in each unit by full-time
equivalent employees.

Table 5. Estimated ratios by type of job-years per modular hybrid system [25,26,64].

Construction and Operation and

System Manufacturing Maintenance (]olli?;leasr:/}lj\il)% )
(Job-Years/MWy,) (Job-Years/MWy,) th
Biomass 8.5 1.5 21

Solar 7.4 0.5 0
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3. Results

From Phase I of the multi-objective methodology based on GIS data, the studied
locations present a biomass resource potential of (m) from 100 to 340 dry kt/year with an
average availability of 40%. The available resources are equivalent to 11,400 TJ/year (E) in
the study area [44]. Figure 4 shows the distribution of available biomass for energy in the
different sectors of the area under study (Table 2).

400,000
350,000
300,000
. 250,000
)
2
< 200,000
=
=,
@ 150,000
w
(]
>
100,000
o I I I I
0 [
SA1 SA2 SA3 SA4 SAS5 SAB SA7

Study Area in Coal Mining Regions of Spain

m Potential biomass = Available biomass
Figure 4. Distribution of the biomass resources in the study area by sector.

Figure 4 presents some linearity in the distribution of the potential biomass around
each modelling node considered in Spain.

As for solar energy, the study area shows an average daily solar radiation (Hr) of
14 MJ/m? [41,42]. In those conditions, resources are suitable quantitatively and qualita-
tively for DHS in the proposed conditions [25]. The available solar energy is shown in
Figure 5 in the study areas (Table 2).

18

m? - day)]

16

14
12
10
8
6
4
2
0
SA1 SA2 SA3 SA4 SA5 SA6 SA7

Study Area in Coal Mining Regions of Spain

Incident Energy on Horizontal Surface [MJ/(

Figure 5. Availability of solar resource in the study area by sector.
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For Phase II, the hybrid-modular system for DHS allows for greater use of RES,
i.e., solar and biomass, to provide more efficient energy to meet the heating load. The
distribution of the thermal energy demand throughout the year in various study areas is
shown in Figure 6 (Table 2).

Heating Load (MJ/month)
150,000

= 100,000-110,000 140,000

= 110,000-120,000 130,000

= 120,000-130,000 120,000

u 130,000-140,000 110,000

140,000-150,000 100,000
s’b@’%

-
=) o & L
Month ¥ &
onk %QQ o ‘\D\\‘?‘ Q,\“O
&

Figure 6. Heating load of the hybrid-modular system per month per sector.

The average total heating load of the hybrid-modular system is about 1700 GJ/ year,
which has a balanced distribution per month and sector with an average heating load of
130 GJ /month equivalent to 20,000 L/day as DHW at 60 °C for DHS.

The distribution of bioenergy and solar energy in terms of heating load per month per
study area is shown in Figures 7 and 8, respectively.

Bioenergy Supply (MJ/month)

125,000

m0-25 000 100,000
u 25,000-50,000 75,000
= 50,000-75,000 50,000
= 75,000-100,000 25,000 Sa7
SAB
100,000-125,000 0 i
& SA4
@
o @ Y SA3
Lo o> A L8
‘) £ > 55
3 <<z‘.° i R Q@ )&@' ) N SAZ Study Area
R & & SA1
ha & 2y 5
& <& &
Month R &) <@ &
®© 5

Figure 7. Bioenergy supply in the hybrid-modular system per month by sector.

December has the lowest level of solar energy supply, with an average of 30 GJ/month
per sector, while August shows the highest solar supply, with a total of 85 GJ/month.
Bioenergy supply in the proposed modular system provides about 70% of the total energy
supply in any considered area. Bioenergy and solar energy supply are combined with the
hybrid-modular system to meet the total heating load.

In connection with Phases II and 111, the “f-factors” per month were examined from the
point of view of energy management. Figure 9 summarises the outcome of “f-factors” for
the total monthly heating load with bioenergy supply being the main contribution (Table 2).
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Solar Supply (MJ/month)

125,000
m0-25,000

=25000-50,000 100,000
= 50,000-75,000 75,000
= 75,000-100,000 50,000

100,000-125,000 g 50 a7

SA6
SA5
SA4

SA3 St A
A2 tudy Area

A
5 & & 8A1
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Figure 9. F-factors performance in the hybrid-modular system per month by sector.

The f-factors analyse the combination of bioenergy and solar energy’s contribution to
supply to meet total heating load with the hybrid-modular system. Additionally, Fs reflects
a minimum average value of 0.2 per month throughout the year. Meanwhile, F,, and Fy, /4
average parameters reach up to 0.8 and 3.6 in the same period. These results show the
importance of biomass supply.

