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ABSTRACT

Sustainable energy development in the farming sector is an essential strategy to respond the combined
challenge of achieving a reliable and affordable solution but including mitigation and adaptation to
climate change. Intensive breeding farms require maintaining an adequate indoor thermal environment
that results in high energy demands, usually covered by fossil fuels and electricity. This paper addresses
the application of the combined slurry technology for a particular pig farm that currently uses a diesel
boiler to supply the piglet heating energy needs. The study also considers different options based on
closed ground source heat pump systems. After the design of the slurry alternative and the geothermal
ones, notable advantages are detected compared to the existing diesel system. Results show that the
implementation of the slurry technology implies an important reduction of the operational costs, which,
in turn, involves short amortization periods for this system in relation to the diesel one. Greenhouse
gases emissions are also highly reduced in the slurry alternative based on the low electricity use of the
heat pump. The environmental side is reinforced by the reduction of polluting substances such as
methane of ammonia derived from the descent of temperature of the slurry.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Energy consumption is a global concern that leads the world to
look for new sources and alternatives that contribute to more
efficient practices. Considering the energetic resources available
and their geolocation besides the controversial energy markets
(especially for those of fossil fuels), it is mandatory for the today's
society the optimization of the energy consumption in the different
sectors. In this context, the “Clean Energy for All Europeans” package
from the European Commission includes a series of measures
aimed at increasing the energy efficiency, promoting renewable
energy, and providing a framework for energy policy in the Euro-
pean Union. The Commission's proposal establishes a 30% energy
efficiency target for 2030 at the EU level [1,2]. Finally, the revised
Energy Efficiency Directive set a binding 32.5% target for 2030 with
a clause for an upward revision by 2023 [3].
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Within the wide range of productive activities that need to
incorporate efficient measures, agriculture and livestock produc-
tion has recently received attention because of its considerable
economic and environmental impacts [4—6]. According to the
Eurostat database, the European Union energy consumption by
agriculture made up 2.8% of the final energy consumption in 2014
[7]. However, this value is probably underestimated since it only
considers the direct energy uses related to electricity and fuel
consumption [8]. The proportion of direct energy used from the
total primary energy consumption in agriculture in the EU is esti-
mated at 61% and largely varies for the specific activity [9]. In the
context of pig productivity, the conditions of the inside room are
essential and highly influence the correct animal's growth. Nursery
pigs are susceptible to low temperatures and hence, a significant
proportion of the global costs associated with pig farming is for
heating to achieve a comfortable temperature [10]. In intensive
breeding farms, for maintaining an adequate thermal environment,
fossil fuels and electricity are the principal energy sources usually
adopted. In this sense, there are therefore, two main issues that
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must be addressed: the dependency on fossil energies and their
related costs as well as the greenhouse gas emissions [11].

In this way, interventions on animal housing are required with
the aim of reducing the energy demand and increasing the effi-
ciency of the climatization systems. Strategies are then focused on
the use of alternative energy sources as the renewable ones. In this
regard, geothermal heat pump systems represent a potential
improvement both in energy consumption and indoor air quality.
These systems are commonly classified into Ground Source Heat
Pump (GSHP) and Groundwater Heat Pump (GWHP) systems. The
first one is based on a closed water loop consisting on several
borehole heat exchangers. In the second case, the system operates
on an open water loop circuit, extracting groundwater from a well
and re-injecting it into another well after the corresponding heat
exchange [12]. Both cases represent a potential exploitation of a
heat source (the ground or the groundwater) whose temperature
remains constant temperature all year round. These systems are
also able to operate both in heating or cooling modes, resulting in
high energy efficiency and low operational costs [13].

Farming sector is also an ideal candidate for geothermal energy
because farms frequently have enough space to host the well field.
Geothermal heat pumps are traditionally associated to heating/
cooling purposes in residential, commercial, and public buildings;
however, their use in animal farms has been recently investigated
by some authors [14—18]. Generally, they all agree in the positive
effects that the implementation of shallow geothermal systems
means in terms of economic savings and reduction of greenhouse
gases emissions. Geothermal heating is capable of ensuring the
animal welfare but also enabling an improved quality environment.
Animal houses contain different air pollutants such as carbon di-
oxide or ammonia and geothermal solutions have shown to be
effective from an economic point of view [19,20]. In this sense, the
European Council Directive [21] aims to prevent the pollution of
surface water and groundwater by promoting the implementation
of good farming practices. The incorporation of any renewable
alternative as the geothermal ones have meant an ideal tool to
reduce the mentioned negative impacts.

