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Abstract: Protected horticulture is a high energy-consuming sector in which the optimization of
energy use and cost for heating facilities is strategic in achieving high environmental and economic
sustainability of production. The main aim of the project was to evaluate the use of a heat pump
for basal heating as an alternative technology to grow crops with reduced canopies, such as basil.
During the test, an area of the greenhouse contained two systems of coaxial pipes circulating warm
water from a heat pump and a condensing boiler. These pipes were placed above the growing media.
At the same time, a separate area of the same greenhouse contained a traditional heating system
consisting of an air heater, the solution commonly used to heat greenhouses. Microclimatic conditions
and energy consumption were analyzed for the three heating technologies. The energy analysis of the
three experimental heating options showed that all of them could ensure suitable thermal conditions
for cultivation in the winter period. Overall, the results confirmed the energy saving resulting from
the adoption of the heat pump, underlining the importance of this device in terms of the support that
the energy-saving goal receives.

Keywords: energy saving; efficiency; greenhouse; controlled environment

1. Introduction

Worldwide, protected agriculture (glass and plastic greenhouses, tunnels) covers an area of
at least 900,000 hectares. 70% of it (mostly located in Asian countries such as Japan, China and
Korea) uses greenhouses made of flexible plastic films. Within the Mediterranean basin, protected
agriculture reaches up to 400,000 hectares, concentrated above all in Spain, Italy, Egypt, France, Greece
and Turkey [1]. Heating the greenhouse is also a feasible option: it is a well-established practice
in central-northern regions and an increasingly widespread one in southern areas. According to
Campiotti [1], throughout the Mediterranean basin the energy consumption of greenhouse systems
ranges between 5 and 7 kg of oil equivalents/mz/y (1 kgoe = 11.63 kWh), or 60-80 kWh/mz/y, while in
central and northern Europe it may reach 40-80 kgoe/mz/y (460-930 kWh/mZ/y).
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Energy costs to heat a greenhouse represent a significant expense: in cold regions they represent the
second-largest cost item after the workforce [2]. According to Campiotti [1], the greenhouse equipment
(light-supplementation, dehumidification, heating, cooling and actuators) needed to achieve maximum
yields may result in energy costs in the order of 30%—40% of total production costs. As matter of fact,
focusing on energy consumption partitioning, Runkle and Both [3] assessed that heating requires
approximately 65%—85% of the total energy consumed in a greenhouse, with the remaining portion
used for electricity and transportation. Reducing energy consumption for heating has therefore become
an important challenge. Many efforts have allowed the optimization of the daily average temperature
and humidity as well as that of solar radiation and CO, concentration [4-6]. Furthermore, studies have
proposed innovative strategies such as structural design, the use of energy-efficient covers, improved
heating and ventilation systems, management of indoor micro-climates and use of renewable energy
sources based on the location of greenhouses. These techniques are mostly focused on reducing
the energy requirement of farming, increasing the efficient use of energy and reducing the costs
of the required power. There are a variety of heaters commonly used in greenhouses: air heaters
(either wall-mounted or free-standing) to warm the inside volume of greenhouses, water heaters
and boilers (gas or electric powered) for basal (or root-zone) heating of crops both in soil or soilless
cultivation; furthermore, electric convectors, wood or pellet stoves and heat pumps (HPs) are also
used [7-11]. However, focusing only on heating devices technologies may be misleading: the balance
between the agronomic needs of plants and the energy-saving potential of each heating technique
requires attention as well [12]. Growers, researchers, and manufacturers require that the information
on the energy-efficient strategies and their effect on plants refers to the economic feasibility of the
existing heating energy-saving technologies for conventional greenhouses. To this extent, Sethi and
Sharma [13] and Ahamed et al. [14] reviewed and evaluated passive heating technologies available
worldwide for protected cultivation, with the main aims being to increase the heat gain and reduce
heat loss from the greenhouse. Researchers examined the energy-saving potential that renewable and
sustainable solutions (e.g., photovoltaic modules, solar thermal collectors, hybrid photovoltaic/solar
thermal collectors and systems, energy-efficient HPs, innovative ventilation technologies and efficient
lighting systems) may have for greenhouse systems [15,16]. However, concerning HPs, their use in
agriculture still mainly only refers to fruit drying [17,18]. Concerning greenhouse heating, studies
have focused on HPs only in the case of geothermal source HPs, on integrated systems [11,16,19-22] or
they have investigated their financial and environmental viability using simulation tools [10]. There
are many reasons why HPs have not garnered great interest in protected agriculture applications,
mostly due to the traditional design in building experiences. Indeed, conventional heat pumps have
the best efficiency with a relatively low temperature of supply water that cannot exceed 45-50 °C,
so they are only thought to be efficient in cases of well insulated structures, mainly associated with
low-temperature heating systems, such as floor heating.

