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Nomenclature
O binary switch function (-)
Latin symbols By extra coefficient for heat pump selection (-)
A area (m?) Piac correction coefficient for surface air cooler selection (-)
CDH conductive heat flux (W m?) 0 thickness (m)
coP coefficient of performance of heat pump (-) 4 Difference; low deviation for setpoints
cp specific heat at constant pressure (J kg™ °C™") € long-wave radiation emissivity of surfaces (-)
CTH one-through or combined heat flux (W m?) ¢ total transmittance of south roof to solar radiation (-)
CVH convective heat flux (W m?) % angle (°)
E input electric power of heat pump (W) Oer angle between L,,; and north wall (°)
F view factor (-) A thermal conductivity (W m™ °C™")
Suleak specific ventilation rate due to infiltration (m s™) P density (kg m™)
Suroof specific ventilation rate due to roof ventilation (m s™) 4 Stefan-Boltzmann constant (W m?2 K*)
h convective heat transfer coefficient (W m2 °C™") T transmittance to long-wave radiation (-)
H average height of muti-span greenhouse (m) @ fan output frequency (Hz)
Hc average height of CSG (m)
H, height of greenhouse sidewall excluding foundation wall Subscripts
(m)
HP heating capacity (heat output) of heat pump (W) a ambient (outdoor) air
H,; CSG ridge height (m) air air
1 solar radiation received by surfaces (W m?) c greenhouse cover (envelope)
Lo compressor running current (A) oll connecting line between roof ridge and bottom angle of
north wall
k comprehensive heat transfer coefficient from internal o2 connecting line between bottom angle of south roof and
surface of envelop to outdoor air (W m™ °C™") apex of north wall
L greenhouse length; characteristic length (m) com compressor
L, open width of CSG roof vents cs soil of constant temperature
N infiltration rate of multi-span greenhouse (h!) d dual source
Ne infiltration rate of CSG (h™) f greenhouse floor
pe greenhouse perimeter (m) f,out Outdoor ground
Dis energy-saving fraction of indoor thermal screen (-) fC CSG floor
O multi-span greenhouse heating load (W m) g greenhouse air; indoor radiating body
Owis Oy Ogy convections of internal surfaces of north wall, north roof, .
K 2 egC CSG air
Orc south roof, and indoor floor (W m™)
Oy CSG surplus air heat (W m?) i each layer
O combined heat transfer through envelope (W m?) in internal surface
O, air infiltration heat loss (W m) inl inlet water of heat pump condenser (°C)
O Heat transfer by CSG air exchange (W m?) ins installed capacity
r apparent radiation heat transfer coefficient (W m? °C™) low lower limit
RSH radiative heat flux between surfaces (W m?) nr north roof of CSG
RTH radiative heat flux between surface and sky (W m?) nw north wall of CSG
SAC rated heat dissipating capacity of surface air cooler (W) out external surface
t temperature (°C) outl outlet water of heat pump condenser (°C)
tats ta2s tas hierarchical design temperatures of outdoor air (°C) re rated condition
D, time duration for heating multi-span greenhouse (h) sky sky
TDyc time duration for collecting CSG surplus air heat (h) soil soil
to 1) tg2 te3 hierarchical design temperatures of indoor air (°C) sr south roof of CSG
U overall heat transfer coefficient (W m? °C™) sun solar altitude
Ucom compressor operating voltage (V) t pass through cover
% outdoor wind speed (m s™) ta at the outdoor air temperature of z,
V effective volume (m?*) tank heat storage tank
Ve wind speed inside CSG (m s™) up upper limit
Vip ﬂo;)v Tte of circulating water passing through heat pump w water
(m” h7)
w greenhouse width (m)
special
characters
Greek symbols R further limitations for the content before it
cosQ power factor of compressor (-) _ heat flux from the former to the latter
[ absorption ratio to solar radiation (-)
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Abstract