Despite the above, low temperature geothermal solutions are
rarely adopted in farms and there is still the necessity of spreading
the possibilities of these systems. The use of heat pumps for tech-
nological processes in farming is not enough investigated and there
are some peculiarities when these systems are used on a live-stock
breeding farm [22]:

- Resting place for piglets needs to be heated during all the year,
not only in the cold period.

- Geothermal heat pumps require working in the temperature
range of 22—36 °C instead of 20—22 °C as for the building sector.

Thus, this sector opens the way to innovative strategies, which,
combining the traditional geothermal pattern with new alterna-
tives, improve the indoor air quality conditions as well as the ani-
mal wellbeing. The objectives of this research are then to evaluate a
new geothermal concept currently adopted in piglet farms. This
strategy aims to supply the heating demand but also to contribute
to the reduction of the polluting animal waste. Throughout this
work, an extensive analysis of this solution will be performed to
finally highlight its advantages in terms of energy and economic
savings and efficiency. The designed slurry system will be finally
compared to different closed-loop geothermal solutions and the
existing energy source of the farm.
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2. Materials and methods
2.1. Background to slurry technology

Pressures on the pig industry to reduce emissions of ammonia
and odour from slurry have increased in the last years due to the
evolution of the regulation in the field. The principal objective of
exiting regulation is to reduce risks to the environment and human
and animal health.

The most relevant source of ammonia in pig production is the
decomposition of urea, excreted in urine. Different factors influence
this process such as the concentration of urea in urine and the
slurry temperature and ph. In addition, the volatilisation of
ammonia is influenced by the ambient ammonia concentration, the
dry matter contents of the slurry and the air speed. In this sense,
ammonia emissions can be reduced at source by the implementa-
tion of different technologies that could allow to increase the
number of swine on an existing farm or to obtain an environmental
authorization.

The basis of the mentioned technologies is the cooling of slurry
in storage, which indeed reduces emissions, but also enables the
use of the heat extracted to heat the livestock housing. The system
also uses heat pumps to transfer the heat from one site to another,
avoiding the conventional heat sources such as oil and gas. Cooling
together with heat recovery was identified as “Best Available Tech-
nique” (BAT) in the Reference Document for the Intensive Rearing of
Poultry or Pigs in 2017 [23], and has been successfully implemented
in Finland since 2004, and on more than 300 farms in Denmark. It is
also possible to find this kind of installations is the Netherlands,
North America, or China.

However, this practise is no classified as BAT when the heat
reuse is not possible. Furthermore, it requires to be installed in
housing systems where slurry is frequently removed, that is to say,
cooling is not effective for large volumes of slurry.

Regarding the economic point of view, several European in-
stallers anticipate that the investment on these systems can be
recouped in less than five years (from savings in energy costs).

2.2. Working principle

The principal fundamental of the slurry technology is described
in Fig. 1. As shown in this Fig. 1, slurry is collected in the farm
through holey concrete sheets so that the thermal energy of it is
transferred to the working fluid of the heat exchangers. This fluid
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Fig. 1. General working principle of the slurry technology.
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enters then in the heat pump, and, as in a conventional geothermal
system, the outlet fluid increases its temperature to heat the
ceramic heating plate where the piglets are resting.

As mentioned in the above, the system is constituted by a heat
pump that moves thermal energy against the thermal gradient with
the same principles as the refrigeration cycle. The principle of
operation is shown in Fig. 2.

In point 1 of Fig. 1, low temperature water is pumped around a
closed-loop cooling circuit returning to the evaporator. Here, heat is
used to raise the temperature of a liquid refrigerant which evapo-
rates (point 2). The temperature of this refrigerant depends on the
type of product and the specific applications.

The higher-temperature gas in then compressed (point 3), also
increasing its temperature due to the increase of pressure from 3 to
25 bar. The high-pressure gas passes through the condenser, where
itis cooled by transferring heat to water moving around the heating
circuit (point 4). At this point, the refrigerant is liquid again. The
pressurised refrigerant is then passed on through the expansion
valve (point 5), where its temperature and pressure are reduced and
returns to the evaporator.

