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Abstract: This paper presents an economic assessment of three drying systems (DS) with different
configurations: diesel-powered (DDS), grid-powered (GDS), and photovoltaic-powered (PVDS).
The third configuration, PVDS, presents important technological innovations regarding the electric
configuration (stand-alone PV, without batteries or grid support) and the heat pump technology used
(optimized for drying the recirculated air, which permits a reduction in the electricity consumption
by more than 45% if compared to a diesel air-heater or an electric resistance). The profitability of the
investment required for the installation of the three systems is proven by calculating the profitability
index (PI), the internal rate of return (IRR), the payback period (PBP), and the levelized cost of energy
(LCOE). All the indicators show good profitabilities for the three technologies (the PI values range
from 6.78 to 10.11, the IRR values range from 24% to 37%, and the PBPs are between 3 and 4 years), but
the PVDS clearly offers important economic advantages: its PI and IRR are more than 40% higher, the
PBP is 25% shorter, and the LCOE is between 40 and 47% lower than for the two other systems. The
results of this analysis correspond to a particular base case but are obviously sensitive to geopolitical
and economic changes: the ultimate strength of the PVDS configuration is its resilience against a
possible rise in electricity and diesel prices, reducing the uncertainty for investors and policymakers.

Keywords: heat pumps; photovoltaic; drying; economic assessment

1. Introduction

In recent years, the benefits obtained from the production of irrigated crops have
been significantly reduced for farmers with modernized irrigation systems. For example,
in the region of La Rioja (northern Spain), the surface used for irrigated potato crops
has decreased by 52% in the last 10 years and by 36% for beetroot crops [1]. The main
causes are a reduction in the unit prices paid by the intermediaries, the withdrawal of state
subsidies to the farmers, and increasing electricity costs. A possible way of mitigating
these problems is the substitution of these crops with alfalfa, as this fodder presents a
high added value (typically being sold for feeding racehorses). In Spain alone, the annual
alfalfa market represents between EUR 240 and 520 M, similar to Australia, and in the USA,
this market represents USD 1500 M [2]. Additionally, alfalfa is considered a fallow crop,
permitting the obtainment of benefits from the land when it is theoretically resting. The
main inconvenience of alfalfa is that, once it is baled, it needs to contain a relative humidity
of less than 25%; otherwise, there is a risk of fermentation, reducing its nutritive properties
and even starting fires in storage facilities. The simplest way of reaching this low humidity
is to let the crop dry naturally on the land, exposing it to the sun once it has been harvested.
However, this sun exposure reduces the nutritional properties of the alfalfa and might
take too long depending on the climatic conditions, limiting the number of annual cuts. In
humid regions, farmers are usually forced to use drying technology as a support to sun
exposure, with consequent energetic and economic costs. This is the reason why alfalfa
production is more extensive in sunny, dry regions than in humid ones, even if the latter
usually offers more productive land.
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For decades, the combination of an air heater and turbine that forces the hot air
through the bale has been a popular drying technology [3–6]. Both the heater and the
turbine are typically diesel- and/or grid-powered, resulting in an elevated economic cost
and a high environmental impact (particularly for diesel-powered systems, which are the
most common ones). The increasing prices of fossil fuels and electricity have compromised
the economic viability of these installations to the point that the farmer sometimes chooses
to lose the crop rather than dry it. As an alternative, recent studies have evaluated the use
of solar thermal energy to substitute the use of fossil fuels or non-renewable electricity [7–9].
Kosan et al. analyzed the performance of a double-chamber solar collector specifically
for drying alfalfa, obtaining good results [7]. Extensive reviews on solar thermal drying
technologies show that they can reduce energy consumption by 15–80% [8] and that there is
a niche for small and medium food producers [9]. The use of photovoltaic (PV) generators
for powering drying systems has also been studied in recent years [10–13], partly because
of the huge drop in PV prices and the climatic crisis associated with the massive use of
fossil fuels. Bennamoun et al. [10] and Barisik et al. [11] showed the energetic and economic
potential of incorporating PV energy into drying systems, whether it is combined with
solar thermal energy (into the so-called PVT collectors) or only PV. Rezvani et al. [12] and
Fterich et al. [13] published experimental studies that showed the good performance of
PVT collectors for drying applications.