Multi-span greenhouses consume enormous amounts of energy for heating in northern China, resulting in
poor profitability and unsustainability. A greenhouse heating system, utilizing energy transfer between
greenhouses based on a dual source heat pump, was designed to remedy this issue. The system collects
surplus air heat inside Chinese solar greenhouses (CSGs) for heating multi-span greenhouses. Through
enabling a greenhouse energy transfer in time and space, improved utilization efficiency of surplus air
heat in CSGs is achievable, resulting in an overall reduction of heating costs. This study defines the
heating approach and describes the overall system design. The dual source heat pump acts as the core
component, with two separate evaporators placed in the CSG and ambient air. Calculations for system
sizing are then presented, including a heating load model of multi-span greenhouses, a surplus air heat
model of CSGs, the selection of required equipment (dual source heat pump, heat storage tank, and
surface air cooler of the combined air conditioning unit), and the area matching. Finally, a case study
illustrates the implementation processes of the heating system. The available CSG surplus air heat ranged
100.8-112.6 W m for system sizing, and the minimum area of CSGs was suggested to be twice the
multi-span greenhouse area. The pilot test showed that the running status and heating effect of the system
was stable. The coefficient of performance (COP) of the heat pump reached 4.3-4.8 when using CSG
surplus air heat as the heat source, performing 23-26% higher than when using ambient air over the same
periods. Throughout the entire course of heat collection, dual source heat pumps, switching sources based
on their setting, achieved a total COP of 3.4-4.2, increased by 6-11% compared with air source heat
pumps. This study provides a novel heating approach and an energy-saving system for multi-span

greenhouses.

Key words: Greenhouse heating, Chinese solar greenhouse, heat pump, energy transfer, surplus heat,

heating load
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1. Introduction

1.1. General background and motivation

Across China, the greenhouse horticulture industry has recognized the expansion of large-scale
greenhouses as a strategy for market development. One such representative is the multi-span greenhouse,
which demonstrates high efficiency of land use, strong ability of climate control, and a high level of
mechanized operation. Such features enable multi-span greenhouses to be suitable for scaled and
commercial production. However, multi-span greenhouses consume enormous amounts of energy for
heating, especially during the cold seasons in northern China. The requirement for these high energy
inputs is inefficient, resulting in poor profitability and unsustainability. The energy required for heating a
greenhouse accounts for 30-70% of total greenhouse production costs, depending on different latitudes
[1]. According to our investigations and greenhouse management practices, the annual heating cost of a
multi-span greenhouse in Beijing is 6.3-12.5 US$ m™, accounting for more than 40% of the total
operation cost. Across milder climates where multi-span greenhouses are well-developed, e.g. the
Netherlands, greenhouse heating is also a significant energy consumer. The annual consumption of
natural gas, which is the primary heat source for greenhouse heating, ranges from 25 to 40 m* m™, with

an average cost of 7.8 US$ m? [2, 3].

An overview of different energy-saving techniques for reducing greenhouse heating costs is provided by
Ahamed et al. [4]. These measures that reduce either the heating demand or direct energy input mainly
include design optimization of the greenhouse and its structural components [5, 6], improving greenhouse
climate management [7-10], and utilizing renewable energy or energy-efficient technologies to decrease
the consumption of fossil fuel or heating power [11]. At the beginning developing stage of the multi-span
greenhouse industry in China, one of the most potent remedies for the greenhouse heating issue is to
create an energy-saving, cost-effective, and stable heating approach and develop the required supporting

equipment.

1.2. Research background and problem definition

Heat pump technology, which features high energy conversion efficiency, low operating cost, and is
considered environment-friendly, has been successfully used in greenhouse heating [12-19]. Moreover, it
will play an increasingly important role as we follow stricter requirements for decreasing CO2 emissions

[2]. For example, the heating cost of a heat pump with a COP of 3.5 is slightly higher than a coal-fired
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boiler, however still far below the natural gas boiler and electrical heating [20]. Meanwhile, the heat
pump has the lowest primary energy consumption and CO> emissions [20]. In addition, compared with
solar thermal systems [21, 22], the heat pumps have more stable heating performances, which is very
important for crop safety production. In recent years, air source heat pumps, as the most widely used heat
pump types [23], have been chosen for heating more and more multi-span greenhouses in China, since
they are relatively inexpensive and stable, and easy to install and maintain. Nevertheless, the decreased
heating capacity and low COP in cold weather [24] remain challenges for the efficient use of air source
heat pumps. As the heat source quality largely determines the COPs [13, 24, 25], the energy-saving
greenhouse heating by air source heat pumps puts forward a solid requirement to make full use of the

higher-grade sources in cold regions that can hardly be scaled up in practical terms.

Alongside growing crops, greenhouses also harvest energy. For instance, the annual cumulative surplus
energy inside an ideal closed greenhouse reaches 164 kW h m™ [26]. Recovering excess heat energy from
a greenhouse in the daytime and supplying it for heating the greenhouse itself at night has been proved as
a solution to improve the nighttime thermal environment [27], increase crop yield [28], and save energy
[29]. However, during the coldest months in cold regions or high latitudes, the excess daytime heat inside
commercial greenhouses (below 0.5 MJ m™ d! on most days) contributes very little to the greenhouse
heating requirement [29], while the energy excess mainly exists at the supplemental lighting phase or in
warm seasons [30]. Such excess heat produced by artificial lights is unsustainable and can be cut down by
a transition from high-pressure sodium (HPS) to light emitting diode (LED) lighting [31]. In addition,
seasonal thermal energy storage is not a preferable choice due to its high investment cost [32]. In
principle, it is inadvisable to extract excess energy from multi-span greenhouses for heating in cold areas,

especially within a daily heat storage-release pattern.