As renewable power sources (wind, solar, hydro, and geothermal) do not consume fuel, the energy
sources they rely on cannot be accounted for in the same manner as for fossil fuel sources. Choosing
the right methodology for these power technologies is, therefore, essential to achieve an unbiased
estimation of the source-based building energy use and, at the same time, to provide overall energy
metrics (e.g., energy productivity) [23].

This study aims to investigate the possibility of using conventional heat pumps as an energy
source and to compare their efficiency compared to traditional heating systems. Furthermore, this
study aims to verify in an existing ordinary greenhouse i) the applicability of a commercial air to water
heat pump and ii) test the energy efficiency of the heat pump without geothermal or photovoltaic
solutions. Commonly, moderate temperature heating systems such as HPs engender a limitation on
the heating output of the system resulting in a partial coverage of the heating requirements of large
volume facilities during cold periods. Following this, the HP technology was used to provide basal
heating to a small leafy vegetable (sweet basil) by means of root zone heating.
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With these premises, this study presents a comparison between three heating technologies
available at retailers (two with a basal heating system: an air-to-water heat pump and a condensing
boiler; and the third with an oil-fired air heater for heating the total volume of the greenhouse). This
work focuses entirely on the energy consumption of the tested systems with specific reference to energy
efficiency meant as the ratio between direct energy consumption per unit of product or per unit of crop
cycles, where the energy consumption refers to the primary consumption of fuel and/or electricity [1].
Moreover, insights into the use of the captured energy and the fossil fuel equivalence approach are
also presented to discuss the impact each heating technology has when varying the energy source.

2. Materials and Methods

2.1. Design of the Experiment

The experimental plan involved the use of three heating technologies: a condensing boiler (CB),
a heat pump (HP) and an air-to-air heater (AH). CB and HP provided basal heating to basil seedlings
while the AH represented the standard reference heating system (control) for the entire volume of the
greenhouse. Each treatment affected two benches and had four replicates (two per growing bench
with 70 seedlings per replicate for a whole of 280 seedlings/treatment). All the plants underwent the
same agronomic treatments (fertigation and pest control), according to basil requirements. Growing
media composition was peat: perlite 50:50 v-v ™.

Inside the three differently heated environments, an experiment on a small leafy crop was carried
out following a completely randomized design. 840 sweet basil seedlings (Ocimum basilicum L.), one
of the aromatic plants with greatest consumption worldwide [24], underwent simultaneous hand
transplanting in 6 growing benches on 12 February 2018. Each bench contained 5 rows of seedlings
with 28 plants per row. February is the month of the year that historically has the coldest temperatures:
Figure 1 reports in detail the mean temperature trend of 2018 and the period of the experimental test.
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Figure 1. Monthly means of the external temperature at the experimental site and period of testing
(OAT: outer external temperature; ESD: Experiment starting date; ECD: Experiment completion date).

During the growing period, the plants underwent two harvests: the first one took place 36
days after transplant (DAT) and the second 13 days after the first (49 DAT), assessing plant biomass
production (i.e., yield) in both cuts, measuring shoot fresh weight and shoot dry weight (shoots dried
in oven at 75 °C, until constant weight reached). The amounts of direct energy consumption (kcal) was
calculated keeping into account the two different heated surfaces (10.2 m? for HP and CB; 100 m? for
AH) and referring to unit of product (fresh g, and dried gqy.). Energy-use efficiency (EUE, kcal-g_l)
was calculated as described by Equation (1):

EUE = — 1
s @
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The EUE was calculated for both the fresh (EUE;_Yeld) and the dry (EUE4_Yeld) weight of
harvested plant biomass.