In addition to the energy source used for powering the system, there is also room
for improvement in the way the humidity of the alfalfa bales (or any other product that
needs to be dried) is extracted. The use of heat pumps (HP) as air heaters, instead of diesel
heaters or electric resistances, can reduce electricity consumption. Jin Goh et al. [14] affirm
that the use of HPs in drying systems can improve the quality of the product and reduce
energy costs. Several experimental studies showed the good performance of heat pump
dryers with different configurations [15–17]. The first novelty of this paper is that this study
presents an additional innovation for making this reduction even more significant: the use
of an HP technology particularly optimized for air-drying [18]. Once the air has absorbed
the humidity from the alfalfa bales, the humidity is condensed to obtain very dry air that is
then recirculated through the alfalfa.

Finally, the combination of HP units and PV generators has been widely explored in
previous works (not only for drying applications), but always with one of the following
electric configurations: grid-connected systems (with or without selling the PV surplus
to the grid) [19–21] or stand-alone systems with batteries or another type or storage sup-
port [10,22,23]. The second novelty of this paper is based on the fact that this study uses a
PV system composed of a PV generator and a frequency converter (FC) for powering the
HP drier but without any grid or electricity energy storage (EES) support. This is possible
thanks to a technical solution developed at the Solar Energy Institute of the Polytechnic
University of Madrid (IES-UPM) [24]. This stand-alone configuration permits a reduction
in the operating costs and the CO2 emissions associated with the drying process to virtually
zero. This new combination of stand-alone PV heat pumps with air-drying heat pumps
will be denominated here as a photovoltaic-powered drying system (PVDS).

The objective of this paper is to evaluate the economic feasibility of this innovative
PVDS compared to two traditional drying systems: diesel- and grid-powered systems. This
assessment includes:

A comparative economic viability analysis of the monetary investment required to
install a diesel-powered drying system (DDS), a grid-powered drying system (GDS), and
a PVDS. The return on investment is compared for these three options, where the main
difference is the operational costs associated with energy generation. The results are
expressed in terms of the profitability index (PI), internal rate of return (IRR), and payback
period (PBP).

An estimation of the savings in terms of the levelized cost of energy (LCOE), comparing
the PVDS solution to the diesel- and grid-powered ones.

An estimation of the CO2 savings with PVDS compared to the other systems.
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The rest of the paper is structured as follows: Section 2 includes a nomenclature table,
Section 3 describes the methodology for the economic assessment, Section 4 presents and
discusses the base-case results, Section 5 presents a sensitivity analysis, and Section 6
summarizes the main conclusions of this work.

2. Nomenclature

In order to facilitate the reading of the following sections, Table 1 includes the nomencla-
ture used in this paper for referring to technical terms and variables (units are in brackets).

Table 1. Nomenclature used in this paper for referring to technical terms and variables (units are
in brackets).

AMn Annual amortization cost (EUR/year)
CFn Annual cash flow (EUR/year)
DDS Diesel-powered drying system with air heater
Dp Drying period
EAC AC energy delivered by the PV generator (kWh)
G(t) Global solar irradiance in the plane of the generator at a given moment (W/m2)
G* Global solar irradiance in the plane of the generator in standard test conditions (W/m2)
GDS Grid-powered drying system with electric resistance
HP Heat pump
i Interest rate (%)
IIC Initial investment cost (EUR)
IRR Internal rate of return (%)
LCOE Levelized cost of energy (EUR/kWh)
OMn Annual operation and maintenance cost (EUR/year)
PBP Payback period (years)
Pn Annual profit (EUR/year)
PI Profitability index (EUR/EUR)
PR Performance ratio (kWh/kWh)
PRMPP* Maximum PV power point in standard test conditions (kWh/kWh)

PRPV

PR considering only losses strictly associated with the PV generator itself (i.e., actual
versus nominal peak power, dirtiness, thermal and DC/AC conversion losses)
(kWh/kWh)

PV Photovoltaic
PVDS Photovoltaic-powered drying system with HP
t Corporate tax rate (%)
UR Utilization ratio of the PV system (kWh/kWh)
URDp UR that reflects the energy losses associated with the Dp (kWh/kWh)

URPV-HP
UR that reflects the energy losses associated with the operating power ranges of the
drying system (kWh/kWh)

UREF
UR that reflects the energy losses associated with the behavior of the end-user of the
system (kWh/kWh)

3. Methodology

This paper compares the economic profitability and environmental impact of three
different drying systems: a diesel-powered drying system (DDS) and a grid-powered
drying system (GDS)—both composed of an air heater and an electric turbine—and a
PV-powered drying system (PVDS) composed of an air-drying HP unit exclusively fed
by a PV system. The methodology used for this evaluation is described in the following
sections. Firstly, the energy consumption required for drying a certain number of bales
per year is estimated for the three systems, as well as the corresponding CO2 emissions.
Secondly, the sizing of the PV generator for the PVDS is established based on the estimated
energy consumption, considering some energy losses that are inherent in these types of
applications (as opposed to grid-connected PV systems). Finally, this section describes in
detail the methodology used for the economic viability analysis and for the LCOE of the
three systems.