Finally, the heating circuit described at point 6 can be used
directly to heat livestock accommodation or to supply a heat store.
This last heat could be used for different purposes such as domestic
use or hot water for heating.

2.2.1. Slurry cooling circuit

The slurry cooling system represented on the left part of Fig. 1 is
the responsible for reducing the ammonia emissions. This circuit is
commonly installed in or on the floor of under-slat or other rela-
tively long-term slurry storage. However, it can be also installed in
the floor of slurry channels. The slurry cooling system is constituted
by Low Density Polyethylene (LDPE) pipes of different diameters
(usually 18 mm) fixed to the floor at 350—400 mm spacing,
plumbed in parallel (Fig. 3A) or following a slinky pattern (Fig. 3B).

If temperatures of less than 0 °C are expected to cool the slurry,
glycol or other types of antifreeze must be added to the contents of
the closed-loop cooling circuit. However, temperatures of below
5 °C are not recommendable to avoid the reduction of the heat
pump performance. Cooling water can also circulate through a
floating heat exchanger, using arrays of plastic of metal fins. In each
channel, fins are connected in series, an in parallel between chan-
nels, achieving a uniform cooling effect in all the cooling elements
over the totality of the slurry surface. The cooling system is
essential to reduce the ammonia emissions and to maintain a
proper air quality, contributing to comply with the environmental
permit limits. Beyond the environmental aspect, the system also
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Fig. 2. Diagram of the heat pump operation to recover heat from slurry and generate
hot water.
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Fig. 3. Slurry cooling circuits, A. parallel pipe network, B. Slinky pipe network.

allows the reduction of the energy consumption running cooling
fans.

Slurry temperature plays an essential role in odour emission,
affecting the characteristics and concentration of odour emissions
from slurry. So that a reduction of 10 °C in the slurry temperature
has been proved to reduce odour emissions by 75% [24]. Besides the
ammonia, CHy is also reduced from the slurry emissions.

2.2.2. Heat recovery system

Heat water leaves the condenser of the heat pump at a tem-
perature of between 35 and 50 °C. Moving this heat over long
distances would require relatively large volumes of water to be
moved through insulated pipework, which is, in fact, unproductive.
In this way, it is recommendable to use this heat close to the source.

Low-grade heat can be accumulated in heat stores to be then
used to preheat high temperature water supplies such as domestic
heating or underfloor heating systems. In the farming context,
stored heat gained from cooling slurry during the day can be used
at nigh to heat weaner housing and farrowing. If this is the case,
concrete floor is used to minimise the temperature variation
through the day.

Underfloor heating presents important benefits, both in terms of
economy and accurate delivery of heat in the area where it is
needed. Comparing the costs saved by this system with the more
traditional heating technologies, the heat pump installation means
a significant improvement to reduce future energy costs and pro-
vide additional source of income through the system design life.

2.3. Farming under study

The case under study considers a pig farming located in the
region of Toledo (Spain). In the following Fig. 4 it is possible to
observe a general view of the farm and its exact location.

The aforementioned farm included in this research is consti-
tuted by 1500 breeding places and 2500 of transition (from
weaning to 23 kg). Piglets housing uses a heating plate made of a
ceramic material where heat is homogeneously distributed. As
shown in Fig. 5, the ceramic plate is integrated in a small-mess
grille that allows the proper slurry filtration.

The current heating system used to heat the nests and floor
plates of piglets is a diesel boiler whose consumption is 5.000 L per
month in the coldest season.

3. Practical process

This section includes all the technical calculations required to
finally design the heating system presented in this research. In this
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Fig. 4. Location of the farm under study.

Fig. 5. Piglets resting place in the farm considered in this research.

way, from the heating energy needs of the farm, each of the ele-
ments of the installation will also be defined in the following
subsections.

3.1. Farm energy needs

The initial step of the calculation process is to define the annual
energy demand of the farm to cover the heating needs of the pig-
lets. From the information obtained in the pig farm about the use of
5000 L of diesel in the coldest month and considering the annual
temperatures where it is located, the annual use of diesel has been
estimated as 33,235 I/year (also taking into account that the per-
formance of a diesel boiler is of around 85%).

