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Abstract

Appalachian State University’s Nexus project designed an efficient greenhouse heating system that integrated renew-
able energy and root zone heating technology to reduce the greenhouse heating energy burden on local farmers and
installed it at local cooperative farms. This study analyzed 5 years of data from 2018 to 2022 to investigate the energy
savings and microclimate control effectiveness of the Nexus heating system installed at Springhouse Farm in North
Carolina, USA. By varying bench cover materials, bottom insulation, and the number of loops of root zone tubing, the
different soil temperatures required for plant types and growth stages were achieved with a single temperature controller.
A root zone heating fluid of 32.2 °C satisfactorily maintained the germination soil between 20 and 25 “C in March 2019
with an average outside temperature of 4.8 “C and an average low temperature of — 0.4 “C. Growing soil maintained an
average temperature of 15 C with bottom insulation and an average of 11-12 °C without bottom insulation. Compared
to the conventional heating system (a forced-air propane unit heater alone), weather-adjusted propane consumption
(propane usage divided by heating degree days) was reduced by 65% with the Nexus system alone and 45% with the
Nexus system and unit heater together. It shows that the Nexus system has significantly reduced greenhouse heating
energy consumption and maintained productive conditions. The renewable energy fraction ranged only 9-13% of the
total thermal energy used due to the high inlet temperature entering the solar thermal collector. This can be improved
by separating the heat storage and backup heat source.

Keywords Growing season extension - Greenhouse heating energy - Root zone heating - Bench covers - Under-bench
insulation - On-Farm Renewable Energy

1 Introduction

Research conducted by the Appalachian Sustainable Agriculture Project (ASAP) revealed that demand for locally
grown produce exceeds current spending by 260% in western North Carolina (NC) [1]. This unmet demand for locally
grown food indicates that the potential exists for increasing rural farmers’income in the region [1, 2]. However,
regional barriers, including a relatively short growing season and mountainous terrain, hinder this benefit by limit-
ing the availability of locally grown produce along with consistency and access [3, 4]. Many farmers in the region
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are small-scale, family-owned, and struggle to maintain profitability with limited resources, resulting in low farming
income and high rates of off-farm income sources [4-6]. In Southern Central Appalachia, which includes the area this
study focuses on, 64% of farms had an average net loss of $10,734 per farm in 2017 [4].

Growing season extension through greenhouse production has been proposed as a key solution that simultane-
ously meets the demand for productivity improvement and local produce in the region [1, 2]. High tunnels’relatively
inexpensive installation cost ($32-47/m?) attracts small-scale farmers, so they are commonly used for growing season
extension either by passive means or with active heating and ventilation systems [7]. However, the high heat loss
rate (U-value: 6.4 W/m?K) of polyethylene, the main material of the high tunnel, does not assure its envelope thermal
insulation [8, 9]. In addition, the requisite energy costs exclude many rural farmers from being able to afford a heated
greenhouse [10, 11]. Therefore, farmers in this region, with the late frost/freeze and cold snaps in spring, struggle to
balance the economic viability of high tunnel crop production with energy costs.

Heating energy is one of the main overhead costs in greenhouse production in temperate climate regions and
thus serves as a key factor in increasing agricultural productivity [12, 13]. Forced-air unit heaters are chosen by
many growers because they are easy to install and have low initial costs, but the heated air rises upward, increasing
the temperature difference between the inside and outside of the greenhouse ceiling, causing large heat loss [13].
Additionally, unit heaters are frequently installed high up in the greenhouse to secure cultivation space, and energy
is wasted by heating the entire greenhouse rather than the plant areas.

Local heating and temperature control are efficient ways to save energy. Because each organ of a plant has a
different sensitivity to heat, uniform temperature control of the entire greenhouse is not necessary [14]. Root zone
heating (RZH) has been suggested as an effective heating method that simultaneously enhances plant health and
saves heating energy [14]. Maintaining root zone temperatures within the optimal range, even at low greenhouse
air temperatures, promotes root growth, activity, and nutrient uptake, leading to improved aboveground biomass
and increased yields with reduced disease risk in studies of tomato crops [15, 16]. On the other hand, because root
growth is sensitive to temperature, low root zone temperature restricts the growth of the entire plant even when
optimal greenhouse air temperatures are provided [14, 17, 18].

