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Abstract: This paper presents the results of the technical validation of an innovative prototype for
drying alfalfa bales. It is based on a 4.1 kW Heat Pump (HP) that uses an advanced technology
(optimized for extracting the humidity from the air) and is directly powered by a 6.6 kWp PV generator
without grid or batteries support. The main technical challenges of this work were managing solar
irradiance fluctuations due to cloud-passing and achieving good drying efficiency. The prototype
has been validated for two consecutive drying campaigns in La Rioja (Spain). There were no abrupt
stops generated by cloud-passing. The PRPV, which evaluates the performance of the PV system only
during the periods when the PV energy can be used by the HP unit, presented values of 0.82 and
0.85, comparable to a well-performing grid-connected PV system. Although the bales’ initial relative
humidity (RH) ranged from 18 to 30%, all but one of them presented a final RH below 16%, which is
the limit point to avoid fermentation. The drying times ranged from 1 to 5 h, and the specific energy
consumption per liter of water extracted, from 0.7 to 1.46 kWh/L. These values are comparable to
traditional diesel and grid-powered systems. It is worth noting that the agricultural drying market
represented USD 1.7 billion in 2023.

Keywords: photovoltaic; heat pump; dryer; stand-alone photovoltaic heat pump

1. Introduction

Drying processes are necessary in a wide range of applications, especially in the
agri-food industry, where guaranteeing low humidities is critical for the conservation and
transport of many alimentary products. The rising global population, the growing demand
of processed food products, the expansion of commercial farming and the unpredictable
weather patterns are among the key factors for the increasing demand of drying systems.
The importance of this market is reflected in different reports: the agricultural dryer market
represented USD 1.4 billion in 2022 [1] and USD 1.7 billion in 2023 [2]. Additionally, it
is expected to increase significantly during the 2024–2032 period: the estimated annual
growth rates go from 4.5% [1], to 5.24% [2] and even 13.9% [3]. Geographically, this market
is extended worldwide (the USA, Asia Pacific, Europe and China are the major players [1]),
but only North America and Europe together share more than 50% of the global market [2].

The alfalfa crop is a particular case where drying is critical to the commercialization
of the product. Dehydrated alfalfa is a forage that offers the best nutritional quality for
animal feeding, so it is destined for racehorses, the production of ecologic dairy products
and, in general, for applications with a high market value. In Spain, one of the biggest
producers in the world, the annual alfalfa market represents close to EUR 520 million,
and in the USA, this market represents USD 1500 million [4]. The inconvenience with
dehydrated alfalfa is that it needs to be compressed at high pressure into bales to reduce
its volume for transportation. Once it has been compressed, it is critical that the relative
humidity inside of the bale does not reach values higher than 16%. Otherwise, there is
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a risk of fermentation, with two main consequences: the loss of nutritional quality and,
more importantly, the possibility of fire (fermentation is an exothermic reaction). In 2023,
the incorrect drying of one single bale in a storage facility in Spain drove the loss of near
4000 tons of alfalfa [5]. With a final market price that in 2023 reached EUR 400/ton [6],
it is easy to grasp the economic impact that this incident implied. The simplest way to
avoid this type of problematic is to let the alfalfa dry naturally on the land once it has been
harvested, before turning it into bales. However, this process must take only a few hours
to avoid nutritional degradation, and it slows down the land production (the longer the
harvested alfalfa remains on the land, the less sun the plant underneath, which will be
the next cut of the year, receives). For these reasons, most producers prefer to transport
the newly harvested alfalfa to drying installations, where the 16% of relative humidity is
guaranteed in lower times.

Typically, these drying installations use diesel-powered air heaters and grids or diesel-
powered turbines for circulating the hot air through the alfalfa bales [7–9]. There are no
recent research studies discussing these configurations, as they have been commercially
implemented for years, and their technical viability is not under discussion [10,11]; however,
the risks of burning fossil fuel as the major energy source have been signaled for decades [9].
In addition to the high environmental impact of burning diesel, the increasing price of this
fuel (from January 2020 to January 2021, the price doubled in the USA [12]) has recently
compromised the economic feasibility of these systems. Other possibilities have already
been explored.

There are different criteria to classify drying technologies, but a very frequently used
one is attending to their energy source. Using this classification, solar drying systems are
one of the most relevant alternatives to burning fossil fuels, due to the availability of the
solar resource and its low environmental impact [13,14]. Besides open solar drying (which
consists of simply exposing the product to the sun) and greenhouse drying [15], the most
extended technology until recent years is solar–thermal, whether using a non-concentrating
solar collector (typically a flat plate or tube collectors) or concentrating ones (parabolic,
cylindrical) [16–18]. In general terms, solar thermal drying reduces the energy consumption
and presents a niche for small and medium food producers [13,19]. Unfortunately, it is not
adequate for drying alfalfa bales because it does not provide electricity for powering the
turbines that force the air through the bale.

On the other hand, the impressive drop in photovoltaic (PV) module prices in the last
decades [20] and their capacity to generate electricity (that can be used for both heating the
air and powering the turbines) have made of PV generators one of the strongest allies for
the traditional solar thermal drying installations. Additionally, the PV technology is easy
to install, has very low operational and maintenance costs and does not emit CO2, except
during the manufacturing process. As a consequence, hybrid PVT solar collectors (which
combine solar collectors with a PV generator for generating both thermal and electric
energy) have been widely explored [21–23]. Describing the specifics, the advantages and
disadvantages of all the PVT drying configurations is outside of the scope of this work, as
there are several review papers devoted to this [13,14,24,25].