Energy-saving and low-cost, the Chinese solar greenhouse (CSG) is the primary choice of greenhouse for
overwintering cultivation in northern China. The total area of CSGs exceeded 570,000 hm? by the end of
2018, accounting for approximately 30.5% of the total greenhouse area in China [33]. Because of the
unique north wall, the CSG has good thermal insulation and solar radiation interception performance.
Consequently, the indoor air temperature can easily reach and exceed 35 °C around noon, even in winter
months, creating an abundant surplus of air heat. In practice, roof ventilation cools the CSG and prevents
crops from high-temperature stress. However, at the same time, excess energy is wasted in the process.
Researchers have developed many active and passive heating systems to utilize surplus air heat energy or
both excess solar radiation and air heat inside CSGs. The active solar heat storage-release systems are the

most studied, which transfer and store energy through water circulation [34-38]. They focused on
5/55



improving the heat collection efficiency of indoor collectors while considering the heat release capacity.
Other common practices utilizing CSG excess energy include the ventilated walls [39, 40], water-flowing
roof skeleton network [41], and walls with phase change material (PCM) [42, 43] and heat conduction
components [44]. Although these systems are low-cost, energy-saving, and benefit greenhouse climate
and crop growth, they have a common technical issue, the effective heat collection time and total heating
capacity are restricted by the temperature increase of the heat transfer and storage medium to varying
degrees. The reason is that their heat capture depends on or is affected by the convection processes with

indoor air. This issue results in low use efficiency of CSG excess energy.

Compared with the ambient air source, surplus air heat inside the CSG is higher-grade heat energy and
particularly valuable during cold winters. This surplus energy can be harvested and considered the low-
temperature heat source of a heat pump to improve COPs. Also, owing to forced extraction by the heat
pump, a positive temperature difference will be efficiently formed between the heat storage medium and
indoor air. In order to solve the limitations of the above CSG energy utilization systems in terms of
heating capacity and energy use efficiency, different from the complex heat pump systems that extract
greenhouse energy indirectly [29, 45], Sun et al. [46] developed a heat pump system with a single source
of surplus air heat for CSG heating. The developed system enabled the heat pump to increase heating
performance, with the overall COP of the heating system reaching 2.7. The results indicate that collecting
the CSG surplus air heat directly by the heat pump during the daytime to heat the CSG itself at night is

effective for greenhouse production.

However, to improve the utilization efficiency of the excess energy inside CSGs, previous studies focused
on how to absorb more heat from the energy source under predefined constraints, and took into account
the heat release performance of the heating system itself, but never considered the arrangement of energy
sinks that could efficiently digest the obtained heat. Imbalances between the heat supply and demand can
occur due to the thermal energy storage of CSG structures and that within the soil, especially in well-
insulated CSGs. On sunny days where a vast amount of excess heat energy exists, the CSG heating
requirement for night supplementation is reduced or not even required. In this case, the stored energy
cannot be sufficiently consumed that night [37], adversely affecting heat collection during the day. The
low heat requirement of CSGs can also be verified by the fact that the CSG can produce vegetables and
fruits in Northern China (32-43° N) mostly without additional heating [47]. As a result, based on the
existing systems, the heating approach that captures excess indoor energy during the daytime and releases
that heat at night for heating the CSG itself has low efficiency on energy use, in view of the energy supply

chain. Compared to CSGs, multi-span greenhouses have a higher heating load [48]; the daily heating cost
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per unit area of the muti-span greenhouse was tested to be roughly 3.6 times that of the CSG during the
entire heating period [17]. Moreover, their heating needs are nearly not affected by outdoor weather once
entering the heating season. Therefore, collecting CSG surplus heat on sunny days to provide heating for
multi-span greenhouses could improve overall CSG energy use efficiency and reduce heating costs of
multi-span greenhouses by using alternative energy sources. Thus, in this study, we put forward a novel
heating approach that utilizes energy transfer between greenhouses. However, no supporting system is

available to implement this heating approach.