Once determined the use of diesel, it is required to calculate the
initial Coefficient of Performance (COP) of the heat pump that is
planned to be installed in the system. In this regard, according to
the EU Standard Law 813/2013 [25], which establishes the relation
between the COP of the heat pump and the temperature of the inlet
working fluid, the COP of the heat pump would be of 5.8 (consid-
ering that the temperature of the slurry is of around 20 °C). This
relation, for the heat pump selected, can be observed in Fig. 6.

The previous Fig. 6 indicates that, for the temperature

COP vs Inlet Temperature
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Fig. 6. Relation COP of the system and temperature of the inlet working fluid.

conditions of the slurry, the COP of the heat pump reaches a
considerable high value (higher than the common geothermal
heating systems). Based on this COP, the power of the heat pump
required in the installation may be reduced and therefore lower
than in the traditional geothermal heat pumps systems. All this will
mean, in turn, a reduction of the heat pump investment but also of
the operational costs associated to the slurry system working.

Furthermore, since the Net Calorific Value (NCV) of diesel is
10.28 kWh/1 [26], the annual energy contribution of this fuel would
be of 341,655.80 kWh/year. Given that the COP of the system is 5.8,
the heat pumps energy needs would be 58,906.17 kWh/year,
meaning that (for a working period of 2400 h/year), the heat pump
power must be of at least 24.54 kW. A commercial geothermal heat
pump of 32.4 kW has been selected with the aim of overestimating
the obtained value and dealing with possible future energy demand
issues.

3.2. Design of the buried heat exchanger

This subsection aims to define the total length of the heat
exchanger constituting the system. The calculation of this param-
eter is conditioned by a series of factors as the following Eq. (1)
shows [27].

 Qu-<h" (R + Rs.Fyy)

L
H T, — Tvin

(1)

where:

Ly = Heat exchanger length (m)

Qy = Energy needs (kWh)

COPy = Heat pump coefficient of performance in heating mode.

Rp = Pipe resistance to heat flow (K/Wm)

Rs = Heat exchanger thermal resistance (mK/W)

Fy = Usage factor.

T; = Slurry minimum temperature (°C)

Tyvin = Working fluid minimum inlet temperature (°C)

In this way, all these factors must be previously determined to
finally calculate the global length of the heat exchanger required in
the geothermal system.

3.2.1. Slurry maximum and minimum temperatures

The general heat exchange will be conditioned by the difference
of temperature between the slurry and the fluid that circulates
through the heat exchangers. Thus, first of all, maximum and
minimum temperatures of the slurry during the year are calculated
by using Eqgs. (2) and (3) [27].
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where:

T; = Slurry minimum temperature (°C).

Ty = Slurry maximum temperature (°C)

T = Slurry mean temperature (°C)

As = Daily mean temperature (°C)

Xs = Heat exchanger installation depth (cm)

o« = Thermal diffusivity of the ground (cm?s)

The following Table 1 includes the specific parameters of the
system and the final T; and Ty results after applying Eqs. (2) and (3).

The next step is to calculate the outlet temperature of the
working fluid in the heat pump, and, using that value, its minimum
inlet temperature. Whit that aim, Egs. (4) and (5) have been
implemented [27] and results are included in Table 2.

2,400-Pc- 05!

To=Ti = —¢,(@/3,600) ®
1

Tyuin = i(Ti+TO) (5)

where:

Tp = Outlet heat pump temperature (°C)

T; = Inlet heat pump temperature (°C)

P. = Heat pump power in heating mode (kW)

COPy = Heat pump coefficient of performance in heating mode.
Cp = Working fluid specific heat (J/KgK)

Q = Flow rate (1/h)

3.2.2. Pipe resistance to heat flow

For the proper design of the heat exchanger, it is also necessary
to know the resistance of the pipe to the heat flow. Thus, through
Equation (6), this parameter has been calculated and can be
observed in Table 3.