Finally, energy management evaluation of the modular-hybrid system shows that solar
energy contribution to thermal supply is at least 30% of the total heating load per year. For
all these reasons, the analysed method and thermal system have similar parametrical results
to thermal systems currently under operation [25,51,65]. Moreover, if the hybrid-modular
system is compared with an equivalent coal-based thermal system with 82% carbon content
of coal, a calorific value of 32 M]/kg for heating fuel, and a boiler thermal efficiency of
85% as an pproach, then a coal consumption of 70 t/year and up to 230 t CO,/year, 3 t
NO,/year, and 1 t SO, /year can be avoided. Additionally, the result of the study shows
biofuel consumption by up to 8% could be reduced with biocoal as the main fuel in the
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hybrid systems [5]. The conversion of biomass into biocoal and biogas production by

pyrolysis could be a contribution for the cleaner production of hydrogen [5,24,39].
Additionally, Phase III shows an important contribution to the number of potential

hybrid-modular energy conversion systems and power output per study area (Figure 10).
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Figure 10. The number of potential hybrid-modular systems and power per sector.

The total potential of hybrid-modular systems is 4661 units for the mining areas of Spain,
which are equivalent to 1165 MWy,, and they supply thermal energy for 170,000 single-
family houses. Moreover, these systems could create 28,050 job-years in construction
and manufacturing, operation and maintenance, and fuel supply activities (Table 5). The
final implementation of the unit systems depends on the particular conditions of each
engineering project [25,51,65].

As a future approach, under current market conditions, the biomass is defined by a
price of up to 7 €/G]J by different scenarios (Table 4), which is higher than the total biomass
cost in all the study areas. In this sense, the incomes have been minimised; meanwhile,
the expenditures have been maximised according to a common model of analysis for the
modular-hybrid system in any of the seven study areas. Figures 11 and 12 show the results
of the economic model. The interpretation of the model is that the hybrid-modular system
will be amortised in a maximum of 7 years. Introducing a subsidy percentage in the total
cost of the installation would improve the results obtained (Figure 11).
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Figure 11. Economic performance approach of the hybrid modular system (in terms of cash flow and
cash flow accumulated over a time span of 15 years.
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Figure 12. Basis of the economic summary as approach.

Internal Rate of Return (IRR) and Net Present Value (NPV) have been considered for a
project life of 15 years as economic performance indicators besides operating requirements
of the system with favourable results with the considered conditions with different cost for
the biomass supply (Figure 12).

The final viability of these projects will depend on the local implementation character-
istics of each study area.

4. Discussion

Several reasons have led to closure of coal mining operations in many parts of the
EU and the United States, with the consequent job losses over the last few decades. En-
vironmental pressures and improvement of RES technologies had a particular impact.
Unquestionably, mining communities are being transformed and require modernising and
diversifying their economies. Climate change is putting enormous political pressure on
many governments to phase out fossil fuels in general and more specifically coal. Then,
coal has no long-term future, and this applies to most of the developed countries. Hence,
there is an urgent need to find effective and long-term environmental economic alternatives.
Spain is a good example, after government policy is rapidly phasing out coal operations in
the country. Therefore, there is an urgent need to find all kinds of alternatives to coal in
thermal energy systems.

A key element is the adoption of cleaner energy production targets at the planning
level, together with key legislation. This situation is becoming abundantly clear in many
places in the world, and particularly in the United States and EU, triggering a post-carbon
transition. Implementing a technological alternative requires splitting up the analysis by
considering the different aspects involved (Figure 2). Energy integration will be essential to
achieve the expected goal in the regional energy systems. The need to combine different
resources of energy stems out of the impossibility of satisfying the continuous increase
in energy demand for end consumers with alternative sources e.g., solar and bioenergy.
The proposed energy system will make it possible for the better use of intermittent RES.
The present work demonstrates the importance of combining solar and biomass to provide
increasing supply in an environmental and economically more sustainable manner.

RES systems are illustrative of the fact that some of them are at a significant distance
from energy demand centres [66]. Overcoming the competitiveness challenge of RES
requires careful management and energy supply infrastructure. Different experiences have
shown that the sectors linked to the green economy have been protagonists of the energy
transition. Indeed, environment improvement and pollution reduction observed in regions,
where mining activity has been reduced, are among the positive aspects most highlighted by
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the protagonists of the transitions. Such transition processes have contributed to changing
the popular perception of mining regions, being recognised today either as new hubs of
technological development, green technology manufacturing, or as production centres for
renewable energies.

In general, solar energy systems do not have a direct impact on the environment; how-
ever, pollution can occur during manufacturing and maintenance [67]. As a consequence
of the mandatory regulations on installation in the Technical Building Code (TBC) of Spain,
implementing solar thermal energy in dwellings has become a necessary requirement. In
terms of growth prospects, the solar thermal market is strictly linked to TBC, i.e., new
housing developments.