Although solar thermal and hybrid PVT drying systems are still relevant, the pro-
gressive electrification of the energy system (one of the key points for decarbonization)
has driven the development of Heat Pumps (HP) as an alternative for producing thermal
energy. As they only consume electricity, they can be directly powered by a PV generator
(PVHP dryer). However, the intermittence of the solar resource, which can produce abrupt
power fluctuations, made it necessary to complement PV generators with grid-support
and/or storage systems (mainly electrochemical batteries) [26–30]. The inconvenience is
that the grid support does not guarantee the decarbonization of the drying process (the
energetic mix is still fossil fuel-dependent in most regions), and including storage systems
makes the economic feasibility of these solutions difficult. To find a solution to this, the
IES-UPM developed a PID-based control algorithm for powering AC motors directly with a
PV generator using a Frequency Converter (FC) [31,32]. This algorithm, developed for large
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power PV irrigation systems, was then adapted to PVHP (Photovoltaic Heat Pumps) for
cooling applications [33]. The results were promising (close to 90% of cloud-passing events
were correctly managed), so the same tuning procedure was applied to the PVHP dryer.
Even if the HP technology and application differ, the compressor is a Permanent Magnet
motor in both cases, and controlling this device is the key for the cloud-passing algorithm.

This paper presents the first results of the technical validation of a PVHP dryer
prototype for drying alfalfa bales, based on a PV generator and a HP unit, but without
the need of a grid or batteries. With this stand-alone configuration, it could be possible
to achieve economic savings of more than 40% in terms of LCOE if compared to diesel-
powered systems [34]. This solution introduces three relevant innovations with respect to
the current state of the art:

1. The control algorithm developed at the IES-UPM allows for the management of the PV
power fluctuations due to cloud-passing (characterized by very abrupt fluctuations of
the solar irradiance) without external support. This way, all the energy required for the
drying process is provided by the PV generator, allowing for energetic independence
and reducing the investment and operational costs.

2. The HP unit installed does not work with the standard inverter technology (where
the target is a certain temperature of the air), but with an advanced algorithm that
reaches the dew point of the air to condense its humidity [35]. This way, the HP unit
generates very dry air, with a high capacity of absorbing the humidity from the alfalfa,
potentially reducing the drying time and energy consumption.

3. Contrary to the traditional diesel-powered dryers, where the humid air is released into
the ambient, this prototype recirculates the air in a closed loop: once it has absorbed
the humidity from the alfalfa, it is reintroduced into the HP unit. The HP dries it by
condensation, and the water extracted can be reused for several applications, such as
irrigation, or even human consumption. This leads to a more efficient use of the solar
resource, enabling the drying of the alfalfa and the simultaneous production of water.

A demonstrator prototype of this innovative solution was installed in La Rioja, a region
in the North of Spain, and validated through two consecutive alfalfa drying campaigns in
2022 and 2023. The validation results were presented in terms of the performance of the
PV control algorithm (that needs to maximize the usage of the solar resource and manage
the PV power fluctuations due to cloud-passing) and in terms of the quality of the drying
process (measured through the final relative humidity inside of the bale, the drying time
and the specific energy consumption during the process).

2. Nomenclature

Table 1 includes the nomenclature used in the following sections for referring to
technical terms and variables.

Table 1. Nomenclature used in this paper for referring to technical terms and variables.

Dp Drying period

EAC AC energy delivered by the PV generator [Wh]

FC Frequency Converter

G(t) Global solar irradiance on the plane of the generator at a given moment [W/m2]

G* Global solar irradiance on the plane of the generator at Standard Test Conditions
[W/m2]

Gused G, considering only the periods of time when the compressor is functioning [W/m2]

Guseful
G considering only the periods of time when the PV power is within the power
range of operation of the compressor [W/m2]
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Table 1. Cont.

Gd Total daily irradiation received on the plane of the PV generator [Wh/m2]

HP Heat Pump

MPP Maximum Power Point of the PV generator

PDC DC power delivered by the PV generator [kW]

PMPP DC power of the PV generator at the MPP [kW]

PMPP* DC power of the PV generator at the MPP at STC [kW]

PLC Programable Logic Controller

PR Performance Ratio [Wh/Wh]

PRPV

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

PRPV,STC PRPV corrected to Standard Test Conditions [Wh/Wh]

PV Photovoltaic

RH relative humidity [%]

RHi Initial relative humidity (before drying) [%]

RHf Final relative humidity (after drying) [%]

STCs Standard Test Conditions (G* = 1000 W/m2, TC = 25 ◦C)

TC Cell temperature of the PV generator [◦C]

TC* Cell temperature of the PV generator at STC [◦C]

UR Utilization Ratio of the PV system [Wh/Wh]

URDp UR that reflects the energy losses associated to the Dp [Wh/Wh]

URPVHP
UR that reflects the energy losses intrinsic to the design of the drying system (such
as the operating power range of the compressor) [Wh/Wh]