Compared to conventional heating systems that heat air, RZH lowers the temperature difference between the
greenhouse surface and the outside air, resulting in reduced conductive heat loss through the greenhouse plastic
[19]. As warm roots allow lower ambient temperature, nighttime air temperature can be lowered by 2.8 to 5.6 ‘C when
using RZH [13, 15, 20]. Several RZH methods, such as carbon crystal electrothermal film, hydronic tubing system,
electric heating mats, and heated hydroponic system, have been investigated by researchers, demonstrating that
RZH effectively controls soil temperature and provides a favorable environment [15, 16, 21, 22].

Another effort to save greenhouse energy is the application of renewable energy. Due to the rising cost, depletion,
and negative environmental impact of fossil fuels, interest in the application of renewable energy in greenhouse
production has increased, and technologies such as solar thermal systems and earth-air heat exchangers (EAHE)
have been investigated for greenhouse [11, 23, 24]. These technologies include heat exchangers and heat storage
such as soil, water, or phase change materials to increase greenhouse air temperature and maintain the appropriate
temperature required for crops during the night [11, 23, 25]. Mehmet Esen [11] conducted an experimental study by
designing a heating system that integrated biogas, solar thermal energy, and ground source heat pump under the
winter climate conditions of eastern Turkey, and presented its potential as an efficient heating system [11]. However,
most studies in greenhouse heating have been conducted in experimental greenhouses for short periods (usually
less than a year) or through simulations, and few studies have been conducted on commercial greenhouses to dem-
onstrate the effectiveness of their system design in a real production environment. In addition, only a few studies
have investigated RZH performance in terms of greenhouse energy saving [14].

Appalachian State University’s sustainable energy project, the Nexus, developed an unique greenhouse heating
system by integrating renewable energy and RZH to enhance energy savings and installed it at two local cooperative
farms [26]. The heating system collects thermal energy from a solar thermal collector and a small-scale pyrolysis sys-
tem (biochar kiln) and efficiently delivers heat to crops in a greenhouse through RZH system. We designed a biochar
kiln and integrated it into the Nexus system. This innovative approach allows us to harness woody biomass, which
is abundant in our region, for dual purposes: producing biochar as a valuable soil amendment and supplying heat
energy during periods when solar energy is unavailable. [26]. This system was designed to be practical and capable
of being added to an existing greenhouse.

The purpose of this study is to investigate the performance of the Nexus greenhouse heating system at Springhouse
Farm in North Carolina, USA on microclimate conditions in terms of soil temperature and energy savings over 5 years of
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operation. The effectiveness of the under-bench insulation and bench covers installed in reducing heat loss from RZH
was explored. Energy savings (propane consumption) were compared considering weather conditions each year. This
study holds significant importance as it conducted a long-term evaluation of the RZH system, which integrates renew-
able energy within a commercial greenhouse. The evaluation focused on energy savings, with adjustments made based
on weather conditions.

2 Research questions

To evaluate the system in terms of energy savings and productive microclimate conditions, the following questions
were established:

e How efficient are RZH systems compared to conventional forced air heating?

e What is the share of renewable energy in the energy saved through the Nexus pilot system?

e (Can the heating system with improved bench covers maintain productive growing conditions without running forced
air heating?

e How does the heat loss, which depends on the material of the bench cover, affect the soil temperature?

e How does under-bench insulation affect soil temperature?

3 Methodology
3.1 Description of greenhouse at springhouse farm and nexus heating system

Springhouse Farm has a 6.1 m by 9.1 m high tunnel greenhouse consisting of double polyethylene (PE) film and air-
inflated between the layers. Inside the greenhouse, there are four growing benches and one germination bench. The
greenhouse is used primarily for germination and propagation with work beginning in late January to early March.
Before the proposed heating system was installed, they used a propane forced-air unit heater and electric heat mats for
early germination.

In late 2017, the Nexus team designed and installed a greenhouse heating system to reduce propane consumption
through renewable energy and efficient RZH heat distribution [26]. The system includes a solar collector, a biochar kiln,
a food dehydrator, heat storage, and an RZH system (Fig. 1).