1.3. Objective and contributions

In order to address the issues and take the opportunities, the project aims to develop a greenhouse heating
system, utilizing energy transfer between greenhouses based on a dual source heat pump (ETGHP). The
system collects surplus air heat inside CSGs for heating multi-span greenhouses. It is expected to enable
greenhouse energy transfer in time and space by efficient use of the air source heat pump, and improve
the utilization and efficiency of the CSG surplus air heat. Achieving this would then reduce the energy
consumption for heating multi-span greenhouses, and promote the sustainable development of large-scale

greenhouses represented by the multi-span greenhouse.

The development of greenhouse energy utilization systems, in previous studies, put more effort into the
overall system description and performance evaluation, and few involved the detailed design of key
equipment, system sizing, and implementation. At the same time, design calculations for the heat pump
systems mainly focus on the internal configuration [49, 50]. A reliable heating load model applying to
select air source heat pumps for greenhouse cultivation is unavailable. So first, a research gap exists in the
framework that the design of the heating approach utilizing energy transfer between greenhouses,
especially that practiced by the ETGHP system, can follow. Second, the dual source heat pump, the core
component of the system, differs from the most commonly used solar/air [51, 52] and ground/air [53, 54]
techniques. It needs a custom design for stable and energy-efficient heating purposes. Third, studying
system implementation benefits engineering application and knowledge discovery of the heating approach.
Therefore, this paper focuses on the design and implementation of the ETGHP system. The main

contributions and innovations are as follows:

(1) Proposing a heating approach that utilizes energy transfer between greenhouses and developing
the ETGHP system to practice this approach.

(2) Designing a dual source heat pump, which has two separate evaporators respectively placed in
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the CSG and ambient air and performs three operating conditions, ensuring energy-saving and
stable heating.

(3) Establishing a systematic sizing method orienting to the engineering design of the ETGHP
system, which contains a heating load model of multi-span greenhouses, a surplus air heat model
of CSGs, and equipment selection, improved in the theoretical aspect.

(4) Studying implementation processes and performing a pilot test of the system, from which we
answer the following research questions:

*  How much is surplus air heat available in CSGs?
* How large can the area of heat source CSGs match the multi-span greenhouse to be heated?

* To what degree the heat pump COPs can be improved by using the CSG air source?

The rest of this paper is as follows: in section 2, the heating approach is defined, followed by the overall
system design. Section 3 presents calculations for the heating load model, a surplus air heat model, and
equipment selection. In section 4, we illustrate the system implementation process by case study. In
addition, a pilot test was conducted to analyze the system's running status and heating effect, as well as
the performance of heat pumps. Discussions run through this section, ending with a description of
perspective and further study. Conclusions are made in section 5. This paper could provide theoretical

support and be used as a case reference for the design and application of the ETGHP system.

2. System description

2.1. Approach proposition

The heating approach, utilizing energy transfer between greenhouses, is defined as collecting surplus heat
energy inside one or more greenhouses to heat the other, one or more, greenhouses. There are several
purposes for the proposition of this heating approach; a greenhouse energy transfer in time and space can
be enabled, improving the energy use efficiency of surplus greenhouse heat energy, and reducing overall
energy consumption for heating. The two types of greenhouses involved can be different greenhouse
types, such as CSGs coupled with multi-span greenhouses. They can also be the same greenhouse types
cultivating various crops, such as lettuce and tomato greenhouses. Heat collection methods mainly
include extracting indoor air heat and intercepting incident radiation directly. Specifically, they can be
forced extraction by a heat pump, forced convection by a heat exchanger, and solar energy collection.
This study designs an ETGHP system to practice this greenhouse heating approach by extracting surplus

air heat in CSGs and using it for multi-span greenhouse heating.
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2.2. Overall design of the ETGHP system

As shown in Fig. 1, the ETGHP system consists of the dual source heat pump unit, a heat storage tank,
heat release equipment (fan and surface air cooler, etc.), the ventilating duct, water pump, circulating

water pipe, and the control system.

Dual-source heat pump Circulating
| water pipe

Heat
storage
tank

Chinese solar Ventilating duct

greenhouse

Multi-span

Control | @ 0 @

system Heat release  greenhouse
equipment

Fig. 1 Schematic diagram of the greenhouse heating system utilizing energy transfer between greenhouses

based on a dual source heat pump

The dual source heat pump (Fig. 2) is the core component of the system. It has two sets of evaporators,
each individually placed in the CSG and ambient air, respectively. This configuration enables the heat
pump to have double heat sources, CSG air and ambient air. The two sources are switched by
manipulating two expansion valves. During the building process, indoor evaporators and fans of the heat
pump are embedded in the north wall of the CSG. Using a high-power compressor is preferred to

modularize the heat pump. The dual source heat pump has the following three running conditions:

1. CSG air source heating condition: Solenoid valves 1 and 2 are closed, electronic expansion valve 2 is
electrified, and electronic expansion valves 1 and 3 are not electrified. Loop of the heat pump working
fluid is compressor — four-way reversing valve — shell and tube heat exchanger — check valve 5 —
liquid reservoir — dry filter — plate heat exchanger — electronic expansion valve 2 — indoor finned

tube heat exchanger — check valve 4 — four-way reversing valve — gas-liquid separator — compressor.
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2. Outdoor air source heating condition: Solenoid valves 1 and 2 are closed, electronic expansion valve 1
is electrified, and electronic expansion valves 2 and 3 are not electrified. Loop of heat pump working
fluid is compressor — four-way reversing valve — shell and tube heat exchanger — check valve 5 —
liquid reservoir — dry filter — plate heat exchanger — electronic expansion valve 1 — outdoor finned

tube heat exchanger — check valve 1 — four-way reversing valve — gas-liquid separator — compressor.

3. Cooling condition (i.e., defrosting condition): Solenoid valve 2 is closed, solenoid valve 1 is opened,
electronic expansion valve 3 is electrified, and electronic expansion valves 1 and 2 are not electrified.
Loop of the heat pump working fluid is compressor — four-way reversing valve — solenoid valve 1 —
outdoor finned tube heat exchanger — check valve 2 — liquid reservoir — dry filter — plate heat
exchanger — electronic expansion valve 3 — shell and tube heat exchanger — four-way reversing valve
— gas-liquid separator — compressor. It should be noted that only the outdoor finned tube heat
exchanger participates in this condition, while our design also allows the indoor finned tube heat

exchanger to perform manual defrosting for special needs.

The heat storage tank stores CSG surplus air heat, collected by heat pumps during the day, and acts as the
heat distribution center of the ETGHP system. Due to the higher outlet water temperature of the heat
pump, the lower COP, and the higher operating cost [24, 45, 55], we recommended the maximum water

temperature of the heat storage tank to be around 45 °C.

The heat release actuator circulates hot water, supplied by the heat storage tank, at temperatures that
fluctuate in an extensive range (e.g., 25-45 °C). In this case, the frequently used radiators for greenhouse
heating, such as rail pipes and finned pipes that work mainly through natural convection and thermal
radiation, show no efficiency in heat release. Thus, forced-air convection equipment with a higher heat
transfer coefficient is required [3]. The ETGHP system releases heat via parts of a combined air
conditioning unit that includes functional sections of air inlet and filtration, evaporative cooling and
humidification (wet pad), heating (surface air cooler), and fan and air outlet. Essentially, the air cooler is a
water-air heat exchanger, usually using a finned tube type. These components are coordinated in a
sequence, and functions of CO> supplement and ozone disinfection can also be added. The fan and
surface air cooler are involved in greenhouse heating by internal air circulation. Such a design aims to
integrate all components and controls to improve the cost-effectiveness of greenhouse climate

management.

The ventilation duct comprises two parts, through which undesirable temperature gradients are
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preventable. One part is connected to indoor fans of the dual source heat pump, enabling cold air after
flowing through the indoor evaporator to be distributed uniformly to the CSG space. The second part is
connected to the air outlet of the combined air conditioning unit, conveying heated air by surface air
cooler to the cultivating area of the multi-span greenhouse. Two sets of water pumps and assorted

circulating water pipes are installed on the heat pump and heat release sides.

Operation methods of the ETGHP system are as follows: 1) During winter daytime, the heat pump runs at
the CSG air source condition and extracts surplus air heat inside the CSG. Then, the extracted heat energy,
alongside the transformed energy from driving electricity, will be stored in the heat storage tank through
water circulations. 2) If heat collection under CSG conditions fails to achieve temperature settings of the
heat storage tank, e.g. on cloudy days or days experiencing extremely low temperatures, the heat pump
continues to run with the outdoor air source heating condition for heat replenishment. 3) When air
temperature inside the multi-span greenhouse drops to the setpoint, the combined air conditioning unit is
turned on to release stored heat. 4) At night, when the water temperature of the heat storage tank

decreases to the setpoint, the heat pump runs again with the outdoor condition to maintain temperatures

within a specific range.