UREF
UR that reflects the energy losses associated with external factors (such as the
availability of product to dry) [Wh/Wh]

VMPP DC voltage of the PV generator at the MPP [V]

VMPP* DC voltage of the PV generator at the MPP at STCs [V]

VolW Volume of water extracted during the drying test [L]

β Coefficient of variation of the open circuit voltage of the PV module with TC [V/◦C]

γ Coefficient of variation of the maximum power of the PV module with TC [W/◦C]

η(G) Efficiency of the PV generator at the given G [W/W]

η* Efficiency of the PV generator at STCs [W/W]

3. Methodology

The PV-HP dryer operated for two consecutive drying campaigns (July–October
2022 and 2023). In 2022, the PV control of the system was validated in terms of the PV
energy usage and stability against PV power fluctuations. However, it was not possible
to characterize the drying process because of the inadequate design of the air conducts.
During the 2023 campaign, the prototype was improved in order to solve the difficulties
found in 2022, and the drying process of the alfalfa bales was characterized in terms of time
and energy consumption.

This section describes the prototype components and configuration, as well as the
KPIs defined to assess the quality of the PV control and the drying process.
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3.1. System Description

Figure 1 shows the schematic of the PV-HP dryer prototype. It is composed of
the following:

- HP dryer with an internal PLC1, which indicates an external PLC2 if there is any
alarm in the HP unit, and when the user wants to start/stop drying. PLC1 monitors
several pressures and temperatures in different points of the refrigerant circuit for
regulating the evaporator and condenser fans and the expansion valve.

- An external PLC2 that reads the PV operating conditions—global irradiance on the
plane of the generator (G) and cell temperature (TC)—from a PV calibrated cell. If
the PLC1 allows it, the PLC2 calculates the DC voltage at the Maximum Power Point
(VMPP) and sends it to the Frequency Converter (FC). This setpoint is calculated
as follows:

VMPP = V∗
MPP[1 + β(TC − T∗

C)] (1)

where V∗
MPP is the VMPP at Standard Test Conditions (STCs), β is the temperature

coefficient of the PV voltage, and T∗
C is the cell temperature at STCs (25 ◦C).

- The FC converts the DC power delivered by the PC generator (operating at the setpoint
given by PLC2) into AC power for controlling the compressor of the HP dryer.
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Figure 1. Schematic of the PV-HP dryer prototype. It is composed of a HP dryer with an internal
PLC1 (which controls the HP fans and expansion valve), a FC (which controls the compressor of
the HP) powered by the PV generator and controlled by an external PLC2 (which reads the PV’s
operating conditions from a calibrated PV cell).

The HP dryer is optimized for extracting the humidity from the air, generating a very
dry airflow with a high humidity absorption capacity. This air flow is forced through the
alfalfa bale (that has been previously introduced in a drying box), absorbs its humidity,
and returns to the HP unit in a closed cycle. Figure 2 shows this drying infrastructure
as it was installed in 2023. In 2022, the air ducts were made of carbon fiber and could
not withstand the pressure of the air impulse: they opened in several points during the
drying experiments, allowing some air exchange with the ambient. This did not prevent the
alfalfa from being effectively dried but made it impossible to calculate the volume of water
extracted in the process (which is needed for the characterization of the drying process, as
will be explained in Section 3.3). In 2023, these air ducts were replaced by aluminum ones,
as shown in Figure 2, which are much more resistant to the air pressure. Consequently,
the results of 2022 are only effective for evaluating the performance of the PV system, but
not for characterizing the drying process. The results for 2023 are valid for both: once the
air ducts were replaced and the air moved in a closed circuit without any leaks, it was
possible to estimate the water extracted by measuring the weight loss of the alfalfa after the
drying test.
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Table 2 shows the technical specifications of the main components of the system.

Table 2. Technical specifications of the HP dryer, its compressor, the PV generator and the Fre-
quency Converter.

Heat pump dryer

Manufacturer GENAQ
Model Nimbus N500-4.2
Nominal Power 4.1

Moto compressor

Manufacturer Frascold
Model D4-18.1Y
Nominal AC power (kW) 3

PV generator

Orientation 0◦ (South oriented)
Inclination 30◦

Nominal DC power, PMPP (kW) 6.6
Modules in series per string 14
Strings in parallel 1
Module manufacturer Solarwatt
Module model Panel Classic P1.0 pure

Frequency converter

Manufacturer ABB
Model ACS310-03E-17A2-4
Nominal AC power (kW) 7.5

3.2. Validation of the PV System and Control System

The quality of a PV system is typically assessed in terms of the PR, which is the ratio
between the AC energy produced by the PV system during a certain period (EAC) and the
DC energy that could have been ideally produced:

PR =
EAC

P∗
MPP
G∗

∫
G(t)dt

(2)

where P∗
MPP is the maximum power of the PV generator at STCs, and G∗ is the global

irradiance at STC.
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The main limitation of the traditional PR is that it was conceived for grid-connected
systems, which, theoretically, can use all the available irradiance to generate AC power.
However, when the PV generator powers an intermittent electric load, such as the compres-
sor of a HP, the PR is affected by additional factors, which do not depend on the quality of
the system itself (i.e., the drying period may not be the whole year, the compressor only
operates within a certain power range). These factors can generate PV losses and lower
the PR. In order to separate these intrinsic losses from those caused by a malfunction, the
traditional PR has been factorized as follows [36]:

PR = PRPV × URDp × URPVHP × UREF (3)

where the three Utilization Ratios (URs) are defined in Table 3 [33]:

Table 3. Definition of the Utilization Ratios (URs) proposed for the factorization of the PR for PV-HP
systems [33].