A heat transfer fluid, 50% propylene glycol-water solution, flows through the system to collect heat and deliver it to
the plant rooting zone inside the greenhouse. The thermal collection components include a 30 evacuated-tube-solar
thermal collector and a biochar kiln with a built-in heat exchanger. A differential controller controls circulation pumps to
collect heat from renewable sources (e.g., sun or biomass) and delivers the heat to the heat storage, a 151.4-L propane
water heater located inside the greenhouse. The propane water heater is a storage of heat collected from renewable
energy system and is also used as a backup heat source.

The stored heat is distributed to crops on a germination bench and four growing benches through the RZH system
(Figs. 2 and 3). All benches are 1.2 m wide and 2.4 m long. Christenbury’s report was referred for the RZH piping design
of the Nexus system [20]. Manifold and main pipe were built with 25 mm, 19 mm, and 13 mm PVC pipes and fittings. The
25 mm main pipe was buried 0.3-m-deep in the ground. To distribute heat to the crop root zone (soil) on the benches,
6.35 mm PE drip irrigation tubing was installed due to its ease of acquisition and installation. The RZH tubing and the
benches are connected in parallel to provide even flow rate (Fig. 3).

For sufficient heat transfer, the velocity must be kept below 2 m/s [20]. Flow rate is the product of velocity and
pipe cross-sectional area, so a flow rate of 0.53 I/min or less in 6.35 mm PE tubing (4.32 mm ID) provides adequate
heat to the soil. Based on the overall piping design, the total flow rate and friction loss were calculated to select
a pump of an appropriate size for RZH circulation. Through preliminary experiments, we found that 37.8 °C water
through 9 loops (4.9 m per loop) of 6.35 mm PE drip irrigation tubing on a 1.2 m by 2.4 m bench, the temperature
of the soil in seedling trays were maintained at 12.8-15.6 C evenly. Based on it, 9 loops of PE tubing were placed
on each growing bench and 18 loops on the germination bench for a higher soil temperature.
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Fig. 1 Nexus pilot system at Springhouse farm, Vilas, NC. a solar thermal collector and food dehydrator; b biochar kiln; ¢ main plumbing and
water heater (heat storage)

Fig.2 a RZH tubing on grow-
ing benches; b RZH thermal
image

The RZH circulation pump is regulated by the thermostat that senses the germination soil temperature. A mix-
ing valve mixes the higher-temperature fluid from the heat storage (a 151.4-L propane water heater) with the
lower-temperature fluid from the RZH return pipe to discharge the 32.2 °C mixed fluid to the RZH supply pipe.
When all the heat collected from the renewable energy system is used up and the temperature of the fluid in the
heat storage (water heater) drops below 32.2 °C, the propane gas burner of the water heater ignites to maintain
the temperature of the fluid above 32.2 °C. The water heater has only two setpoints, 32.2 °C and 48.9 °C, and it was
set to the lower temperature of 32.2 “C. During the warm season when heating is not needed in the greenhouse,
the collected heat bypasses the water heater and is instead dumped into the food dehydrator where the heat can
be used to dry food (Fig. 3).

3.2 Weather indicators and energy (propane gas) savings
Weather and propane gas usage data from 2016 through 2022 were compared. To compare each year’s weather condi-

tions, heating degree days (HDDs) were calculated, and the number of days with freezing temperatures (below 0 °C)
was recorded. The HDDs is a measure of how much the outside temperature is below a certain level (base temperature)
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Fig.3 Schematic of the Nexus 1
heating system at Spring-
house Farm [26] )

1. 30-Evacuated-tube Solar thermal collector
2. Biochar Kiln (small-scale pyrolysis system)
3. 40-gallon Propane water heater

4. Root Zone Heating system

5. Food dehydrator
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in degrees for given days and used to estimate the demand of heating energy in a building [27]. It is relative to a base
temperature and obtained by subtracting the average temperature of the day from a base temperature:

HDDs = )" (T, mean — Thase)

where, HDDs is the sum of the differences between average temperature of day n (T,,_,) and a base temperature (T )
over given days. In this study, the unit heater’s setpoint temperature of 12.8 C in 2016 and 2017 before using the Nexus
system was set as a base temperature. All the HDDs from the day the greenhouse heating started to the end of May were
summed to measure how cold the temperature was during the heating system operation. Because the weather varies
every year as well as the period of the greenhouse heating, we compared the total propane consumption of each year
by dividing it by HDDs.