1 Do
Ro=5 i ln(D—]) (6)

where:
Rp = Pipe resistance to heat flow (K/Wm)
Dy = Pipe external diameter (m)
D; = Pipe internal diameter (m)
Kp = Pipe thermal conductivity (W/mK)

3.2.3. Heat exchanger thermal resistance
The thermal resistance of the heat exchanger depends on the

Table 1
Determination of the minimum and maximum temperatures of the slurry.
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kind of pipe, the slurry, the configuration of the buried heat
exchanger and the system working period. For horizontal heat ex-
changers (as the one of the system suggested in this work), the
procedure consists of calculating the factor for each single heat
exchanger through the following Eq. (7).

Re—1 /47rkEi< 1 / (4at)) (7)

where:

Rs = Pipe resistance to heat flow (K/Wm)

k = Ground thermal conductivity (W/mK)

E; = Exponential integral function [29]

r = Heat exchanger radius (m)

t = Heat exchanger usage time (s)

Eq. (7) must be applied to calculate Rs for all the distances
among pipes (distance of each pipe to others including the image
pipes symmetrically arranged regarding the surface). These dis-
tances are obtained from the following Eq. (8).

L:(BZ+D2>1/2 (8)

Each of the terms of the above Eq. (8) are graphically described
in Fig. 7.

By applying both Egs. (7) and (8), the distances among pipes and
the corresponding single values of Rs are included in Table 4. It is
worth mentioning that for the parameter k of Eq. (7), the thermal
conductivity of the concrete (material covering the pipes) has been
used [28].

Thus, Rs of all the buried pipes must be added for then sub-
tracting the values of the image pipes. The final Rs of the
geothermal heat exchanger will derive from dividing the previous
value by the total number of pipes (without considering the image
pipes). From the information of Table 4 Rs takes the value of
0.394 mK/W.

3.2.4. Usage factor

Fy represents the fraction of time in which the heat pump is
operating and, therefore, the seasonal working period of the sys-
tem. It is a quite influential factor since it defines the amount of
heat that the system will exchange with the ground during the
heating mode. Since in the system of this work, the heat pump has
been designed to be working 2400 h/year, Fy is obtained from
dividing the mentioned working period by the number of total
hours of a year, obtaining the value of 0.270.

3.2.5. Final system design

From all the parameters previously calculated, the total length of
the buried heat exchanger is obtained applying Eq. (1). The
following Table 5 compiles the values of the calculated parameters
and final Ly for the system of this research.

Considering the above heat exchanger total length and given
that the separation among pipes is 0.5 m, an estimated area of

Temperatures of the slurry

Ty (°C) 20

As (°C) 149

Xs (cm) 50

o (cm?s) 0.00087%
T, (°C) 10.67
Ty (°C) 29.33

¢ Thermal diffusivity of the concrete (material covering the heat exchangers) [28].
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Table 2
Outlet and minimum inlet temperature of the working fluid in the heat pump.

Working fluid temperatures

T; (°C) 12
Pc (kW) 324
COPy 5.8
Cp 4185
Q(l/h) 7100
To (°C) 4.21
Tvin (°C) 8.11
Table 3
Calculation of the pipe resistance to heat flow.
Pipe resistance to heat flow
Do (m) 0.036
D; (m) 0.032
Kp (W/mK) 0.41
Rp (K/Wm) 0.046
- B
Fig. 7. Scheme of the buried horizontal pipes.
1915.26 m? is needed for the installation of the piping system and Since the area of the thermal circuit (before calculated) is
the corresponding reinforced concrete cover. In this sense, it is also 1915.26 m?, the system could maintain a layer of 27.90 cm of active
necessary to determine the amount of slurry that will be feeding slurry during the whole year.

the heating system during the year. With that aim, Table 6 includes
the annual and daily volume of slurry produced in the farm of
study.
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Table 4
Calculation of Rs according to the distances of each pipe.
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Table 6
Estimation of the annual and daily slurry produced in the farm under study.

Distance (m) Rs Number of places  Annual slurry [m3]*  Daily slurry [m?]
Pipe 1to 1 0.016 0.42 Breeding pigs 1500 3225 8.84
Pipe 1 to 2 0.5 0.014 Transition pigs 2500 3075 8.42
Pipe 1 to 3 (image pipe) 1 0.019
Pipe 1 to 4 (image pipe) 112 0021 Total 4000 6300 1726
Pipe 2 to 1 0.5 0.014 2 Considering that each breeding and transition pig produces around 2.15 m> and
Pipe 2 to 2 0.016 0.42 1.23 m? of slurry per year respectively [30].
Pipe 2 to 3 (image pipe) 1.12 0.021
Pipe 2 to 4 (image pipe) 1 0.019

3.3. Overall system evaluation

This subsection addresses the global evaluation of the system
here proposed from an economic and environmental point of view.