PRPV = EAC
P∗

MPP/G∗ × 1∫
Guseddt

This is the PR considering only losses strictly associated with the PV system itself, i.e.,
actual versus nominal peak power, dirtiness, thermal and DC/AC conversion losses. It is
intrinsic to the technical quality of the PV components and its maintenance. Gused is the
irradiance effectively used by the system, considering only the periods of time when the

compressor is functioning.

URDp =

∫
Dp Gdt∫

Gdt

This is the ratio of the total irradiation, which is the integration of the irradiance along a
period of time throughout the drying period (Dp), to the total annual irradiation. It is

intrinsic to a given crop. Note that it can only be applied to the annual period.

URPVHP =
∫

Guseful dt∫
Dp Gdt

This is the ratio of the irradiation necessary to deliver the power required by the compressor
to the total irradiation throughout the Dp. It is intrinsic to the drying system design;

specifically, it depends on the power range of the operation of the compressor, the ratio
between the PV peak power and the PV power demanded by the HP, and the maximum

number of starts per hour recommended by the compressor’s manufacturer. Guseful is the
irradiance considered during the periods of time when the PV power is within the power

range of operation of the compressor.

UREF =
∫

Gused dt∫
Guseful dt

This is the ratio of the irradiation required by the compressor during the drying schedule to
the irradiation necessary to deliver the power required by the HP. It is intrinsic to both the

availability of product to be dried and to the end user’s behavior.

Additionally, the PRPV has been corrected to STCs to obtain an indicator that does not
depend on the climatic conditions of a certain location or period:

PRPV,STC =
EAC

P∗
MPP
G∗

∫
Gused(t)[1 − γ(Tc(t)− T∗

c )]
η(G)

η∗ dt
(4)

where γ is the coefficient of variation of PMPP with TC, η(G) is the efficiency of the PV
generator at the given G, and η∗ is the efficiency at STCs. Note that the PRPV,STC allows for
the comparison of different systems regardless of the system size, the drying schedule and
the location.

The G and Tc measurements required for these calculations were given by a calibrated
PV cell installed on the plane of the PV generator. The voltage and current were monitored
at both the input and output of the FC to estimate DC and AC energy consumption. The
monitoring frequency was 1 min.

Finally, the control of the system was evaluated in terms of the stability against PV
power fluctuations due to cloud passing. These power fluctuations imply a voltage drop at
the DC bus of the FC, with two potentially negative consequences:

- If the DC voltage drops below a minimum value, there is an undervoltage alarm at
the FC and the system stops abruptly. Abrupt stops are undesirable because they
reduce the lifetime of the system components, mainly the FC and the compressor. If



Energies 2024, 17, 4612 8 of 17

the operating voltage of the PV generator approaches the minimum value, the PLC
orders a controlled (i.e., slow) stop of the FC.

- When the DC voltage drops, so does the frequency of the compressor; if it operates
below the minimum value specified by the manufacturer for more than 3 s, the PLC
orders a controlled stop. Otherwise, there is risk of overheating in the compressor and
of damage in the refrigerant circuit due to excessive vibrations.

The control system that must deal with power fluctuations is based on PID control,
implemented at the FC, which requires manual tuning [31]. The ability of this control
system to deal with power fluctuations was evaluated through the number of undervoltage
alarms at the FC and the number of overheating alarms at the HP dryer.

3.3. Characterization of the Drying Process

One of the main challenges of this experimental work was to accurately determine
the humidity of the alfalfa bales, how it was distributed and at what rate it was extracted.
Bales are greatly heterogeneous in terms of pressure and composition (the leaves do not
have the same humidity as the stems), so it is possible to register very different humidity
levels even among very close areas. Additionally, the alfalfa is compressed at very high
pressures, which makes it difficult to force the air through it homogeneously (the external
areas typically offer preferential ways for the airflow, which tends to avoid the core).

To characterize the humidity of the bales before and after each drying test, the relative
humidity (RH) was measured in 60 equally distributed points. This allowed for the esti-
mation of the average RH—initial (RHi) and final (RHi)—and its distribution. The quality
control for deciding whether a bale was satisfactorily dried consisted of assuring that all
60 points had less than 16% of RH. To obtain a more accurate estimation of the volume of
water extracted during the drying process, the bale was weighted before and after each
test. The weight loss correlates with the volume of water extracted from the alfalfa (VolW).
The energy consumption per liter of water extracted was calculated dividing the EAC by
the VolW.

Finally, temperature and humidity sensors were located in the inlet and outlet air ducts
to monitor the evolution of the RH during the experiment. The intention was to determine
when the 16% goal was reached, in order to characterize the energy consumption up to
that point. However, these sensors provided values for the total volume of water extracted
that did not match the values indicated by the weight scale. After trying several locations
for the sensors, it was concluded that it was very complicated to obtain a representative
measurement of the heterogeneous air flow only with two points. More precise ways of
monitoring these variables should be explored in future experiments.