2.2. The Greenhouse and the Growing Benches

The trial took place in a greenhouse of the CREA Research Center for Vegetable and Ornamental
Crops (Pescia, Italy, 43°53'13” N, 10°41'18” E; degree day: 1.877). The greenhouse had a total surface
area of 200 m?, a ridge height of 3.50 m and it is North/East to South/West longitudinally oriented.
It consisted of a supporting structure made of galvanized iron, roofing in polycarbonate slabs and
walls of polyethylene sheets equipped with a fully automatized opening system. It bordered on open
spaces to the North, South and West and with another greenhouse eastward. Inside the greenhouse
there were regular prismatic concrete benches (0.70 m width X 7.25 m length x 0.30 m height, with
3 cm thickness polystyrene panels coating on the walls and on the bottom) placed on cement blocks
that raised them 0.35 m above the soil level. A vertical polyethene sheet divided the inner space of the
greenhouse into two parts, one with the air-heating system (AS) and the other with a basal-heating
system (BS), to test the three heating technologies running simultaneously (Figure 2). Figure 3 shows
the schematic layout of the experimental greenhouse.

Figure 3. Schematic layout of the experimental test.

Coaxial pipes [25] placed on the surface of the growing media among the plants’ rows provided
the basal heating (Figure 4). This position was chosen to check if this kind of heating system could also
heat the plant canopy as well as the growing media and the root zone.
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Figure 4. Detail of the coaxial pipes and basil plant layout.

2.3. The Heating System

The test aimed to compare three heating technologies (Table 1) to point out the extent of both
energy-saving and consumption and to assess their suitability to heat a leafy vegetable crop, in an
existing greenhouse with standard insulation.

Table 1. The main characteristics of the three heating technologies.

Label Type Energy Source Heating Distribution System
CB Condenser boiler LPG Canopy and root zone
HP Heat pump Electricity Canopy and root zone
AH Qil fired air Diesel Air (i.e., entire greenhouse volume,
heater or rather canopy)

The air to air AH represented the reference system of the experiment: it consisted of a floor-mounted
fan-cooled diesel generator cabinet Gentili Junior 85 SP(Gentili Generatori S.r.l., Pescia, Italy) (Table 2).
A thermostat, placed at about 1 m from the surface of the growing media, switched on/off the AH in
accordance with the established temperature setpoint of 15 °C. The CB basal system relied on an LPG
(Liquified petroleum gas) fueled condensation boiler Ferroli EcoConcept 15A(Ferroli S.p.A.,Verona,
Italy), while the HP basal heating system was an Aermec HSI 140CT (Aermec S.p.A., Verona, Italy)
(Table 2). The boiler exhaust fumes were not released into the greenhouse. The thermostat for managing
CB and HP systems, set at 15° C, had the temperature probe placed inside the canopy, just above the
centre of the hydraulic line.

Table 2. Technical declared data of the three heating systems.

Heat Pump Airmec HSI 140CT
Maximum thermal power NS 12.8
Maximum cooling capacity kW 10.00
Maximum absorbed electrical power (external unit) kW 52
Coefficient of performance (COP, radiators, external air t = 7 °C, water in/out 36
t =40/45 °C) ’
Condenser boiler Ferroli EcoConcept 15A
Maximum thermal power kW 15.3-3.6
LPG gas flow Nm3 1.19-0.28
Maximum absorbed electrical power W 140
Efficiency (80-60 °C) % 98.1-97.5
Efficiency (50-30 °C) % 104.9-106.7
Efficiency 30% Pmax % 109.3
Air heater Gentili Junior 85 SP
Maximum heating power kW 118

Declared efficiency % 91
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Figure 5 reports a detailed layout of the experimental greenhouse, while Figure 6 reports the
layout of CB and HP systems.

| NNENNRNENNNNNNANNNNARAEN | ENENNENENRNNNNNNNNENENE

E

Basal heating side (BS) | Air heating side (AS) ‘
LTI
A mmm

Al
Al

Figure 5. Detailed layout of the experimental trial: in the left part the dashed and full lines represent
the pipes used to heat the growth substrate.

| |LEE
Q 9 ¢ o
1
HP external unit| WX i?x ] _
LPG
HO | X X *
[l T
- ! ‘%—B-e— Condensation
@ ) L—pg—1| blast chiller
| |

Figure 6. Detail of the scheme adopted at the basal side (heat pump (HP) and condensing boiler (CB)
were connected to different benches).