3.3.1. Economic analysis

Once calculated the technical parameters of the suggested sys-
tem, it is convenient to determine the initial investment required in
the installation as well as the operational costs associated to its
regular use. For the calculation of the first factor (initial invest-
ment), three main components have been considered: (i) the
geothermal heat pump, (ii) heat exchangers and (iii) the reinforced
concrete cover. The total initial investment value and the price of
each single component are included in the following Table 7. It
must be clarified that although the geothermal heat pump is, in
itself, provided with a circulation pumping system, additional
recirculation pumps have been included in the installation to
guarantee the continuous operation of the circuit. In this sense, for
the design of these pumps, the pressure drop and the flow rate
must be known. Flow rate is given by the regime of the geothermal
heat pump and the total pressure drop has been estimated
considering the unitary pressure drop of the PE-100 heat ex-
changers (17.7 m per 100 m of pipe) [27]. Thus, the circuit is
designed in 7 loops provided with 6 recirculation pumps of 1.5 kW
of nominal power.

The remaining economic indication rests on the regular costs
associated to the operation of the system. These costs will be
mainly attributed to the electricity use of the geothermal heat
pumps and circulation pumps and are shown in Table 8.

3.3.2. Environmental impact

The evaluation of the environmental impact is here approached
by considering the greenhouse gases emissions associated to the
operation of the geothermal heat pumps and the recirculation
pumping system. In this way, Table 9 includes the annual CO;
emissions of the system.

Beyond the calculation of the greenhouse gases emissions, it is
important to remember the environmental advantages of reducing
the temperature of the slurry in the technology of the system. These
advantages are mainly related to the descent of emissions of

Table 5
Determination of the total length (Ly) for the buried heat exchanger of the system.

Table 7
Global initial investment of the system described in this research.
Unitary price Units Total price

Heat pump system 16,245.00 €/u Tu 16,245.00 €
Geothermal heat exchangers 1<€/m 3830.52 m 3830.52 €
Reinforced concrete cover 16.26 €/m? 191526 m*>  31,142.13
Recirculation pumps 911.00 €/u 6u 5466.00 €
Working fluid 4.08 €/1 770.07 1 3141.89 €
Total initial investment [€] 59,825.54 €

*Prices are based on the commercial catalogues of “Vaillant”, “ALB”, “Grundfos” for
the geothermal components and the Standard Law UNE-EN 13163:2013+A2:2017
for the concrete cover [31—34].

ammonia and CHy4. As mentioned before, the mean temperature of
the slurry will be of around 20 °C, achieving a minimum value of
10.73 °C. This means that, in the most favourable conditions, the
active slurry will decrease its temperature in approximately 10 °C.
As stated in some research, the rates of CHs and ammonia emis-
sions descend around 80% per 10 °C of slurry temperature decrease
(0.15 gh/kg at 10 °C to 0.75 gh/kg at 20 °C) [36].

4. Discussion

With the aim of providing a complete analysis of the installation
addressed in this work, a traditional Ground Source Heat Pump
(GSHP) system has also been contemplated to cover the heating
needs of the farm. In this way, the slurry technology will be finally
compared to the common geothermal system and the diesel
installation currently used in the farm.

4.1. Ground source heat pump system

For the design of the shallow geothermal system, the software
GES-CAL has been implemented. This software, developed by
research from the TIDOP Research Group (University of Salamanca)
allows defining the most appropriate geothermal design depending
on the particular conditions of the system [37]. For its use, it is
required to know the energy demand (already calculated in
subsection 3.1. Farm energy needs) and the thermal conductivity of
the ground in the surrounding area. According to the Geological