11/55



1. Outdoor finned tube heat exchanger 2. Indoor finned tube heat exchanger 3. Electronic expansion valve
1 4. Electronic expansion valve 2 5. Electronic expansion valve 3 6. Compressor 7. Shell and tube heat
exchanger 8. Four-way reversing valve 9. Gas-liquid separator 10. Liquid reservoir 11. Dry filter 12. Plate
heat exchanger 13. Solenoid valve 1 14. Solenoid valve 2 15. Check valve 1 16. Check valve 2 17. Check
valve 3 18. Check valve 4 19. Check valve 5

Fig.2 Structural Diagram of the dual source heat pump

3. Calculation

Calculation processes for the ETGHP system sizing are shown in Fig. 3. These calculations are carried
out on system and component levels. Therefore, configuring the components themselves (e.g., sizing the
evaporators and condensers of the heat pump) is not within the research scope since this is generally the
manufacturer’s responsibility. In addition, sizing water pumps, circulating water pipes, and ventilation
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ducts can refer to technical materials in the Heating Ventilation Air Conditioning field and are therefore
not involved in this paper. It is important to note that this study uses a unified agricultural electricity
charging standard, which means the system design and control scheme formulation do not take peak and

valley electricity prices into account.

Data collection: local weather data; dimensions, materials, areas, and main crops of
multi-span greenhouses that need heating and CSGs that can be used as heat sources

Heat release

capadity of Heatingrlgsgh%furggslti—span Quantri]ty ctJI‘(gS(\BNsu?)Ius air
| eda s, m
surface air (5 QA W)

cooler (SAC, W)

Available
CSG areais
known

Selected CSG

Theoretical rated heating area (SAg mz)
fCs

capacity of air source heat
pump (HP, r., W)

Yes

Theoretical rated and

Rated heating

b of Installed heating capacity installed heating capacity of
Eapé:m y 0 of air source heat pump |—P—P———y dual-source heat pump
eat pump (HPa.ins: VV) (HPd,er HPd,ins: W)
module (W) .

Effective volume of heat
storage tank (Viane, m°)

Fig.3 Flow chart of calculations for sizing of the greenhouse heating system utilizing energy transfer

between greenhouses based on a dual source heat pump

3.1. Heating load model of multi-span greenhouses

Greenhouse heating load is the primary parameter for greenhouse heating system design. There have been
many studies on the estimations of multi-span greenhouse heating load [56-59]. Meanwhile, some
professional standards have been established for providing reference values [60, 61]. Most existing
heating load models are based on greenhouse heat balances, taking indoor air or that integrated with its
inclusions (e.g., indoor floor, crops, and steel skeletons) as the analysis object to study the relevant steady
or semi-steady heat transfer processes. However, in cold regions, a simple, explanatory, and completely

reliable heating load model is needed for the heating system design. As thermal insulation layers are
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commonly used for energy conservation, this model should be user-friendly for greenhouses with indoor
thermal screens and an external thermal blanket. Also, it is expected to treat greenhouses cultivating
fruiting and leafy vegetables differently to improve accuracy. Moreover, the complete reliability of the
model should be valid for selecting the air source heat pump, which is sensitive to the ambient

temperature variation.

Fu et al. [56] simplified the heating load model, only considering convective and conductive heat losses
of greenhouse cover, as well as the heat loss due to air exchange. Simulation results showed that the heat
loss through foundation walls accounted for roughly 0.1% of the total by the cover, and the heat loss
through ground accounted for roughly 1% of the greenhouse heating load, both of which were not leading
factors. However, Ahamed et al. [59] found that heat losses by conduction and convection, air infiltration,
and long-wave radiation contributed 40%, 32%, and 21%, respectively. Furthermore, the proportion of
radiative heat loss increased as the use of thermal screens was reduced. Heat loss experienced through

long-wave radiation can therefore not be ignored.

According to Zhang et al. [62], when considering radiative heat transfer, heat loss through the greenhouse
envelope can be estimated by calculating the heat transfer rate of the outermost cover layer or the heat
transfer coefficient of the multi-layer cover. However, it will be overvalued since the model neglected the
thermal resistance of each cover layer and air infiltration between layers, which is especially unsuitable
for scenarios where cover layers have large thicknesses or high thermal resistances. Vanthoor et al. [63]
developed a complex greenhouse climate model, establishing differential equations for indoor air, crops,
floor, soil, thermal screen, the air above the thermal screen, and cover. This dynamic model assumed that
internal and external cover surfaces each occupy 10% of the cover heat capacity, differing temperatures.
The heating requirement can be obtained by returning differential equations to zero and analyzing heat
transfer processes around indoor air at a steady state. These approaches have strong interpretability but
are not directed to engineering design, especially for multi-span greenhouses with thermal insulation

layers.