Energies 2023, 16, 3347 4 of 19

3.1. Energy Consumption and CO2 Emissions

Figure 1 presents the schematic of the three systems under study: the DDS (a) is
composed of an air heater and a diesel generator that powers a turbine that draws hot air
through the alfalfa bales; the GDS (b) is composed of electric resistance that acts as the air
heater, and an air turbine that is now powered by the grid; the PVDS (c) is composed of
an air-drying HP unit and an air turbine, both powered just by a PV generator through
seldom frequency converters.
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PV-powered drying system (c).

According to different interviews with farmers [25], a DDS consumes 50 L/h (for
powering both the air heater and the air turbine) and dries approximately 2.5 tons/h of
alfalfa (dry matter). From this information, the hourly energy consumption of the three
systems (DDS, GDS, and PVDS) was estimated. Finally, the results were scaled up for
drying 60 tons of alfalfa (dry matter) per year under the hypothesis that the consumption
increases linearly with the volume of dried product.

− DDS: The diesel consumption of the DDS has been split in two: from the 50 L/h con-
sumed for drying 2.5 tons of alfalfa, 37 L/h is consumed by the air heater, and 13 l/h
is consumed by the diesel generator for powering the air turbine [25]. Considering
9.85 kWh/L as the inferior caloric value of the diesel fuel and an average efficiency of
90.6% for the air heater [26], the hourly consumption of the air heater is 330.3 kWh.
On the other hand, the diesel generator consumes 45.5 kWh, assuming an average
energy output per diesel fuel consumption of 3.5 kWh/L [27]. In total, the DDS
system consumes 375.8 kWh to dry 2.5 tons; to dry 60 tons per year, it would consume
9019.2 kWh/year (considering a proportional increase). Finally, for an average CO2
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emission intensity of 2790 gCO2/kWh [28], this consumption generates 25.16 metric
tons of CO2/year.

− GDS: The electric resistance must generate the same thermal energy as the air heater of
the DDS (that is, 330.3 kWh, as explained in the previous paragraph). To do so with an
efficiency of 99% [29], it must consume 333.6 kWh. As for the air turbine, it consumes
the same 45.5 kWh as the DDS (there is no difference between the two systems in the
way they pulse the hot air through the bales). In total, the GDS system consumes
379.1 kWh to dry 2.5 tons; to dry 60 tons per year, it would consume 9099.4 kWh/year
(again, assuming a proportional increase). For a conversion factor of 259 gCO2/kWh
of electric grid [28], this consumption generates 2.35 metric tons of CO2/year.

− PVDS: The HP dryer used in this study has an average drying capacity of 21 L of water
per hour, with an average electric consumption of 0.20 kWh per liter of water [18].
Assuming that the alfalfa bales have an initial relative humidity of 27.5% and that they
need a final humidity of 12%, the HP needs to extract 96 l of water per bale [25]. Each
bale weighs 396 kg (dry matter) [25], so the annual consumption required for drying
60 tons of alfalfa is 4715.66 kWh/year. Note that this represents savings in terms of
electricity consumption of close to 50% compared to the DDS and GDS. Additionally,
this energy consumption does not generate CO2 emissions (for the PV energy, the
emissions are associated only with the manufacturing and transport of the system
components, not considered in this work).

Table 2 summarizes the values of electricity consumption and CO2 emissions given
in the previous paragraphs for easily comparing the three systems under study (numbers
between parenthesis are the savings in energy consumption, comparing the DDS and GDS
to the PVDS.

Table 2. Values of yearly electricity consumption and CO2 emissions estimated for the three systems
under study. Values between parenthesis are the savings in terms of electricity consumption if a
PVDS was used instead of a DDS or GDS.

Electricity Consumption
(kWh/Year) CO2 Emissions (Metric Tons/Year)

DDS 9019.2
(47.7%) 25.16

GDS 9099.4
(48.2%) 2.35

PVDS 4715.66 0

3.2. Sizing of the PV Generator for the PVDS System

The performance ratio (PR) of a PV system is the total AC energy obtained over a
certain time period divided by the DC energy that could have been generated in ideal condi-
tions. For an expected PR value, it is easy to calculate the peak power (i.e., installed power)
of the PV generator, P∗MPP, that is required for a certain AC energy demand, according to
the following expression [30]:

PR =
EAC

P∗MPP
G∗
∫

G(t)dt
(1)

where EAC is the AC energy from the PV generator, P∗MPP is the maximum power of the PV
generator in standard test conditions (STC), G∗ is the global solar irradiance in the plane of
the generator at STC (1000 W/m2) and G(t) is the global solar irradiance on the plane of
the generator.