3.3 Overall renewable energy gains

The overall heat gain from the Nexus system’s collection components (the solar thermal collector and the biochar kiln)
was calculated in ks from 2018 through 2022. All the heat energy gained from the solar collector and the biochar kiln
is stored in the water heater (heat storage). Therefore, the temperature rise of the water heater during daytime (or bio-
char kiln operation) was used to calculate the amount of renewable energy gained. We looked at the days with no solar
energy gained, such as cloudy and rainy days, and then averaged the water heater temperature on those days. This was
the baseline water heater temperature, whereby only propane was used to heat the fluid.

The difference between the baseline temperature and the maximum water heater temperature of each day is the
temperature rise by solar radiation or biochar kiln burn. Therefore, the thermal energy gained from the renewable energy
system can be calculated by multiplying the total degrees of rise, mass, and specific heat of 50% propylene glycol-water
solution. Total heat gains for renewable energy system can be calculated as follows:

Qtotal =m- CPSO : Z(tn,max - tO)

where, Q. is total heat gains for renewable energy system; m is a mass of 50% propylene glycol-water solution; Cps,

is the specific heat of the solution; t, .., is maximum temperature of the water heater of day n; and t, is a baseline
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temperature of the water heater. We turned off the propane water heater when the daily low temperature outside was
constantly above 10 °C: May 8 in 2018, May 16 in 2019, May 14 in 2020, May 27 in 2021, and May 25 in 2022. After turning
off the water heater, the water heater is not a backup heat source, and the soil is heated only with renewable energy at
night. The minimum temperature of the water heater on each day was the baseline temperature after turning off the
water heater.

The amount of thermal energy generated by a biochar kiln is influenced by many variables such as moisture content
of the combustion chamber and biomass, so we refrained from using the biochar kiln during the greenhouse heating
period to focus on the system’s solar energy collection for the reliable results.

3.4 Heatloss reduction with a lower U-value bench cover

Bench covers were used to trap heat. The bench cover used in 2018 was made of 0.15 mm thick polyethylene film. In
2019, we upgraded the bench covers to reduce heat loss (Fig. 4). We built zippered growing bench covers using 0.15 mm-
thick polyethylene film for easy opening and closing, and they were placed over gable frames made of PVC pipes. The
germination bench cover was constructed using wood frames and four 0.6 m by 1.2 m, 8 mm double wall polycarbonate
panels. U-value, the overall heat transfer coefficient, of an 8 mm double wall polycarbonate panel is 3.03 W/m?2-K, which
is smaller than half of the U-value of single polyethylene film, 6.4 W/m?K [8, 9].

The effect of the improved germination bench cover was evaluated by three methods: (1) the germination soil tem-
perature, (2) the ignition time interval of the propane water heater, and (3) temperature difference between germination
soil and greenhouse air. We compared the germination bench soil temperatures in March 2018 and March 2019. The
temperature data collected every minute for March each year were converted into a daily distribution and depicted in
one chart.

Since the RZH system is controlled by the germination soil temperature, we anticipated that the lower U-value of the
upgraded germination cover would result in longer intervals between propane ignition in the water heater. We recorded
the number of minutes that it took from one peak temperature to the next in the water heater between midnight and
8 a.m. on cold nights in March 2018 and March 2019.

3.5 Under-bench insulation

Heat transfer occurs through conduction, convection, and radiation and can be reduced by insulation and reflec-
tive film. Different insulators were installed under the RZH tubing (Fig. 5) of each bench using extruded polystyrene
board (XPS) and reflective bubble insulation. XPS is a common insulation material for buildings that provides good
resistance to thermal conduction and convection. The R-value, a measure of insulation ability, of the 1-inch XPS used
in the project is rated 0.88 K m?/W [16]. The R-value of reflective bubble insulation varies depending on the instal-
lation location and conditions [28]. It has a small R-value in the material itself with air bubble wrap, but the level
of insulation can be increased by minimizing convection and radiation with its low-emittance and almost leak-free
reflective surface [29]. In addition, since there are reflective surfaces on both sides of the air layer, another reflective
airspace can be formed when installed, which can enhance the overall insulation [28, 29]. Reflective surfaces reflect
heat radiated from surrounding heat sources. Thus, the reflective bubble insulation installed below the RZH tubing
reflects radiant heat toward the plants located above the tubing.