2.4, Instruments

To investigate the effect of the different heating treatments, probes recorded greenhouse internal
air, canopy and growing media temperatures, respectively. Canopy temperature monitoring was
performed contemporarily in each area of the greenhouse using 24 Testo (Testo SE & Co. KGaA,
Titisee-Neustadt, Germany) mod. 175 data loggers: 8 for each heating treatment. They were positioned
10 cm above the growing media. Growing media temperature was recorded by 4 sensors for each
heating treatment, positioned 10 cm below the surface of the growing media. Greenhouse temperature
and relative humidity was monitored by installing a datalogger Testo mod. 175H1 at 2 m above ground
level. The list of the adopted instruments is reported in Table 3.
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Table 3. Instruments. BS: basal-heating greenhouse section; OAT: greenhouse outside air temperature;
IAT: greenhouse inside air temperature; AS: air-heating greenhouse section; HP: heat pump; CB:
condensing boiler; AH: air heater.

o

Brand/Model Measured Values Position/Purpose n
Testo 175 T1 Temperature Canopy 12
Testo 175 T2 Temperature Canopy 12
Testo 175 T2 Temperature Growing media BS 8
Testo 175 T2 Temperature Irrigation water 1
Testo 175 H1 Temp, Humidity OAT, IAT 2

VP-3 Temp, Humidity Greenhouse 2

Testo 175 T3 Temperature Growing media AS 4
QSO-S PAR Solar radiation Greenhouse 2
Orno OR-WE-505 Electricity consumption HP 1
Elkrogas BK-G4 P LPG consumption CB 1
Aqua metro VZO 4 Diesel consumption AH 1

2.5. Methodology to Relate the Energy Efficiency to Fossil/Renewable Energy Sources

As mentioned above, energy from non-combustible sources of renewable power cannot be
accounted for in the same manner as it is for fossil fuel sources. Subsequently, the fossil fuel
equivalency approach and the captured energy methodology were used to compare the three heating
technologies under testing to consider the energy conversion occurring from both fossil fuel and
renewable sources [23]. The fossil fuel equivalency approach (FFE) considers the average heat rate
of fossil generators (currently 9510 BTU/kWh or about 35% efficiency) and assigns it as the heat rate
for non-combustible renewable electricity (RE) generation. This value represents the source energy
value of the fossil generation that RE generation displaces. The captured energy (CE) methodology
assumes that the energy source is precisely equal to the electricity produced without losses before its
transmission and distribution: in this case, the heat conversion rate is 3412 BTU/kWh and corresponds
to a conversion efficiency of 100%. It is noted that these are not the complete set of the possible
methodological choices for non-combustible source energy accounting. Another method would assume
that non-combustible renewable generation consumes no source energy (e.g., 0 BTU/kWh) [23].

2.6. Data Processing

The experimental data underwent statistical processing with Minitab 17 statistical software [26]
to calculate the descriptive statistics for each treatment (arithmetic mean + standard deviation). To
evaluate the statistically significant differences between the treatments, data underwent analysis of
variance (ANOVA) followed by post-hoc multiple comparisons (Tukey honest significant difference
((HSD) test, p < 0.05).

3. Results

3.1. Thermal and Environmental Conditions

The mean recorded OAT during the entire experiment was 8.9 °C, the daily average minimum
temperatures was 4.5 °C with an absolute minimum of —6 °C. The average air temperature inside (IAT)
of the BS during the experiment was 15.5 °C, with a mean daily minimum temperature of 10.6 °C
and an absolute minimum temperature of 4.1 °C. At the same time, the average IAT of the AS was
17.6 °C, with a daily mean minimum of 12.9 °C and an absolute minimum of 9.1 °C. Figure 7 shows, as
example, a scatterplot of the air temperature inside (IAT) and outside (OAT) the greenhouse registered
during the three coldest days of the experiment. As expected, the minimum temperatures recorded in
the AS section were higher than those recorded in the BS zone (CB and HP).
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Figure 7. Plot of the greenhouse inner and outer environmental temperatures during the three coldest
days of the experimental period.

Significant differences were observed among the different heating technologies (Table 4),

temperature density distribution are reported in Figure 8 to highlight the differences that occurred
between the two environments.

Table 4. Main measured temperature outside (OAT) and inside (IAT) the greenhouse. Data are
expressed as average + standard deviation. Means that do not share a letter are significantly different.