PR values for grid-connected systems are typically between 0.75 and 0.9 [31–33] be-
cause they can theoretically inject all of the PV electricity produced into the grid. However,
when the PV generator is connected to an intermittent load, such as the drying system
described here, it is almost impossible to reach such high PR values. There are three main
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causes of additional energy losses: the drying period might only be several months rather
than the whole year, the operating power ranges of the drying system components (even if
they allow variable speed, they can only be turned on when a certain threshold of power is
available), and the decisions made by the final user (who can choose to dry during some
hours of the day and not during others, depending, for example, on the alfalfa availability).
In previous works, the IES-UPM developed a methodology for considering the energy
losses associated with this application (and not with the quality of the PV system itself)
based on the factorization of the traditional PR [34]:

PR = PRPV ×URDp ×URPV−HP ×UREF (2)

where PRPV is the PR considering only losses strictly associated with the PV generator
itself (i.e., actual versus nominal peak power, dirtiness, thermal and DC/AC conversion
losses), URDp is the utilization ratio (UR) that reflects the energy losses associated with the
drying period (Dp), URPV−HP is the UR that reflects the energy losses associated with the
operating power ranges of the drying system, and UREF is the UR that reflects the energy
losses associated with the end user of the system.

By combining Equations (1) and (2), if the designer of the PV system knows the AC
energy demand of the drying process, the total yearly solar irradiation on the plane of the
PV generator at the system location¯

∫
G(t)dt¯and the expected energy losses, the calculation

of the required PV peak power is immediate. The AC energy demand was estimated in
Section 3.1, and the monthly and yearly solar irradiation was obtained using the simulator
of PV systems SISIFO [35] for a PV generator on a static structure, south-oriented, and
tilted 30◦, located in Zarratón (Spain). This simulator takes the typical meteorological
year (hourly irradiance and temperature series of data that best represent median weather
conditions) generated by the PVGIS database [36] for a given location. Then, it uses the
correlations of Erbs [37] for splitting horizontal global irradiation into its direct and diffuse
components and the Perez model [38] for the transposition from horizontal to the plane
of the generator. The Dp for the alfalfa is from May to September, which means a URDp
value of 0.52. Unfortunately, there are no experimental records for this specific application
that permit the estimation of the remaining expected energy losses. To partially solve this
barrier, the authors have remitted to the values obtained for real PV-powered irrigation
systems that have been designed and monitored by the IES-UPM [39]. Irrigation systems
and heat pump drying systems have in common that their main electric loads (i.e., the
water pump and the refrigerant compressor) can operate at variable speeds, so the causes
for the energy losses reflected in the PR factorization are the same.

Table 3 presents the input values used for the sizing of the PV generator, as well as the
corresponding value of P∗MPP according to Equations (1) and (2):

Table 3. Input values used for the sizing of the PV generator of the PVDS and the corresponding PV
peak power that needs to be installed.

EAC(kWh) 4715.66

G∗
(
kW/m2) 1∫

G(t)dt (kWh/ m2) 2102.96

PRPV 0.8

URDp 0.52

URPV−HP 0.8

UREF 1

P*
MPP (kWp) 7



Energies 2023, 16, 3347 7 of 19

3.3. Economic Viability Analysis

The viability of the monetary initial investment cost (IIC) required for installing
each of the drying systems is expressed in terms of the PI, IRR, and PBP. The values of
these indicators are determined by the annual cash flows (CFn) during the lifetime of the
system (25 years), defined as the difference between the annual profits and costs, following
Crundwell’s guidelines [40]. The annual profits (Pn) match the revenue from selling the
alfalfa bales and are the same for the three systems, while the annual costs, consisting of
the operation and maintenance (OMn) and amortization costs (AMn), will differ in each
case. In general, the annual CFs are given by the following equation:

CFn =

{
−I IC (i f n = 0)
(Pn −OMn − AMn)× (1− t) + AMn (i f n 6= 0)

(3)

where Pn is EUR 18,000 (assuming a selling price of 300 EUR/t [41], AMn was calculated
for a constant amortization linear coefficient of 7% of the IIC [42], and t, the corporate tax
rate in Spain, which is 25% [43]. Table 4 shows the input values given to the remaining
variables for the three drying systems.