Heat exchanger total length

Qu (kW) 324
COPy 5.8

Re (K/Wm) 0.046
Rs (MK/W) 0394
Fy 0270
T, (°C) 10.67
Tavin (°C) 8.11
Lu(m) 383052
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Table 8
Operational costs associated to the use of the suggested system.
Electricity use [kWh/year] Price per kWh [€]* Total [€]
Heat pumps 58,906.17 0.1476 8694.55
Recirculation pumps 21,600.00 0.1476 3188.16
System maintenance - - 120.00
Annual operational cost [€] 12,002.71
2 The electricity price per kWh has been estimated as an average of the electricity rate in Spain for the off-peak and peak hours.
Table 9
Annual CO, emissions of the system due to the electricity use of the heat pumps and recirculation pumps [35].
Electricity use [kWh/year] CO, emissions per kWh [kg] Total [kg]
Heat pumps 58,906.17 0.296 21,029.50
Recirculation pumps 21,600.00 0.296 7711.20
Annual CO, emissions [kg] 28,740.70

and Mining Institute of Spain (IGME), the area where the farm is
located is mainly constituted by granite formations of medium to
coarse grain [38]. The thermal conductivity of these materials is
typically 2.8 W/Mk [28], so this will be the value used in when
calculating the system in GES-CAL.

Once introduced all the information about the geothermal sys-
tem, GES-CAL software provides different configuration in function
on the heat exchanger selected. Results derived from the use of this
tool can be observed in Table 10.

4.2. Existing diesel installation

From the information provided by the farm about the use of
diesel for heating purposes in the coldest month, the distribution of
fuel use per month has been estimated (in function on the ambient
temperatures in the area) and is shown in Fig. 8. The global annual
fuel use in the farm is then of 39,100 1 of diesel.

From the above value of annual fuel use, the total annual CO,
emissions are directly obtained from the emission factor of this fuel
(2.868 kgCO,/1) [39] and reaches the value of 112,138.80 kg-CO-/
year.

Regarding the economic point of view, considering a standard
price of the diesel for heating of 0.764 €/1 (real price in the month of
January 2020 in Spain), the annual operational costs would be of
29,872.40 €.

4.3. Comparative analysis

Analysing all the previous results, the slurry technology pre-
sents important advantages regarding the traditional geothermal
installations and especially the current farm heating system. The
most remarkable differences are found when comparing the slurry
system to the existing diesel one. In the following Fig. 9, it is
possible to easily observe the principal benefits of the system

Table 10
Results obtained in GES-CAL software for each of the heat exchanger designs.

proposed here: reduction 60% of operational costs, 74% of CO,
emissions and 80% of CH4 and NH3 emissions.

Comparing now all the solutions presented in this research in
the context of the operational costs associated to each system, it is
considered appropriate to evaluate the costs accumulated during
the whole lifetime of the installations (30 years). This aspect is
graphically presented in Fig. 10, in which it is possible to deduce the
enormous differences among the slurry and geothermal systems
and the diesel one. In this sense and, on the basis of the existing
diesel installation, the accumulated costs are 60% lower for the
slurry system, and in the range of 45—55% for the geothermal
solutions.

It is convenient to mention that, for the feasibility analysis
performed in the previous Fig. 10, accumulated costs are expressed
considering the Consumer Price Index (CPI) with an average annual
discount rate of 1.8%. According to the Spanish Institute for National
Statistics [40], CPl index has experienced a variable behaviour in the
last 40 years, so the mentioned value of 1.8% has been established
taking into account a conservative and regular approach for the
period of useful life of the systems (30 years). The use of this type of
economic indicator is essential for a realistic analysis during the
mentioned lifetime period.

Considering also the initial investment required in each system,
the following Fig. 11 shows both the initial investment (blue colour)
and the operational costs (green colour) associated to each of the
analysed solutions. This Fig. 11 also includes the amortization
period of the investment of each system according to the economic
analysis graphically performed.

As can be deduced from the previous Fig. 11, the lowest initial
investment and operational costs are associated to the slurry
technology. Because of this fact, the investment for the slurry sys-
tem would be amortized in only 4 years (taking into account the
differences between its operational costs and the ones of the cur-
rent diesel system). The remaining geothermal installations involve

Vertical Double-U Vertical Single-U

Horizontal Helical

Number of boreholes = 8

Total drilling length = 988 m
Economic evaluation Initial investment = 82,755.19 €
Annual operational

costs = 13,587.09 €

Annual CO,

emissions = 26,987.49 kg

Technical design

Annual operational
costs = 13,703.55 €
Environmental Annual CO,

analysis

Number of boreholes = 9
Total drilling length = 1184 m
Initial investment = 90,361.88 €

emissions = 27,200.61 kg

Number of boreholes = 12

Total drilling length = 310 m
Initial investment = 195,458.65 €
Annual operational

costs = 13,769.82 €

Annual CO,

emissions = 27,413.20 kg

Pipe length = 6355.82 m

Ground area = 794.48 m?