Fig. 4 Upgraded bench covers = 3 \
in 2019: a germination bench | =1 )

with polycarbonate cover; b —— g e !
growing bench with zippered % : o )

polyethylene cover m i
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Fig. 5 Growing bench insulation: a bench 1 with XPS and reflective bubble insulation; b bench 2 without insulation; ¢ bench 3 with reflec-
tive bubble insulation; d bench 4 with XPS

The tubing on growing bench 1 is placed over both XPS and reflective bubble insulation, while bench 3 and bench
4 contain only reflective bubble insulation and XPS, respectively. Bench 2 has no insulation.

4 Results and discussion
4.1 Setpoints of control systems

Table 1 summarizes the setpoint temperatures of the unit heater, the RZH system, and the ventilation fan used from
2016 to 2022 to maintain the appropriate growing conditions at Springhouse Farm. In 2016 and 2017, before the
Nexus system was installed, the unit heater was set to 12.8 °C. RZH allows for lower greenhouse air temperature, we
reduced unit heater setpoints [13, 15, 20]. After the Nexus system was installed, the unit heater was not operated
(2019 and 2020) or was set to 8.9 °C (2018, 2021 and 2022), which is 3.9 °C lower than previous settings.

4.2 Weather indicators and energy (propane gas) savings

Table 2 shows each year’s HDDs the number of days when the outside temperature is below 0 °‘C, and propane usage.
Because the weather varies every year as well as the period of the greenhouse heating, the total propane con-
sumption of each year was divided by HDDs (propane usage/HDDs) to compare the weather-adjusted propane gas
consumption.

Since 2018, the year when the Nexus system started operation, weather-adjusted propane gas consumption has
decreased significantly compared to 2016 and 2017. The average weather-adjusted propane gas consumption was
1.72 for the unit heater only (2016 and 2017), 0.6 for the Nexus system only (2019 and 2020), and 0.95 for both uses
(2018, 2021, and 2022). It decreased by more than 65% when only using the Nexus system and by more than 45%
when using both the Nexus system and the unit heater.

Table 1 Setpoint 2016 2017 2018 2019 2020 2021 2022
temperatures of unit heater,
Nexus RZH system, and Unit heater (°C) 128 128 89 NA NA 8.9 8.9
ventilation fan RZH (germinationsoil, NA  NA  23.3/256  222/239 222/239 222/239  222/239
°C) Low/High bounds
Ventilation fan (°C) 322 322 322 239 239 239 239
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Table 2 Normalization of propane gas usage: dividing propane usage by heating degree days

2016 2017 2018 2019 2020 2021 2022
Starting date of GH operation 2/16 1/31 2/15 2/8 2/14 2/22 3/1
Weather Indicator (Starting HDDs (base: 12.8 'C) 3824 475.6 440.2 486.6 474.9 320.1 263.0
date~end of May) Number of days below freezing 24 34 27 31 22 21 17
Propane usage Liters 682.9 786.6 450.1 308.5 272.2 269.5 263.5
Liters/HDDs 1.79 1.65 1.02 0.63 0.57 0.84 1.00
Heating source Nexus system v V v vV Vv
Unit heater v vV vV vV Vv

Among the contents of the tables, the parts discussed in the paragraph were emphasized in bold font

4.3 Overall renewable energy gains

Table 3 shows the properties of 50% propylene glycol-water solution and the renewable energy harvest (kJ) dur-
ing the operation of the heating system. The renewable energy fraction, which represents the share of renewable
energy in total thermal energy consumption, varies based on several factors. These factors include solar irradiation,
the renewable energy collection period, and propane consumption, all of which are influenced by the weather con-
ditions during the year. On average, this fraction ranged from 9 to 13% annually.