Table 4. Initial investment cost (IIC) and annual operation and maintenance cost (OMn) considered
for the diesel-powered drying system (DDS), grid-powered drying system (GDS), and photovoltaic
drying system (PVDS). All the costs include a value-added tax or VAT of 21% for Spain.

DDS GDS PVDS

IIC (EUR) 49,579 (1) 49,579 (1) 42,955 (2)

OMn EURyear) 1848.88 (3) 2311.96 (4) 859 (5)

(1) The IIC for both the DDS and GDS are considered to be similar, assuming that the electric resistance is equivalent
to the diesel generator in terms of cost and that both use an equivalent air turbine [25]. (2) Considering a unit cost
or CAPEX of 1.5 EUR/kWp for the PV system [44], including the frequency converter, and a total cost of EUR
25,000 for the heat-pump dryer. (3) Calculated for a unit price of 86.7 cEUR/L [45], taking 3.5 kWh/L as the energy
obtained per volume unit [27]. This cost was assumed to increase by 3% annually [46]. (4) Determined according
to tariff 2.0 in Spain for access power and energy consumption [47] and the tax rate on electricity costs is 5.11% of
15% of the total costs [48]. This cost was assumed to increase by 3% annually [46]. (5) A total of 2% of the IIC for
the PVDS [27].

Finally, the three economic viability indicators are calculated from the CFs according
to Equations (4)–(6). The PI is defined as the present value of future cash flows divided by
the IIC, the IRR is the interest rate at which the IIC is returned at the end of the lifetime of
the project, and the PBP is the period of time needed for the IIC to be returned with the
present value of CFs:

PI =
∑25

n=1
CFn

(1+i)n

I IC
(4)

I IC =
25

∑
n=1

CFn

(1 + IRR)n (5)

I IC =
PBP

∑
n=1

CFn (6)

where i is the interest rate, which has been given the value 0.8% (the average in the last
10 years in Spain [43].
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3.4. Levelized Cost of Energy (LCOE)

LCOE is defined as the lifetime cost of a certain energy generation system (including
the IIC and OM costs) divided by the total energy production (EP) during this lifetime [49].
The resulting LCOEs are given by the following equations, according to the US EIA:

LCOEDDS =
I ICDDS + ∑25

n=1
OMn,DDS
(1+i)n

∑25
n=1

EPn,DDS
(1+i)n

(7)

LCOEGDS =
I ICGDS + ∑25

n=1
OMn,GDS
(1+i)n

∑25
n=1

EPn,GDS
(1+i)n

(8)

LCOEPVDS =
I ICPVDS + ∑25

n=1
OMn,PVDS
(1+i)n

∑25
n=1

EPn,PVDS
(1+i)n

(9)

where EPn,DDS = 9017.92 kWh, EPn,GDS = 9098.00 kWh, and EPn,PVDS = 4715.66 kWh (see
Section 3.1), and the rest of the input values are taken from Table 4.

4. Results and Discussion
4.1. Results of the Economic Viability Analysis

For the installation of a drying system to be economically viable, whether it is powered
by a diesel generator, the electric grid, or a PV system, the PI must be larger than 1, the
IRR must be higher than the national interest rate, and the PBP should be significantly
lower than the lifetime of the system [40]. Table 5 shows the PI, IRR, and PBP values of the
economic investment required for installing a DDS, a GDS, and a PVDS. It can be observed
that such an investment is profitable in any case: the PI values are 7.03, 6.78, and 10.11, the
IRR values are 25.7%, 24.9%, and 37.1% (much higher than the interest rate considered as
reference, 0.8%), and the PBP values are 4 and 3 years, less than a quarter of the lifetime of
the system. The profitability is significantly better for the PVDS (the PI and IIR are more
than 40% higher) because not only is the IIC lower for this system, but (and especially) so
are the OM costs. If comparing the two other systems, the DDS is slightly more profitable
than the GDS because the unit cost of diesel fuel is lower than the electricity costs. However,
the difference is not particularly significant (the PI and IIR are only 3% higher), and this
situation could easily be reversed in the current landscape of fossil fuel scarcity.

Table 5. Profitability index (PI), internal rate of return (IRR), and payback period (PBP) of the
economic investment required for installing a diesel-powered drying system (DDS), a grid-powered
drying system (GDS), and a PV-powered drying system (PVDS).