4. Results and Discussion

This section presents the results of the validation of the PV system and control system,
obtained during the 2022 and 2023 experimental campaigns. The results of the characteriza-
tion of the drying process are also presented, but only for 2023 (as it was already explained,
in 2022 the experimental setup presented some deficiencies in the air ducts design, which
were solved for the second campaign).

4.1. Validation of the PV System and Control System

Table 4 presents the values for the PR, PRPV, PRPV,STC and the URs, together with the
daily global irradiation on the plane of the PV generator (Gd) and the average daily Tc for
the 2022 and 2023 campaigns. All these parameters, except for the Tc, are obtained by inte-
grating minute values of AC power and solar irradiance (according to the equations shown
in Section 3.2) for those days when a drying test was performed. The total values for 2022
and 2023 are the sum of these days. The PRPV,STC is calculated according to Equation (4),
using minute values of the Tc, rather than the average value presented in this table. Note
that the URDp is not reported because all the experiments were performed during the alfalfa
season, which is precisely the drying period for this crop (hence, URDp = 1).
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Table 4. Values for the PR, PRPV, PRPV,STC and the URs defined in the methodology section, together
with the daily global irradiation on the plane of the PV generator (Gd) and the average daily Tc for
the 2022 and 2023 campaigns.

Date PR PRPV URPVHP UREF PRPV,STC Gd (kWh/m2) Tc (◦C)

09/07/2022 0.69 0.81 0.88 0.96 0.98 5.37 68.51

10/07/2022 0.51 0.77 0.70 0.94 0.92 5.67 66.88

11/07/2022 0.40 0.82 0.49 1.00 0.98 3.67 69.24

20/07/2022 0.65 0.82 0.80 1.00 0.97 2.53 64.37

21/07/2022 0.54 0.80 0.69 0.99 0.93 5.17 60.24

26/07/2022 0.38 0.87 0.71 0.61 0.98 3.98 49.83

28/07/2022 0.64 0.81 0.85 0.93 0.96 5.66 43.22

29/07/2022 0.28 0.85 0.84 0.39 0.98 6.29 41.37

01/08/2022 0.26 0.80 0.92 0.35 0.97 4.70 68.32

02/08/2022 0.53 0.82 0.95 0.68 0.96 5.54 62.76

17/08/2022 0.32 0.89 0.55 0.66 0.99 3.90 37.41

04/10/2022 0.60 0.81 0.86 0.86 0.96 4.30 46.10

05/10/2022 0.61 0.87 0.81 0.86 0.96 4.90 35.54

Total 2022 0.49 0.82 0.81 0.74 0.96 61.68 54.91

07/08/2023 0.37 0.84 0.79 0.56 0.91 1.76 37.09

10/08/2023 0.26 0.84 0.80 0.38 0.93 5.58 60.96

23/08/2023 0.63 0.81 0.91 0.86 0.94 3.85 65.26

24/08/2023 0.25 0.87 0.85 0.34 0.96 5.61 56.23

25/08/2023 0.49 0.85 0.84 0.68 0.94 4.37 51.19

07/09/2023 0.08 0.85 0.78 0.12 0.93 5.21 41.58

08/09/2023 0.56 0.87 0.70 0.92 0.95 5.18 42.49

09/09/2023 0.63 0.85 0.79 0.94 0.93 5.46 41.22

10/09/2023 0.58 0.83 0.82 0.86 0.96 6.08 44.53

27/09/2023 0.36 0.85 0.45 0.94 0.92 4.35 35.31

28/09/2023 0.41 0.82 0.74 0.68 0.94 5.80 45.47

11/10/2023 0.30 0.84 0.89 0.40 0.94 5.71 42.87

13/10/2023 0.34 0.87 0.45 0.87 0.95 2.60 29.38

Total 2023 0.40 0.85 0.75 0.64 0.94 61.58 45.66

The traditional PR revealed values of 0.49 and 0.4 for 2022 and 2023, which could seem
too low if compared to what could be expected from grid-connected systems (typically
above 0.8 [37,38]). Without further considerations, this could lead us to believe that the
PV system is underperforming. However, the PRPV, which considers only the periods of
time when the PV energy can be consumed by the HP drying system, shows values of 0.8
and 0.85, consistent with a good performance of the PV generator and FC. The difference
between both PRs comes from the URPVHP, which reflects the energy losses associated with
the design of the PV-HP dryer (with values of 0.81 and 0.75 for 2022 and 2023), and from
the UREF, which reflects the energy losses associated with the availability of alfalfa and the
end user’s behavior (with values of 0.74 and 0.64). In general terms, the second contributed
more to reducing the PR compared to the first.