Temperature (°C)

Environment
Mean Mean Daily Minimum Absolute Minimum
OAT 89+42c¢ 45+39c¢ —6
BS-IAT 155+53b 10.6 £2.6 b 41
AS-IAT 176 £4.3a 129+16a 9.1
0.20
|- | Environment
0.15 . = AS-IAT
=1 BS-IAT
2 - - OAT
£ 0.10 ilh
8 |4
2! | LA
i)
0.05 ki
0.00

55 0.0 55 11.0 165 220 275 33.0
Temperature (°C)

Figure 8. Density of temperature distribution of the OAT (outside air temperature) and the IAT (inside
air temperature) in the AS (air-heating section) and BS (basal-heating section) of the greenhouse.
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Inside canopy mean and mean daily minimum temperatures were not significantly different for
the three heating technologies (Table 5). Inside growing media temperatures in the BS system were
significantly higher than in the AS system, both for CB and HP treatments, with mean registered
temperature of 20-21 °C, compared to 16 °C registered in AS system (Table 5). Measured temperatures
inside canopy and inside growing media are also reported as a boxplot in Figure 9.

Table 5. Main measured temperatures inside canopy and inside growing media for the three heating
systems. Data are expressed as average + standard deviation. Means that do not share a letter are
significantly different. CB: condensing boiler; AH: air heater; HP: heat pump.

Heating Temperature (°C)
Technology Canopy Substrate
Mean daily Absolute Mean daily Absolute
Mean - . Mean .. -
minimum minimum minimum minimum
CB l66+22a 124 +28a 5.1 21.0+12a 200+13b 16.8
AH 171+20a 131+15a 9.3 159+2.0b 145+18c¢ 10.7
HP 164 +22a 122+27a 4.9 216+12a 208+12a 18.3
Canopy Growing media
25
& 2 = -
o
-
=]
£ =
—
: 1" B
& 10
5

CB AH HP CB AH HP

Figure 9. Boxplots of the daily minimum temperatures measured inside canopy and inside the growing
media for the different heating systems. CB: condensing boiler; AH: air heater; HP: heat pump.

Relative humidity mean values registered inside and outside the greenhouse during the trial are
shown in Table 6.

Table 6. Mean values of humidity inside and outside the greenhouse during the experimental test. BS:

basal heating system; AS: air heating system.

Outside Humidity % BS Humidity % AS Humidity %

Min 489 35.6 31.6
Mean 724 64.0 53.5
Max 90.6 79.6 69.0

3.2. Basil Biomass Production

Figure 10 shows the basil biomass harvested at the first and second cut (36 and 49 DAT). Significant
differences of biomass production (g tw.m~2) were found between the AS and the BS, while no
differences were found between the CB and HP system both in each cut and in the total harvested
biomass. Moreover, further processing pointed out that the total harvested biomass (g-m~2) positively
and significantly correlates with the minimum temperatures recorded in the growing media.
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Figure 10. Average values of harvested biomass (gf‘w‘,m_z) of the first, and second cut, and of the
total harvested biomass, reported for each tested heating systems: AH (air-heater—air section); CB
(condensing boiler—basal section); HP (heat pump-basal section). Data are expressed as average +
standard deviation. Means that do not share a letter are significantly different.

The daily growth rate of the basil seedlings in the first and in the second growing period for each
heating system is presented in Figure 11.

First Cut Second Cut
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»
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Air Heating Basal Heating Basal Heating Air Heating Basal Heating Basal Heating
Figure 11. Boxplots representing the daily growth rate of the basil seedlings in the first and in the second
growing period for each heating technologies. Means that do not share a letter are significantly different.

3.3. Energy Consumption

Values were measured in liters for the AH, cubic meters for the LPG and kilowatt-hours for the
HP. With the aim of making the three different systems uniform, each measuring unit was converted to
kWh. Table 7 reports the energy consumption measured during the period of the first and the second
growing cycles and the total value. The value is reported as global and specific heat consumption,
where the latter is referred to as the heated square meter. The heated square meter resulted the two
different heated surfaces (10.2 m? of the benches for HP and CB; 100 m? of the greenhouse section
dedicated to AH)
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Table 7. Global and specific heat consumption for the studied heating technologies. CB: condensing
boiler; AH: air heater; HP: heat pump.