Biomass is still the major source of energy in many developing countries. Forest
residues are widely used for residential heating, which can cause significant emissions of
particulate matter (PM) and other polluting compounds [68-70]. The bioenergy potential
in the world is diverse and widely distributed in nature [71]. In addition to environmental
benefits, it provides greater energy independence and security of supply, particularly in
rural areas. A major problem has been that biomass has been used very inefficiently, except
in some industrial countries e.g., Austria and Sweden. Biomass is used in a multitude of
applications, from industrial, cottage industries, to households [5]. The demand for biofuels
for DHS networks, e.g., chips and pellets, is gradually increasing. DHS are especially
common in Scandinavian, Baltic, and Eastern European countries, many of which enjoy
a long tradition and can easily adapt to new technologies and applications. For example,
Austria, Denmark, Finland, and Sweden use biofuels in solid, liquid, and gaseous forms.

Nowadays, cities have been changing their approach to central heating, raising aware-
ness of its importance while offering solutions that promote energy sustainability. Within
this new scenario, urban central heating networks are gaining momentum, encouraged by
social change, subsidies, improved technology, lower costs, etc., at local, regional, and even
national levels. Central heating networks or “district heating” are typically intended for
urban areas in an attempt to establish a circular economic model where the neighbouring
rural areas provide the biomass required for the system’s operation. In short, biomass DHS
networks have several strengths that make them one of the most effective systems for many
cities to make the transition to sustainability.

Energy regulations are needed to make room for the development of cleaner energy
generation, backed up by business development energy conversion systems [58]. Their
environmental strengths include reducing urban pollution, as the plants incorporate high-
tech emission control systems impossible to install on a stand-alone basis. Their technical
strengths consist of flexibility in joining consumers to the grid; simplicity of the installations,
as the energy production is common and outside the building; and reliability of the grid,
as it reduces equipment maintenance and provides increased control of the system’s
performance. In addition, there is also the reduction of on-site energy storage in the point
of consumption and the reduced noise impact on the building by eliminating fuel storage
and handling inside the buildings.

In the future, the study of mining infrastructure as future zones for the use of bioen-
ergy, e.g., biorefineries, makes it necessary for RES and their transformation from a local
perspective for regional use. Implementing biomass-solar energy potential requires partic-
ular techno-economic and thermal systems, up to an industrial scale based on the specific
characteristics and objectives of the facilities under consideration. Finally, to ensure a
transition toward more sustainable modes of production and consumption in mining areas,
it must guarantee the fulfilment of a series of requirements leading to the efficient use of ex-
isting alternative RES. The future industrial and social proposals together with institutional
support at local, regional, and national levels are key drivers to new projects. In this sense,
the knowledge about biomass as an alternative to biocoal is a challenge. It could have a
very positive impact on mining areas in Europe.
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5. Conclusions

Technical, environmental, and social issues pressures to reduce the use of fossil fuels,
to address climate change, and to ensure the availability of sustainably RES is transforming
many mining areas. An understanding of the range of these challenges, when implementing
solar and biomass hybrid energy generation systems, under different scenarios, has been
shown in a comprehensive and simultaneous assessment. As an approach, this paper has
considered solar and biomass as RES options for energy systems. The proposed analysis of
the energy model (Figure 2) faces major challenges based on the following main findings:

e  The potential biomass resources vary from 100 to 340 dry kt/year with an availability
of 40% in the study area. The total available biomass resources are equivalent to
11,400 TJ/year. Additionally, the study area shows an average daily solar radiation
of 14 MJ/m?2. Under such conditions, the available resources are sufficient for the
proposed energy system.

e  Thermal energy is shown as efficient energy conversion in energy systems. A proposed
hybrid-modular system combines solar and biomass energy with a techno-economic
sustainable manner to produce 250 kWy, with 70% of bioenergy supply equivalent to
20,000 L/day as DHW at 60 °C for DHS. The F-factors analysis by “f-method-p” shows
an F; minimum average value of 0.2 per month throughout the year. Meanwhile, Fy,
and Fy, /¢ average parameters can be up to 0.8 and 3.6 in the same period.

e  The hybrid-modular system could avoid a coal consumption of 70 t/year, and up to
230t CO,/year, 3t NO,/year, and 1 t SO, /year can be avoided per system considering
a total chemical conversion, by combustion, of coal into these types of emissions.

e  The theoretical total hybrid-modular systems to implement in all the sectors of the
study area (Figure 1) are 4661 units equivalent to 1165 MWy, and supply thermal
energy for 170,000 single-family houses, which could create 28,050 job-years.

The results from this study demonstrate the importance and viability of thermal energy
as a primary source. Hybrid systems (solar + biomass) are a viable alternative that can
maximise energy from source to end-use. The main barriers are technological, legal, and
political, which need to be put in place to ensure its further development. The conversion
of biomass into biocoal and hydrogen could be a challenge for cleaner production.
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