Regarding only the URPVHP, all the daily values are bigger than 0.7, except for three
days (highlighted in grey in Table 4). These unusually low ratios are a consequence of the
control implemented to manage PV power fluctuations. As explained in the methodology
section, this control orders the compressor to stop if the available PV power is not enough
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to reach the minimum frequency of the compressor. The problem is that the manufacturer
of the compressor recommends a maximum of six starts per hour. For days with a lot
of sunny–cloudy intervals, this maximum was eventually reached, and the compressor
remained stopped for the rest of the hour, even if the available PV power allowed it to
restart. This can be observed in Figure 3, which is discussed further in this section. This
could be partially mitigated with an IA-based control system, which could analyze the
cloud patterns to estimate the magnitude and duration of the power fluctuation. This way,
some unnecessary stops could be avoided. On the other hand, the URPVHP reached values
greater than 0.7 for the rest of the days and even greater than 0.9 for very sunny ones. This
indicates that the sizing of the system components (mainly the PV generator and the HP
compressor) is well optimized.
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The UREF is the indicator that presents higher variability, as it responds to external
factors that do not depend on the design or the control of the PVHP dryer. In Table 4, there
are three values highlighted in grey that are examples of such variability. The minimum
value of 0.12 indicates that there was no alfalfa available during most of the day, due to
limitations in local production. The maximum value of 1 indicates that the alfalfa was
available and already introduced in the drying box when the PV power allowed the HP to
turn on. Note that an UREF of 0.12 leads to a PR of 0.08, a very low value that is once again
not caused by the underperformance of the PVHP system (the PRPV for that same day was
0.85). In an industrial installation, the availability of alfalfa would be almost guaranteed
during the drying period, so such low UREF values would not be likely to appear.

The last indicator shown in Table 4 is the PRPV,STC, which is the PRPV corrected to STCs
by eliminating thermal losses and low-irradiance losses. This way, the PRPV,STC reflects the
performance of the PV system by considering only the irradiance that can be effectively
used by the HP dryer, independent of the location and climatic conditions during the
experiments. The total values for 2022 and 2023 (0.96 and 0.94, respectively) indicate a very
good performance of the system. The efficiency of the FC during the experiments was 0.96
on average, so the PRPV,STC mainly reflects the DC/AC conversion losses.

From these KPIs, the most useful ones, in order to compare the performance of this
system with the performance of other PV systems, are the PRPV (which compares PV
systems regardless of the application) and the PRPV,STC (which compares PV systems
regardless of the application, location and climatic conditions). Table 5 presents the mean
and standard deviation of the daily values of these two KPIs, considering the 2022 and
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2023 campaigns. According to this table, we could expect a PRPV of 0.84 for a PV system
operating in summer in a region with similar climatic conditions as La Rioja (Spain),
regardless of its application and whether it is grid-connected or stand-alone. For systems
operating under any climatic conditions, we could expect a PRPV,STC of 0.95. Note that
both indicators present low standard deviations (2.68% and 2.15%, respectively). This
result is actually very similar to a previous PVHP system validated by the UPM (which
accomplished 0.96 for MPPT tests) [33], although the HP technology, the application and
the climatic conditions were different.

Table 5. Mean and standard deviation of the daily values of the PRPV and the PRPV,STC, considering
the 2022 and 2023 campaigns.

PRPV PRPV,STC

Mean 0.84 0.95

Standard deviation (%) 2.68 2.15

Finally, the PV control system was evaluated for resisting PV power fluctuations with-
out abrupt stops of the system (caused by undervoltage alarms for the FC or overheating
alarms for the compressor). At the beginning of the 2022 campaign, the PID control was
tuned for allowing a quick start-up of the compressor (so that it reached the minimum
frequency in less than 3 s), without undervoltage alarms in the FC. If the start-up is too fast,
the DC voltage of the PV generator decreases very abruptly from the open-circuit point,
with the risk of falling under the minimum voltage required for the FC. This was achieved
with the following PID parameters: proportional gain of 0.1 (tuned for a correct start-up),
integral time of 0.1 s (tuned for fast PV power fluctuations) and a derivative time of 0 s (as
there is too much electrical noise that otherwise would destabilize the control). This tuning
of the PID control allowed it to operate during the rest of the 2022 and 2023 campaign
without any alarm or abrupt stop. Figure 3 shows G and the DC power consumption of
the HP dryer (PDC) for a day with many passing clouds (27/09/2023). The HP dryer starts
operating around 11:50 h, when the solar PV power allows the compressor to reach its
minimum frequency. It can be observed that there are three consecutive start-ups and
stops due to irradiance fluctuations, followed by two more stops close to noon. After
these five stops (all of them ordered by the PLC, so there was no alarm in the FC), the
compressor remains stopped until 13:00 h, due to the limitation of six starts per hour that
was already mentioned. This is precisely what decreases the URPVHP during days with
many passing clouds. After this, note that the system continuous to operate until 15:30 h
with only two more controlled stops, regardless of the abrupt irradiance fluctuations.

4.2. Characterization of the Drying Process

Table 6 shows VolW (L), the AC drying consumption per liter (kWh/L), RHi and RHf
(%) and drying times (h) for the drying tests performed in 2023, after the air ducts from the
first prototype (which allowed for air-leaks) were replaced by aluminum ones (which are
much more resistant to air pressure). The first aspect that was evaluated was whether the
RH of the alfalfa bales was less than 16% after the drying test, so it could be considered
safe to transport them without risk of fermentation. Note that, from a total of 12 samples
on 13 different days, all were satisfactorily dried, except for two samples (highlighted in
grey): sample 4 was dried up to 19.4% (most of the 60 measured points actually exhibited
RH of less than 16%, but there was a very moist portion of the bale that the air flow was
unable to dry); sample 6 was hardly dried during the date 07/09/2023 (its RH went from
28.2% to only 27.2%) because the alfalfa was not available for most of the day (as reflected
by the UREF in Table 4), so it was left inside the drying box for a second test, after which it
reached an average RH of 16%.
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Table 6. Volume of water extracted (VolW), AC drying consumption, initial and final relative humidi-
ties (RHi and RHf) and drying times for the drying tests performed in 2023.