Global Heat Consumption Specific Heat Consumption

Harvests Heating Technology (KWh) (KWh/m2)
AH 13.99 x 10° 139.99
First cut CB 245 x 10° 240.07
HP 13.3 x 10° 130.59
AH 3.59 x 10° 35.92
Second cut CB 0.61 x 103 60.18
HP 0.29 x 10° 28.82
AH 17.59 x 10° 175.91
Total consumption CB 3.06 X 103 300.25
HP 1.63 x 103 159.41

The energy consumption per unit of product is reported in Table 8. Results show that the CB-BS
system per gram of product resulted similar compared with the AH-AS. The HP-BS system per gram
of product resulted in 44% energy saving than the AH-AS and CB-BS (0.08 instead of 15 kWh/g; ).

Table 8. Kilowatt-hours expended for gram of harvested biomass. CB: condensing boiler; AH: air
heater; HP: heat pump; EUE¢ v1q: Energy-use efficiency expressed for fresh weight of harvested plant
biomass; EUEg velq: Energy-use efficiency expressed for dry weight of harvested plant biomass; g -
grams of fresh weight; g4.,.: grams of dry weight.

Harvest Heating Technology EUE¢ veiqg (kWh/ g¢)  EUEg yelq (kWh/ gg )
AH 0.74 7.37
First cut CB 0.66 7.50
HP 0.32 3.44
AH 0.04 0.40
Second cut CB 0.04 0.45
HP 0.02 0.98
AH 0.15 1.63
Total consumption CB 0.15 1.80
HP 0.08 0.98

Table 9 reports the source-related energy-use efficiencies (kWh/kg ) resulting from the correction
of the global energies consumption (Table 8) with FFE (9510 BTU/kWh) and CE rates (3412 BTU/kWh).
In this way the importance of the energy source and of the adopted approach arises in objective manner:
the HP-FFE shows the related fossil fuel required but also the fossil fuel displaced in case of RE.

Table 9. Kilowatt-hours expended for kilogram of fresh harvested biomass of the three tested heating
technologies. CB: condensing boiler; AH: air heater; HP: heat pump; CE: captured energy; FFE: fossil
fuel equivalency.

Heating Technology SREUE; ye1q (kWh/kgs 1)
AH 148.07
CB 154.77
HP-CE 83.68
HP-FFE 233.09

4. Discussion

Reducing the energy costs in protected environments is possible in order to: i) reduce energy
needs, ii) use energy more efficiently and, iii) use less expensive energy sources. The balance between
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the agronomic needs of plants and the energy-saving potential of different techniques should to be
considered to achieve the target of energy saving. For this reason, this work was focused on the
evaluation of thermal energy saving for leafy vegetables production in wintertime. The experiment
consisted in a comparison between an air heater, which heated the whole greenhouse volume; a
basal heating system powered by a condensing boiler and a basal heating system powered by an
air-to-water heat pump. The temperature trends show that the minimum air temperatures recorded
inside the greenhouse are 6.1 (BS) and 8.4 °C (AS) higher than those occurring outside. Such increments
are of the same order of magnitude of those (5.3-7.3 °C) reported in a similar experience carried
out in a greenhouse equipped with a solar combined air source heat pump system for strawberry
production [27]. At both the harvest times, the AS production (g, m~2) was significantly lower
than that of the BS, heated both with CB and HP. The biomass produced in the AS section was
lower, on average, from 51% (first cut) to 33.3% (second cut) of that harvested in the BS. Biomass
productions resulting from HP and CB in the BS do not differ significantly. As a matter of fact,
increasing soil/growing media temperature results in heat accumulation at root zone level and this can
be associated with an increase in yields [28,29]. The dry matter content was of 8.70 + 0.30%, on average,
and it is in line with other results reported for sweet basil by Walters and Currey [30]. The increase in
biomass production of basil between the first and the second cut was significantly higher for the AH
system as compared to the BS system. In particular, the HP resulted in the lowest percentage increase
of biomass, even if the first cut achieved the highest production. As matter of fact, basal heating
seems to allow accelerated plant growth [28]. Further support for these results can be found in the
positive significant correlation that fresh basil biomass showed compared to minimum temperatures
recorded in the growing media, which in the BS were higher than in the AS treatment. The energy
consumption of the condensing boiler and of the air heater resulted similar. The energy consumption
of the heat pump resulted in 45% energy saving than the air heater and than the condensing boiler
system confirming that significant thermal energy saving is possible.