4.4 Heat loss reduction with a lower U-value bench cover
4.4.1 Germination soil temperature

Figure 6 plots the daily temperature distribution of germination soil in March 2018 and March 2019. The average
outside temperature and average low temperature were 3.9 C and — 0.2 °C in March 2018 and 4.8 ‘C and — 0.4 C in
March 2019, respectively.

The RZH system is controlled by the germination soil temperature. It turns on when the germination soil tem-
perature falls below the low bound of the controller and turns off when it reaches the high bound. Each year’s RZH
setpoint temperatures are shown in Table 1. To germinate various types of crops such as tomatoes, peppers, beans,
peas, cucumbers, etc. on the germination table, the farmer requested to maintain soil temperature above 20 C
during the night. Despite the setpoint temperatures in 2018 being set at 23.3 “C/25.6 “C (low bound/high bound), it
frequently dropped below 20 “C due to heat loss through polyethylene film cover. In 2019, the overall germination
soil temperature remained above 20 °C with the upgraded cover made of 8 mm double wall polycarbonate panels
even with lower setpoints at 22.2 °C/23.9 °C (low bound/high bound).

Table 3 Renewable energy gains from the pilot system

Specific Heat of 50% Propylene Glycol Solution Specific Heat 3,559 J/kg-°C

Density 1,038 kg/m?

Mass of 151.4 L 157 kg

2018 2019 2020 2021 2022

Number of Days of Nexus system operation 117 122 140 94 85
Renewable Energy from the system (kJ) 1,193,227 1,218,211 1,059,425 708,559 667,376
Renewable Energy collection per day (kJ/day) 10,199 9,985 7,567 7,538 7,851
Propane usage (kJ, 1-L Propane =25480 kJ [30]) 11,468,281 7,860,932 6,934,985 6,867,468 6,713,144
Renewable Energy fraction 9% 13% 13% 9% 9%

Among the contents of the tables, the parts discussed in the paragraph were emphasized in bold font
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Note that the midday soil temperature is affected by the ventilation fan, as the temperature inside the greenhouse
rises rapidly during the day. Because the farmer set the ventilation fan temperature to 32.2 ‘Cin 2018 and 23.9 Cin
2019, the midday soil temperature in 2018 was relatively high.

4.4.2 Propane water heater ignition time intervals

For design simplicity, we designed a propane water heater as a renewable energy storage and backup heat source.
In-tank water heaters heat and store fluid by igniting a propane burner to maintain the setpoint temperature. There-
fore, the ignition time interval of the burner is an indicator of how much propane (backup heat) is consumed.

The ignition intervals of the propane burners were recorded to evaluate the effect of the upgraded covers on
energy savings. The ignition interval is the number of minutes that it takes from one peak temperature to the next
in the propane water heater between midnight and 8 a.m. Table 4 presents the comparison of the ignition intervals
of the propane burner on cold nights in 2018 and 2019. Compared to 2018, the average intervals were longer in
2019 despite lower outside temperatures, meaning that the upgraded covers can maintain the germination bench
temperature above 20 “C while burning less propane.

4.4.3 Temperature difference between soil and greenhouse air

Figure 7 plots how much the temperature of the germination soil remained higher than the air inside the greenhouse
overnight (midnight to 7 a.m.). Two nights with similar outside temperatures were compared: March 7, 2018, and
March 25, 2019. The average outside temperature and greenhouse air temperature during this period were — 0.9 °C
and 5.3 °C on March 7,2018, and 0.1 °C and 6.7 °C on March 25, 2019, respectively. On both days, the unit heater was
turned off. On average, the germination soil was 16.5 C higher than the greenhouse air with the ungraded covers,
while it was 13.7 °C higher with the polyethylene film cover.

Table 4 Average intervals
between propane burner
ignitions of the water heater 3/2  3/3 3/4 3/5 3/17 3/18 3/19 3/20
on cold nights

Cold nights 2018 2019

Low temp (outside, °C) 1.4 -36 - 6.6 -56 -6.8 -64 -95 -73
Average WT ignition Interval (min) 54 47 46 47 54 57 54 55
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4.5 Effects of under-bench insulation on soil temperature

Nighttime (midnight to 7 a.m.) soil temperature on the growing benches varied depending on whether an insulator
was installed under the RZH tubing. Figure 8 shows average soil temperatures of the growing benches in March of 2018
and 2019. The average outside temperature and average low temperature were 3.9 °C and — 0.2 °C in March 2018, and
4.8 °C and — 0.4 'C in March 2019, respectively. In 2018, the unit heater was set to 8.9 degrees, and the unit heater was
not used in 2019.