Initial investment = 206,794.88 €
Annual operational

costs = 16,653.74 €

Annual CO,

emissions = 33,096.93 kg
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Fig. 10. Accumulated costs of each solution during the established lifetime.

amortization periods of 5 years (double-U), 6 years (single-U), 11
years (helical) and 13 years (horizontal). It is also worth mentioning
that, the operational costs associated to each solution and, included
in this Fig. 11, are expressed according to a NPV with a discount rate
of 1.8%.

The final comparative analysis is related to the environmental
impact. Comparing the CO; emissions, all the geothermal solutions
and the slurry one present a similar annual emission rate. The
diesel installation has however, the highest CO, emissions rate. All
the mentioned above is graphically described in Fig. 12.

Within the environmental context, it is also necessary to high-
light the positive impact of the slurry technology derived from the
reduction of temperature of the slurry. As seen before, this descent
involves, in turn, a significant reduction of the global CH4 and NH3
emissions.

relevant advantages of the slurry technology and several
geothermal solutions compared to a traditional diesel fuelled
heating system. Results show that the specific heating needs of the
animals can be satisfied by implementing these renewable tech-
nologies, being a promising option for the substitution of the fossil
systems. As far as the strategy for the optimised use of slurry is
concerned, the following statements are deduced from the instal-
lation here designed:

- The slurry technology involves significant improvements in
relation to the existing diesel system of the farm. By imple-
menting the slurry alternative, the operational costs could be
reduced up to 60%. Given the differences between the costs of
both systems, the initial investment required by the slurry
installation (around 60,000 €), could be amortized in only four
years. The environmental advantages are also notable, being the
CO, and CH4 emissions reduced to 74% and 80%, respectively.

- The conventional geothermal systems considered in the study
constitute a recommendable option to replace the diesel
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Fig. 12. CO, emissions associated to each of the systems considered in this work.

installation, both from the economic and environmental points
of view.

- Focusing on the most optimal geothermal solution (vertical
double-U or single-U), the initial investment is higher than the
one of the slurry technology, what could make the user to select
this last option. Regarding the operational costs and the emis-
sions of CO;, these are practically the same for the geothermal
and the slurry systems.

- Beyond all the positive impacts of the slurry system, the
reduction of the slurry temperature also constitutes a significant
point when considering this option. In general terms, CH4 and
NH3 emissions can be reduced up to 80% if these systems are
implemented in the farms.

Based on all the above, the slurry technology has proved to be an
excellent solution to cover the heating demand of a pig farm. Ver-
tical GSHP systems are also recommendable because of the eco-
nomic and environmental benefits obtained compared to the
traditional fossil installations. This study thus, confirms the po-
tential of the geothermal energy and the combined slurry system to
mitigate climate change but also to optimize the heating system,
contributing to important economic savings for the farm operator.

In addition, the expected long-term impact of the discussed
methodology involves a global strategy to improve the national pig
sector in the sense of making it more efficient and less vulnerable in
the future. Beyond the direct economic and environmental ad-
vantages (presented before), the slurry technology is expected to
contribute to different significant issues: (i) improvement of the
animal health by the enhancement of the air quality and environ-
ment conditions; (ii) increase of the productivity of sow farms and
the number of piglets produced thanks to the improvement of the
animal's quality of life; (iii) promotion of the energy self-sufficiency
of farms; (iv) improved perception of the pig farm in the interna-
tional meat industry market with the consequent advancement in
the global positioning; (v) opening to new possibilities of business
and general increase of the farm sales derived from the improved
farm conception.

Direct and indirect positive aspects of the combined slurry
system indicate the importance of delving into this kind of sus-
tainable technologies. In this sense, future author's research will be
aimed at finding new possibilities of implementing the discussed
system and inquiring into the associated advantages briefly
addressed in this work.
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