Sample Date RHi (%) RHf (%) Drying Time (h) VolW (L)
AC

Consumption
(kWh/L)

1 07/08/2023 18.3% 13.7% 1.0 3.96 0.90

2 10/08/2023 21.1% 6.7% 2.1 11.12 0.70

3 23/08/2023 21.1% 7.3% 3.8 13.60 0.96

4 24/08/2023 28.5% 19.4% 2.3 8.28 0.92

5 25/08/2023 27.1% 10.2% 3.3 14.73 0.79

6 07/09/2023 28.2% 27.2% 0.7 1.03 2.41

6 08/09/2023 27.2% 16.0% 4.6 11.44 1.46

7 09/09/2023 29.6% 1.8% 5.1 20.22 0.99

8 10/09/2023 27.4% 1.0% 5.3 18.26 1.11

9 27/09/2023 20.1% 10.4% 3.0 6.97 1.34

10 28/09/2023 18.6% 0.4% 3.5 11.48 1.16

11 11/10/2023 25.4% 14.5% 2.9 11.50 0.83

12 13/10/2023 17.9% 11.9% 1.7 5.37 1.03

The drying time was calculated considering only the periods when the compressor
was operating. Comparing this table with Table 4, it can be observed that this time is
correlated with the UREF (the bigger the UR, the longer the drying test), so it is strongly
affected by the alfalfa availability. As a consequence, the tests had a duration between 1 h
and 5.3 h, from the moment the alfalfa was introduced in the drying box to the moment
when there was not enough solar power available (at the end of the day). The difference
between the RHi and the RHf depends strongly on this drying time (among other factors
such as the bale’s homogeneity). For most cases (except for samples 7 and 8), the PVHP
dryer was capable of correctly drying the alfalfa bales below 16% of RH in less than 5 h,
even when the RHi was greater than 25%. This seems reasonable if compared to commercial
installations (that report drying times of around 3 h).

Figure 4 shows the volume of water extracted during the experiments versus the
difference between RHf and RHi in the same test. Both variables are linearly correlated, with
R2 = 0.98. This finding implies two things: it validates the method for the RH estimation (if
this method was not accurate, there would be more dispersion in this figure) and it opens
the possibility of estimating the RH level during the experiments by knowing only the RHi
and measuring the volume of water condensed inside of the HP unit. However, note that
the slope of the line that correlates the volume and the RH is specific to a given volume
of alfalfa.

The third relevant variable for this analysis is the drying AC energy consumption
(i.e., the AC energy needed for extracting 1 L of water). Commercial diesel-powered
installations report consumptions between 0.5 and 1 kWh/L, while the PVHP dryer moved
in the 0.7–2.41 kWh/L range. To understand this significant variability, the authors selected
three days when the total volume of water extracted was similar when calculated by weight
difference (with values reported in Table 6) and when calculated with the humidity and
temperature sensors in the air ducts. When the difference between both values was less
than 10%, the measurements from the sensors were considered to be reasonably reliable.
The main advantage is that they allow us to see how the consumption per liter varies along
the drying process, as shown in Figure 5. This figure leads to the following discussion:

- At the beginning of the drying test (i.e., when the RH is higher), the energy consump-
tion is very high but decreases drastically after reducing the RH by approximately
1%. This behavior is observed over the three days. The reason is that, when the
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HP unit is turned on, the refrigerant temperatures at the evaporator and condenser
require a few minutes to stabilize and reach the optimum values for drying the air.
During this time, the PVHP dryer does not extract the water efficiently, so the energy
consumption increases.

- In Figure 5b,c, after the energy consumption reaches a minimum, it increases again,
slowly at first, and then quite abruptly. This abrupt increase occurs at different RH
levels and has different causes. In Figure 5b, the RH reaches lower values than 10%,
so, at the end of the experiment, the alfalfa was very dry. In this situation, the air flow
absorbs little water during each recirculation (mainly because there is little water to
extract), which increases the specific energy consumption. In Figure 5b, on the other
hand, the increase in energy consumption occurs at RH levels higher than 20%, and
the target value of 16% is never reached. In this case, the reason is an incorrect fit
of the alfalfa bale inside of the drying box, which left open spaces for the air to pass
through, instead of flowing through the alfalfa. These spaces increase when the alfalfa
losses water and, consequently, the volume, which explains the increase in the specific
energy consumption at the end of the experiment. Finally, Figure 5a does not present
this abrupt increase at the end because the experiment stopped at a medium RH level,
and there was a proper fit inside the drying box.