In 2018, the average nighttime soil temperatures of benches 1, 2, and 3 were 15.4 °C, 13 °C, and 14.7 'C, respectively.
In 2019, they were 15 °C, 11,5 'C, and 15,4 °C, respectively. The nighttime soil temperatures with no bottom insulation
(bench 2) presented the lowest average temperature both with the unit heater running in 2018 and without running in
2019, compared to the other two benches with insulation (Fig. 8). Bench 2, which is open below the RZH tubing, under-
goes convective heat loss due to the inflow of relatively cold greenhouse air and radiant heat transfer in the downward
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direction, resulting in greater heat loss compared to the other two benches where the bottom of the tubing is closed
with insulation.

Single insulation (bench 1) and multi-layer insulation (bench 3) performed similarly. The thermal resistance of the
single bubble insulation is assumed to be sufficient to prevent downward conductive heat transfer from the RZH tub-
ing. On both benches, bottom insulation prevents the inflow of cold greenhouse air, reducing convective heat loss. The
reflective surface reflects the radiant heat coming down from the RZH tubing and directs it towards the soil.

Running the unit heater did not significantly affect the nighttime soil temperature on benches with bottom insula-
tion (benches 1&3). On the other hand, bench 2 (no insulation) had lower temperatures without the unit heater running
in 2019 than in 2018 when greenhouse air temperature was maintained above 8.9 ‘C by the unit heater. Benches 2 and
3, where the convective inflow of greenhouse air is blocked by bottom insulation, are less affected by greenhouse air
temperature. Note that bench 4 with XPS is excluded in this study since bench 4 was occasionally under different condi-
tions according to the farmer’s needs.

4.6 Effect of bench covers on soil temperature

The bench cover forms a small greenhouse within the greenhouse, increasing the energy efficiency of the RZH system
at night. Figure 9 compares the nighttime temperature difference between the soil and the greenhouse air on March 6
and 29, 2018.The average nighttime air temperature inside the greenhouse was 11.9 “C on both days. The benches were
heated with RZH, but the unit heater was not running. Bench 1 was covered on both days. Benches 2 and 3 were covered
on March 6 but uncovered on March 29.

The average temperature differences on covered bench 1 (XPS and reflective insulation) remained close on both days:
5.1 °C and 5.3 °C. The soil temperature on bench 2 (no insulation) was on average 3.1 ‘C higher than the greenhouse air
temperature when it was covered, while it was only 1.1 “C higher when it was not covered. Likewise, the soil temperature
on bench 3 (reflective insulation) was on average 4.6 “C higher when covered but only 2.2 °C higher when uncovered.
Because the bench cover prevents heat loss from the soil, the temperature difference between the soil and the air inside
the greenhouse is greater when the bench is covered.

4.7 Temperature distributions during nighttime

The RZH, covers, and insulation on the benches create a microclimate of small greenhouses within the larger greenhouse.
Figure 10 shows the temperatures of both the air and soil on benches 1 and 2, the greenhouse air, and the outside air
during the nighttime (midnight to 7 a.m.) in March 2018 (from the 9th to the 31st) and March 2019 (from 1 to 31st). In
2018, data after the unit heater thermostat was replaced on March 8th was analyzed. The sensors were placed 0.2 m above
the bench RZH tubing and 1.8 m above the ground, both inside and outside the greenhouse, to measure air temperature
every minute. In 2018, the unit heater was set to 8.9 °C, while it remained unused in 2019.