Thus, in this study, the heating load model takes indoor air and its inclusions as a whole object and
analyzes related convection, conduction, and long-wave radiation processes. The heating load O, (W m™)
explicitly includes the combined heat transfer through envelope Q- (W m2) and air infiltration heat loss
O, (W m™). It neglects heat losses through the indoor floor, foundation walls, and side walls below the
horizontal plane (for a sunken greenhouse). The latent heat is also assumed to be negligible. In some

cases, the maximum heating requirement occurs after uncovering thermal insulation layers rather than at
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the lowest outdoor temperature. However, the time and the outdoor weather conditions for uncovering
depends largely on growers, and is a challenging aspect to be estimated in engineering design.
Furthermore, this period with potentially increased heating demand is short, owing to the increasing solar
radiation entering the greenhouse [56]. This model, therefore, describes processes considering that

greenhouses are covered and ignores the influences of solar radiation.
3.1.1. Model equations and parameterization

The multi-span greenhouse heating load Oy is described by
Qn =0 +0Qy W m_z) (1)

In which, Oy is described by
1 :
Qtr = A_fZ(AcUc(ats(l - pts) +1- ats))(ta - tg) (sz) (2)

Where 4y (m?) is the greenhouse floor area; 4. (m?) is the greenhouse cover area, denoting the area of the
roof, sidewall, or gutter with extensive area; p;s (-) is the energy-saving fraction of the indoor thermal
screen, which reflects reduction ratio to the heat transfer coefficient of the greenhouse cover [64]. Since
energy-saving fraction has become the essential performance parameter of thermal screens, its use
benefits simplified calculation. o (-) is a binary switch function, which is 1 when the indoor thermal
screen is enabled and 0 when not enabled; #, (°C) is the design temperature of greenhouse air; #, (°C) is
the design temperature of ambient air; U. (W m™ °C™!) is the overall heat transfer coefficient of the
greenhouse cover, also known as effective heat transfer coefficient [3, 57], synthetically reflecting
conduction, convection, and radiation processes. Since some transparent cover materials can transmit
long-wave radiation, in this model, U. considers not only the integrated heat transfer of indoor air and its
inclusions to the outside by cover as usual [3], but also the radiative heat transfer between indoor
radiating bodies and the sky directly passing through the cover. Generally, cover emissivity and
transmitivity to long-wave radiation are trade-off parameters. That means when radiative heat loss caused

by affecting cover temperatures is high, that caused by directly passing the cover would be low.

U. is expressed by
1 8. 1 -1
U =<—* +y ety ) + 7t (Wm?2e°C! 3
¢ hc,in"'rc,in Z Aei hc,out"‘rc,out ot ( ) ( )

Where A.; (W m™! °C!) is the thermal conductivity of each layer of greenhouse cover; ., (m) is each

layer thickness of the cover; /i i» and he o (W m™ °C™!) are the convective heat transfer coefficients for
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internal and external surfaces of cover, respectively; r.;, (W m™ °C™!) is the apparent radiation heat
transfer coefficient between the internal surface of the cover and indoor radiating bodies. ‘Apparent’
indicates the actual object attending the radiative heat exchange is not air. However, this model takes
indoor air and its inclusions as a whole radiating body, which means the indoor radiating bodies, such as

crops, steel skeleton, and floor, have the same temperature as indoor air. Thus, 7, ;,, is also the actual

,in
coefficient. 7¢ o, (W m? °C™) is the apparent radiation heat transfer coefficient between the external
surface of the cover and the sky; 77, (W m™ °C™") is the apparent radiation heat transfer coefficient

between the indoor radiating body and the sky through the cover.

he,in and heou can be estimated from the following empirical formulas [63, 65]:

0.33
2.21|t —te; | , for plastic greenhouse
cin = T (W m? °C) 4)
1.86|tg — tc,in| , for glass greenhouse
_(0.95 + 6.76v°*°, for plastic greenhouse ot
heiout = { 7.2+ 3.84v, for glass greenhouse (Wm=*C") )

Where #.» (°C) is the inner surface temperature of greenhouse cover; v (m s™!) is outdoor wind speed.

Te i and 775, are calculated as follows:
4 4
oegecinAgFgc((tg+273.15) —(t(in+273.15)
Tom = ——— oclCo — ) (Wm?°Ch) (6)
Ac(tg tc,m)
. Usclouteskchysky((taout+273.15)4—(t5ky+273.15)4) 5 o
Teout = (Wm™°C") (7)

teout—ta

Where o= 5.67x10® W m™ K* is the Stefan-Boltzmann constant; &, = 1 is the emissivity of the indoor
radiating body [63, 66]; ecin (-) and & 0w (-) are the emissivity of internal and external surfaces of
greenhouse cover, respectively. The emissivity is 0.85 for glass cover [63], 0.15 for polyethylene (PE)
film [62], 0.62 for polyvinyl chloride (PVC) film, and 0.59 for ethyl vinyl acetate (EVA) film [67]. &, =
1 is sky emissivity [62, 63]; A, (m?) is the total surface area of indoor radiating bodies, that is, the surface
area of the whole radiating body; Fy. (-) is the view factor of indoor radiating body to the internal surface
of the cover; F sy = 1 is the view factor of the external surface of the cover to the sky, ignoring radiation
heat exchange with outdoor ground [62]; 7..u (°C) is the outer surface temperature of the cover; zu, (°C)

is the effective sky temperature.