- This allows us to identify the main sources of the variability observed in the energy
consumption per liter of water extracted, which are as follows:

- The RH levels during the drying process, specially the RHf. There are two possibilities
for reducing this uncertainty: by using a more accurate monitoring system for the
humidity and temperature of the air flow, which allows us to know the RH at any
moment, or by directly measuring the volume of water condensed inside the HP unit.
If the RHi is well known, it is possible to know how many liters of water must be
extracted for reaching the optimum 16% (as seen in Figure 4).

- The correct or incorrect fit of the alfalfa bale inside of the drying box conditions the
efficiency of the air flow to absorb water. This could be mitigated with an advanced
design of the drying infrastructure, by changing the orientation of the box so that the
weight of the alfalfa ensures a good fit by gravity.
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If we now go back to Table 6, we can assume that the highest energy consumption
(2.41 kWh/L the day 07/09/2024) was an anomaly. That day, the test begun late (because
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there was no alfalfa available) and lasted less than 1 h. Therefore, it was strongly affected
by the high energy consumption at the beginning of the experiments (as shown in Figure 5).
If we disregard this day, the range of energy consumption per liter spans from 0.7 to
1.46 kWh/L for the rest of the experiments. These values are much closer to those reported
by diesel-powered systems and can be further lowered with the improvements described
for the monitoring system and the drying box.

5. Conclusions and Future Work

This work presents the results of the technical validation of a PVHP drying system
for alfalfa bales, a high-value agricultural product that is traditionally dried with diesel-
powered systems. The high operational costs of these driers have put the economic viability
of the alfalfa crop at risk, making it necessary to explore other alternatives. The PVHP
technology proposed here is based on a HP unit that optimizes air drying (instead of
simply heating the air) and is powered only by a PV generator (without grid or battery
support, which complicates the economic feasibility of the solution). This technology offers
several advantages: energetic independence, modularity, low operational costs and low
environmental impact. An initial demonstrator was validated in real operating conditions
for two consecutive drying campaigns (2022 and 2023) in La Rioja, a region in the North
of Spain. The results were promising, showing that the drying of alfalfa bales using this
technology is technically feasible.

First, the quality of the PV system control was evaluated in terms of the utilization of
the solar resource (a factorization of the traditional PR is proposed to differentiate among
different types of energy losses). The PRPV, which considers only the irradiance that could
be used by the HP unit, presented an average value of 0.85, comparable to that of a well-
performing grid-connected PV system. The PRPV,STC, which is the PRPV corrected to STCs
and is independent of the climatic conditions during the experiments, showed an average
value of 0.95. This is representative of what could be expected from future PVHP dryers.
The URPVHP and the UREF, which quantify the solar energy losses, indicated proper sizing
of the system components and that the main cause of energy losses was the availability
of alfalfa.

There were no abrupt stops of the system caused by PV power fluctuations due to
cloud-passing, demonstrating that batteries are not necessary for this application. They
could of course increase the operating time, but this is not critical for drying alfalfa (as this
crop is only harvested over 3–4 months per year). In fact, in the region where this work
was validated, there are plans to install a PVHP dryer that consumes the PV surplus of a
large PV generator mainly devoted to irrigation.

As for the quality of the drying, all the samples, except for one, were satisfactorily
dried, reaching RHf of less than 16%, which is the critical value for avoiding fermentation.
The drying times (1–5 h) were reasonable if compared to current diesel-powered systems.
The specific energy consumption (0.7–1.46 kWh/L) was in some cases higher than that of
diesel-powered systems (0.5–1 kWh/L) but is susceptible to being reduced with a better
design of the drying box.

In order to make this PVHP drying technology commercially feasible, the following
improvements should be explored and implemented:

- An accurate monitoring system for the humidity and temperature of the air flow, which
allows for the determination of the RH at any moment. If this is not possible due to
the heterogeneity of the air flow, a simpler solution would be to directly measure the
volume of water condensed inside of the HP unit. This would allow for determining
the optimum RHi and RHf to reduce the energy consumption.

- Designing a drying box that ensures a better fit of the alfalfa bale, forcing the air flow
through the core and reducing both energy consumption and drying times. For this, a
better understanding of the fluid dynamic inside of the box would be needed, in order
to evaluate the pressure and temperature gradients.
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- Integrating an AI-based control system for minimizing the number of stops per hour
during cloudy days, reducing the URPVHP losses by improving the use of the solar
resource and extending the lifetime of the compressor.

- The solution proposed should be validated in different seasons and climatic conditions
to generalize the results. Specially, the cloud-passing control algorithm could need dif-
ferent tuning, depending on the local cloud-patterns. There are already two previous
works by the IES-UPM that validated the cloud-passing control algorithm for long
term operation in PV irrigation systems [32] and a stand-alone PVHP system for
cooling applications [33].

In general terms, this PVHP dryer technology has proven effective for drying alfalfa
bales in a region with warm and humid climatic conditions, using 100% renewable energy
and without the need of battery support. This could lead to economic savings of up to
40% in terms of LCOE, if compared to diesel-powered systems [34]. Additionally, this
technology is complementary to PV irrigation systems: the same PV generator can be
used for both applications, using the PV surplus from irrigation for the HP drier and
improving the energetic and economic efficiency of the whole. Finally, note that the combo
HP dryer + PV generator, with the cloud-passing control algorithm, is valid for any low-
temperature drying application, independent of the drying infrastructure that is needed.
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