PI (EUR/EUR) IRR (%) PBP (Years)

DDS 7.03 25.7% 4

GDS 6.78 24.9% 4

PVDS 10.11 37.1% 3

4.2. Results for the Levelized Cost of Energy (LCOE)

Table 6 presents the LCOE of the three systems under study (DDS, GDS, and PVDS),
as well as the savings in terms of LCOE of the PVDS compared with the two other systems.
These savings are more than 40% in both cases, indicating that the cost per unit energy
consumption is lower if using a PVDS. As well as with the economic profitability, the results
are better for the DDS than for the GDS. The electricity costs (including energy and power
costs) are higher than the diesel costs (including the fuel and OM), resulting in a bigger
LCOE (and smaller LCOE savings).
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Table 6. Levelized cost of energy (LCOE) of the diesel-powered drying system (DDS), the grid-
powered drying system (GDS), and the PV-powered drying system (PVDS), and savings of the PVDS
system compared to the DDS and GDS.

LCOE (EUR/kWh) LCOE Savings (%)

DDS 0.52 40.5%

GDS 0.59 47.3%

PVDS 0.31 -

4.3. General Discussion

Considering the economic viability results (the PI values range from 6.78 to 10.11, the
IRR values range from 24% to 37%, and the PBP are between 3 and 4 years) and the LCOE
values (which range from 0.31 to 0.52 EUR/kWh) obtained in this assessment, it can be
stated that the PVDS solution presents significant advantages over the DDS and GDS. The
economic investment required for installing the PV system and the heat pump dryer is
44% and 49% more profitable than for installing diesel- or grid-powered configurations,
respectively. This is reflected in the PI and IRR values (10.11 EUR/EUR and 37.1% for the
PVDS). The monetary costs of generating the energy required for the drying process are also
40% and 47% lower with the PVDS solution. This is reflected in the LCOE (0.31 EUR/kWh
for the PVDS). Moreover, these results are not likely to be reversed in the short term,
considering the current landscape of fossil fuel scarcity. Diesel fuel costs are expected to
decrease slightly in the very short term but then slowly start to increase after 2–3 years,
while electricity prices are expected to fluctuate around current values but also slowly
increase on average [50].

Furthermore, it should be taken into account that the PV solution is not only more
economical but also consumes less energy (less than 50% of the energy consumption of the
DDS and GDS) and produces fewer pollutants (although the life cycle assessment of the
three systems in terms of CO2 emissions is not considered in this work, the PVDS solution
does not emit greenhouse gases during its operation, while the DDS and GDS emit 25.16
and 2.33 metric tons CO2/year, respectively). This is especially relevant for mitigating
climatic change, one of the cornerstones of European energy policies.

Finally, there is an additional benefit of using PV-powered systems that is not reflected
in an economic assessment but should be considered when considering different options:
it is an independent and reliable power supply that does not depend on any generation
and/or transportation infrastructure. If combined with electricity storage systems, it
can be more reliable than the electric grid, especially in remote locations. This additional
advantage is becoming more and more relevant in market assessments due to the increasing
fear of electric and/or diesel fuel supply deficiencies.

4.4. Discussion on the Initial Investment Cost for the PVDS

As already discussed, the use of PV energy for drying applications presents important
economic, energetic, and environmental advantages, as well as offering a reliable electric
supply. This paper intends to be useful for farmers considering new investments in
drying infrastructures. In light of this objective, the authors include in this section a short
discussion on the IIC, or CAPEX (as usually named in the PV sector), of the PV system that
would be necessary for drying a certain volume of alfalfa per year. It should be highlighted
that the volume of alfalfa considered for the base case of this analysis requires a small PV
system of only 7 kWp. The CAPEX for bigger PV systems is much smaller, both in terms of
the installed PV peak power and tons of dried alfalfa per year, as shown in Figure 2 [44]. A
PV system of 1 kWp would permit the drying of around 9 tons of alfalfa per year at a unit
cost of 0.23 EUR/ton; with a PV system of 10 MWp, more than 85,000 tons of alfalfa could
be dried at a unit cost of 0.07 EUR/ton. The selling price of the alfalfa would essentially be
the same as the one considered for the base case (because it is set in an international market
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according to international production and demand), so the economic profit from using PV
energy could be significantly higher for larger-scaled systems.
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5. Sensitivity Analysis

The results previously presented are conditioned by the inputs introduced into the
model, some of which are currently subject to significant variations. For example, a diesel
price of 0.85 EUR/l has been considered, which is conservative as recent geopolitical events
have increased fossil fuel costs in Europe up to historical values. Therefore, to generalize
these results, it is necessary to carry out a sensitivity analysis with respect to the most
important input variables. This section presents the variability of the final results for the
most relevant variables of the model.