These results confirm the possibility of using conventional heat pumps in agriculture even as a
simple installation in an existing greenhouse and their potential efficiency with respect to traditional
heating systems [18]. Other authors confirmed that this efficiency can be higher if the heat pump is
associated with geothermal and photovoltaic systems [19]. The fact that the heat pump was able to
heat the basil plant during the entire period can be attributed to the reported climatic conditions and
to the use of a basal system with a small-canopy leafy vegetable. In other layouts of cultivation or
species, it should be considered that underfloor or basal heating systems with a moderate temperature
(approximatively 40 °C) engender a limitation on the heating output of the radiant system. Therefore,
they may not cover all the heating requirements in cold periods, meaning that they should be coupled
with another heating system [31]. It is important to consider that even if heat pumps could be used for
greenhouse systems, and were more efficient than other conventional heating sources, this would not
automatically be translated into financial and environmental benefits [19,22,32]. In fact, the financial
cost depends on the unit cost of the energy of electricity or fuel as LPG, methane or diesel, on taxes, on
excise duties and on the fixed rate of the supplier. Moreover, the environmental assessment of the
layout of the heat pump plant (conventional, geothermal or with photo-voltaic), using electricity from
the electricity grid, does not allow an unequivocal environmental assessment [19].

The FFE and CE rates point out that the higher efficiency of HP shall be also evaluated in light
of the used energy source: when fossil fuels are the primary energy source, the SREUEs ye14 points
out that such technology is not the most efficient. However, in case the primary energy source is a
renewable one, the results enhance the fossil fuel saving potential (Table 9). This opens issues on the
fact that energy evaluation shall refer also to social, ecological and strategic values [33]; this shifts
attention towards the infrastructures required for energy demand, production, capture and conversion.
A thorough analysis of these aspects would enable the setup of a concrete energy-efficient machining
system, tailored to meet the enterprise’s needs [34]. For example, in Italy, during 2017, powerplants
had 41.5% of efficiency [35], which corresponds to 8222 BTU/kWh, that would have resulted in a
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SREUEs vyelq for HP-FFE equal to 201.64 kWh/ kg¢.,. that is 13.5% lower than the value of Table 9.
However, given the 35.1% average contribution of renewable source [0 BTU/kWh] to the National
electric power production, relating the efficiency to the sole fossil fuel contribution would have resulted
in a global heat rate of 5355 BTU/kWh and, subsequently, in a SREUE¢ y1q of 130.986 kWh/kgs .

In any case, it is also interesting in relation to the approach of the European Council for an Energy
Efficient Economy, which recently issued a document about the “energy sufficiency” concept, based on
a recognition that energy-efficiency policies alone are not enough to turn around the rising demand for
environmentally-costly energy services [36]. The simplest definition of “sufficiency” is: “an amount of
something that is enough for a particular purpose”. When this refers to energy (defined as the ability to
do work, or to bring about change) and to energy efficiency (meant as the measure of the ratio between
energy outputs and inputs) it is clear that energy sufficiency becomes a higher-order idea according
to which “sufficient” production facilities or processes are those leading, by definition, to the lowest
energy requirements in absolute terms. The present research and the achieved results comply with this
recent concept.

5. Conclusions

The energy analysis of the three experimental heating options showed that all of them provide a
greenhouse with suitable root zone heating in the winter period. In particular, the results show that
the adoption of a conventional heat pump for greenhouse heating leads to remarkable energy savings
(—45% energy consumption compared to the condensing boiler and the air heater). On the one hand,
these savings underline the key role that HP technology plays in supporting the energetic sustainability
of horticultural and floricultural greenhouse farming; on the other, they open issues of the extension of
HP applicability in agriculture even without its coupling with geothermal or photovoltaic solutions.
The source of the electrical power shall, however, be considered as it affects the overall efficiency of
the system.
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Nomenclature

LPG Liquified petroleum gas

CB Condensing boiler

HP Compressor heat pump

Ccop Coefficient of performance of heat pump
AH Qil fired air heater

OAT Outside air temperature

IAT Inside air temperature

ESD Experimental starting date
ECD Experimental completion date
DAT Days after transplant

BS Basal heating section

AS Air heating section

EUE Energy-use efficiency

SREUE Source-related energy-use efficiencies
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kgoe kg of oil equivalents

FFE Fossil fuel equivalency

CE Captured energy

RE Renewable energy
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