In 2018, the average nighttime temperatures for the soil and air on benches 1 and 2, the greenhouse air, and the out-
side were 15.4 °C, 15 °C, 13 °C, 12.3 C, 10.7 C, and 2.6 C, respectively. In 2019, these temperatures were 15 C, 12.3 C,

Fig.9 Temperature differ- 7
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11.5°C, 10.5 C, 6.8 'C, and 0.8 C, respectively. Notably, in 2019, when the unit heater was not used, the greenhouse air
was influenced by the outside temperature. It increases the temperature difference between the bench cover surface
and the greenhouse air, leading to increased conductive heat loss through the covers. As a result, the average night-
time bench temperatures were lower, and the temperature distribution was wider compared to 2018, except for the soil
temperature of bench 1 with bottom insulation.

5 Conclusion

Appalachian State University’s Nexus Project has developed a sustainable greenhouse heating system that integrates
renewable energy (solar thermal energy and biomass energy) and RZH as a solution to increase profitability. The Nexus
system was installed and demonstrated at a local cooperative farm, Springhouse Farm in North Carolina, U.S.A. System
performance was studied by analyzing data for 5 years (from 2018 to 2022). The system has been successfully operated
without major defects while maintaining productive microclimate conditions. Because this study was conducted in a
commercial greenhouse, we were unable to conduct quantitative studies comparing crop biomass or yield under rigor-
ous experimental conditions, but feedback from Springhouse farmers supports that conditions were for healthy crop
production: " The greenhouse has performed wonderfully over the years since changing our system. Our plant health
and vitality have increased. | attribute it to the benefits associated with bottom heating. We sell some of our plant starts
and the feedback has been very positive. Most customers comment that our plants surpass other big box store-bought
plants in health and productivity. Saving money on propane is just an added bonus!".
The conclusion and recommendations drawn from this study are summarized as follows:

(1) The Nexus system significantly reduced greenhouse heating energy consumption. Compared to the conventional heating
system (a forced-air propane unit heater alone), weather-adjusted propane consumption (propane usage/HDDs) was
reduced by 65% when using the Nexus system alone and 45% when using the Nexus system and unit heater together.

(2) The double-wall polycarbonate cover, which has lower thermal conductivity, maintained the temperature of the
germination soil stably compared to the polyethylene film cover. Analysis of propane water heater ignition intervals
confirmed that the upgraded germination bench cover reduced overall fuel consumption as RZH was controlled
by the temperature of the germination soil.

(3) Under-bench insulation helps reduce heat transfer between RZH tubing and greenhouse air through the bench
bottom. However, the soil temperatures of the growing bench with single-layer reflective bubble insulation and
the bench with multi-layer insulation with added XPS were similar when 32.2 °C fluid flowed through RZH tubing.

(4) The combination of RZH, bench covers, and insulation creates a microclimate on small greenhouses within the
larger greenhouse. This microclimate remains warm overnight, effectively reducing energy consumption. However,
when the temperature inside the greenhouse was not maintained with the unit heater, heat loss through the bench
cover increases, leading to more fluctuations in soil and air temperatures.
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(5) Varying the cover material, the presence of bottom insulation, and the number of RZH tubing loops resulted in
different nighttime soil temperatures. When the soil temperature of the germination bench (double-wall polycar-
bonate cover, bottom insulation, and 18 loops) was maintained at 20-25 °C, the growing bench (polyethylene film
cover, insulation, and 9 loops) had about 15 “C. On the growing bench without insulation, the soil was maintained
at 11-12 °C in March 2019 with an average outside temperature of 4.8 “C and low temperature of — 0.4 ‘C. The RZH
benches at different temperatures can be filled with plants suited to those temperatures.

(6) The bench covers helped the soil temperature higher. When uncovered, the soil temperature was only 1to 2 °C
higher than the greenhouse air, but when covered, the soil temperature was higher by 3 to 5 °C.

(7) The share of renewable energy used to heat the greenhouse ranged from 9 to 13% of the total thermal energy
used. The amount of solar energy actually collected through the Nexus system was less than 50% of the harvest-
able solar energy in the region calculated through modeling. This is a limitation caused by the design of the system
where heat storage is also used as a backup energy source, keeping the collector inlet temperature high. It can be
improved by separating the backup heat source from heat storage (e.g., adding an on-demand water heater as a
backup).

(8) Parallel arrangement of RZH tubing loops and benches ensures uniform fluid flow rates on each bench. Scale-up
can be achieved by adding identical RZH units to larger greenhouses.
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