5.1. Annual Variation in Electricity Prices

For the base case of this assessment, an annual increase of 3% for the electricity costs
has been considered. Figure 3 shows the PI of the GDS (a), the LCOE (b), and the LCOE
savings—comparing the PVDS with the GDS—(c) obtained for an annual variation in
electricity prices between −6% and +12%. The PI follows a polynomial trend and the LCOE
follows an exponential trend, tending to 7.18 (EUR/EUR) and 0.51 (cEUR/kWh) if there
was no annual variation in the electricity prices. The LCOE savings of the PVDS follow a
linear trend.
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The IRR and PBP values are also sensitive to this variable, but it is easier to visually
identify when an investment stops being profitable (PI < 1) simply by looking at the PI. In
this case, the investment required for the GDS would cease to be profitable if the electricity
prices increased more than 16.40% annually. The LCOE of the GDS increases very rapidly
with the increase in the price of energy, to the point that it quadruples when increasing
from −6% to 12%. The LCOE of the GDS would be lower than that of the PVDS (hence,
LCOE savings would become LCOE losses) if the prices decreased by at least 9% annually.
In any case, the current energetic and geopolitical landscape is already inflating electricity
prices above 3% annually in Europe, suggesting that the actual results could benefit the
PVDS even more than the base case considered here.

5.2. Annual Variation in Diesel Fuel Price

For the base case of this assessment, an annual increase of 3% has been assumed
for diesel fuel costs. Figure 4 shows the PI of the DDS (a), the LCOE (b), and the LCOE
savings—comparing the PVDS with the DDS—(c) obtained for an annual variation in diesel
fuel costs between −6% and +12%. The PI follows an exponential trend and the LCOE
follows an exponential trend, tending to 7.35 (EUR/EUR) and 0.46 (cEUR/kWh) if there
was no annual variation in the diesel prices. The LCOE savings, on the other hand, follow a
linear trend.
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In this case, looking again at the PI, the investment required for the DDS would remain
profitable until annual diesel prices rise by more than 18.89%. Similarly, the LCOE of the
DDS increases rapidly with the increase in the price of diesel. LCOE savings would become
LCOE losses if the diesel prices decreased by at least 7% annually. As with electricity costs,
current diesel fuel prices are increasing at a higher rate than in the base case of this study,
so higher returns from PV solutions can be expected.

5.3. Interest Rate

For the base case of this assessment, the interest rate has been given an average value
of 0.8%. Figure 5 shows the PI (a), LCOE (b), and LCOE savings (c) obtained for an interest
rate between 0% and 10%. The PI and LCOE follow an exponential trend tending to 6.78,
7.03, and 10.11 (EUR/EUR) for GDS, DDS, and PVDS, respectively, and 0.59, 0.52, and 0.31
(cEUR/kWh) for GDS, DDS, and PVDS, respectively, when the interest rate is zero. LCOE
savings, on the other hand, follow a linear trend.
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The investments required to install a GDS, DDS, or PVDS would still be profitable
even if the interest rate increased to 10%. In European countries, economic disturbances of
this magnitude are extremely rare. The LCOE values of the GDS and DDS systems increase
with the interest rate, but the LCOE of the PVDS increases faster. Consequently, the LCOE
savings decrease, reaching almost 0% in the case of PVDS vs. DDS when i = 10%.

5.4. Lifetime of the System

For the base case of this evaluation, the useful life of the system is 25 years. However,
this can change if, for example, the PV array experiences annual degradation rates other
than 0.8% (as assumed for this analysis). Figure 6 shows the PI (a), LCOE (b), and LCOE
savings (c) obtained for a system life between 15 and 30 years. The PI and LCOE follow a
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linear trend, increasing by 0.20, 0.22, and 0.35 EUR/EUR for each additional year of useful
life of the GDS, DDS, and PVDS, respectively. LCOE savings also follow a linear trend.
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The investments required to install a GDS, DDS, or PVDS would still be profitable
even if the useful life of the system were 15 years. Today’s manufacturing techniques and
quality control procedures make PV systems very robust, so warranties now typically cover
periods of more than 15 years. The LCOE of all three systems decreases with the system
life, but to a lesser extent for PVDS. Consequently, the LCOE savings are also higher for
longer lives. If the system lasted only 15 years, the PVDS would have a lower LCOE than
DDS and GDS (LCOE savings would be positive).

5.5. Global Annual Irradiation

For the base case of this assessment, the size of the PV generator required for drying a
certain amount of alfalfa per year has been determined for a specific location. However,
other locations with different climatic conditions could require larger or smaller PV gen-
erators to generate the same AC energy. This would depend on the global solar annual
radiation received in the plane of the given PV generator, which, according to Equation (1),
would lead to a certain PV power, with the corresponding IIC. Figure 7 shows the PI of the
PVDS obtained for variations in the annual irradiation between −30% and 30% of the base
case value. Obviously, the profitability of the DDS and GDS is not affected by this input.
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The sensitivity of the PI to the global annual irradiation is low, following a linear trend
with a slope of 0.03. The more irradiation received in a certain location, the smaller the PV
generator required for drying the same amount of alfalfa and the smaller the corresponding
IIC. However, the effect of this input parameter is not significant if compared to other
variables, as shown in the previous sections of this sensitivity analysis. The sensitivity of
the LCOE is even smaller, so the results have not been reported in this paper.

6. Conclusions
6.1. Results of the Study

The substitution of irrigated crops such as potato or beetroot with alfalfa is a good
alternative for farmers in the northern region of Spain. However, drying alfalfa for its con-
servation during transportation is currently an expensive and polluting process, whether it
is carried out using a diesel-powered or grid-powered system. This paper evaluates and
compares the economic benefits of installing the traditional drying systems, DDS and GDS,
with the profitability of installing a PV-powered one (PVDS), mainly composed of a PV sys-
tem and an air-drying heat pump. An economic viability assessment has been performed,
obtaining the profitability index (PI), internal rate of return (IRR), and payback period
(PBP); the LCOE of the three drying technologies have been estimated and a sensitivity
analysis has been included.

The PVDS solution reduces the energy consumed by more than 50%, and the CO2
emitted is virtually zero. This helps to mitigate the current energy crisis and climate change.
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PI values are larger than 1 (indicating that the investment is profitable) whether a
DDS, GDS, or PVDS is installed. The profitability is higher for PVDS (PI = 10.11), followed
by DDS (PI = 7.03), and lastly, GDS (PI = 6.78), mainly due to the high prices of electricity
(especially the costs of energy).

IRR values are much higher than the Spanish interest rate (with an average value of
0.8%), showing good profitability. Again, the best IRR is obtained for PVDS (IRR = 37.16%),
followed by DDS (IRR = 25.66%), and finally, GDS (IRR = 24.85%). PVDS is better from an
economic point of view.

PBP periods are one-eighth to one-sixth of the lifetime of the system (4 years for DDS,
4 years for GDS, and 3 years for PVDS, compared to a 25-year useful life). This means that
after these 3 or 4 years of life, there are only financial benefits and no losses.

The three drying configurations present LCOE of EUR 0.59/kWh (GDS), EUR 0.52/kWh
(DDS), and EUR 0.31/kWh (PVDS). This suggests that installing a photovoltaic genera-
tor and an HP dryer implies an LCOE savings of 47.34% compared to GDS and 40.45%
compared to DDS.

The results of the economic evaluation are sensitive to electricity prices, diesel fuel
costs, interest rates, and the useful life of the system. The scenarios in which there would
be no LCOE savings with the PVDS are the following: annual variation in electricity or
diesel costs at −7% or more, interest rates greater than 10%, or a system life of fewer than 9
years. However, it is likely that energy prices will continue to rise, albeit at a slow pace.
Finally, photovoltaic systems are already a very mature technology, and manufacturers
offer guarantees of more than 15 years for their products.

The economic viability indicators (the PI, IRR, and PBP) reflect the profitability of a
monetary investment—in other words, how much money can be earned for a certain initial
capital investment. The LCOE, on the other hand, reflects the economic cost of generating a
certain amount of energy. The first indicators are useful for possible investors; the second
indicators are useful for policymakers. In any case, the results presented in this paper show
that the PVDS solution is beneficial from both points of view.

6.2. Future Lines of Work

The study presented here is a starting point and is limited to certain conditions and
hypotheses, but it can be extended by means of more detailed considerations.

The location considered in this study has been selected because there is currently an
actual need for drying systems that do not depend on diesel generators and turbines, which
consume a lot of electricity and are very polluting. However, it would be useful to estimate
the profitability of PVDS systems in regions with different climatic conditions, which could
affect not only the available solar energy but also the production of alfalfa and even the
drying period.

This study has only considered PV stand-alone configurations. However, there can be
other situations where hybrid configurations could also be very beneficial (or even the only
solution if it is necessary to dry during the night or during not-sunny periods of the year).
The analysis of the feasibility of these solutions could be the subject of future research.

As mentioned in Section 4, the bankability of PV projects often relies on the values
estimated for the PR of the system, which in certain applications can be affected by factors
that do not depend on the quality of the PV system (i.e., the PV system is underused during
periods where there is no need to dry). It would be very useful if future works included
information related to the specificities of the application, such as the drying needs of the
crop to be dried (alfalfa or other agricultural products).
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