In modern multi-span greenhouses, steel skeletons are intensive, and crop density can be very high.
Moreover, cultivated fruiting vegetables can grow very tall (e.g., tomato), benefiting from the tendril

hanging. So it is insufficient to determine radiative heat exchanges of the indoor radiating body using
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floor area, especially for small-scale greenhouses. The indoor radiating body is assumed to be a
pentahedron for multi-span greenhouses planting fruiting vegetables, and 4, can be calculated by

Ay = A; + peH, (m?) (8)
Where pe (m) is the greenhouse perimeter, and H, (m) is the height of greenhouse sidewalls excluding

foundation walls.

To greenhouse roof, Fy . is calculated by
A
Fpe =7 ) ©)

If the gutter area cannot be neglected, Fi,. for gutter will share 474, with the roof in proportion to their

horizontal projection areas.

According to the completeness of view factor, Fy . to greenhouse sidewalls is estimated by

__ DbeHy

Fhe =" () (10)

For greenhouses cultivating leaf vegetables, A; = Ar. Then to greenhouse roof, Fg. is calculated by

the following formula [68]:

1

() )(+) )\ : 7
1+(Z) ) 14(= 2\ 2 w
In (Hgv?/ 5 EHQZ) +HK<1 + (Hi) ) atan Hg T+
oy 1+(z5) +7) ’ ! (1))
— g -
9.~ Ta; 1 . -) (11)
2\ 2 —_
L 1+(£) atanH—‘gl—latanl—iatani
Hg g 2z Hg Hg Hg Hg
(H(%) )

Where L (m) is the greenhouse length; W (m) is the greenhouse width. The calculation of view factors of
the indoor radiating body to gutter and sidewalls refers to the rules used by the fruiting vegetable

greenhouse.

On sunny days, #, is obtained from the following formula [67]:

toey = 0.0552(t, + 273.15)'5 — 273.15 (°C) (12)

tein (°C) and fcour are determined by solving the following heat balance equations of greenhouse cover.

Then, parameters of hc,in, hc,ou, T¢ i, and ¢ 5y, can be obtained.
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-1
* _ 66,!'
C’ 2 I' ) - ) )
(h in + Tc ln)(tg - tc in) (Z T) (tc in tc out)

6 -1 (W m?) (13)
(hc,out + r:,out)(tc,out - ta) = (Z ﬁ) (tc,in - tc,out)
7¢¢ 1s calculated by
4 4
skyAgFg cTel(tg+273.15) —(tg,+273.15
rc*,t _ O€gEskyfglg,cT (( g ) —(tsy ) ) (W 2 °C'1) (14)

Ac(tg—ta)
Where 7. (-) is the transmittance of greenhouse cover to long-wave radiation, which is 0 for glass [62, 63],
0.75 for PE film [62], 0.33 for PVC film, and 0.38 for EVA film [67]. For a multi-layer greenhouse cover,

7c is the product of transmittances of each layer of materials.

O, is described as follows [69]:

Qv = gv,leakpaircp,air(tg - ta) (W m-Z) (15)
NH _
Gy leak = ﬁ (1’1’1 S 1) (16)

Where gycax (m s) is the specific ventilation rate of greenhouse due to air infiltration; pa» = 1.3 kg m™ is
the air density; cp,ai = 1,006 J kg'! °C! is the specific heat of air at constant pressure; N = 1 h'! is the

infiltration rate [56, 59]; H (m) is the greenhouse average height, taking indoor floor as the benchmark.

When the greenhouse adopts two or more layers of indoor thermal screens, pis is calculated by the

following formula [70]:
Pts,i
1-Pts,i
= — (- 1

Where py,i (-) 1s the energy-saving fraction by each layer of the indoor thermal screen.

When the multi-span greenhouse adopts an external thermal blanket, which is commonly closely attached
to the outer surfaces of the greenhouse cover (e.g., roof), the blanket can be regarded as a component of
the cover constituted by multi-layer materials. Correspondingly, the infiltration rate N is halved to 0.5 h™!
[71] because some cracks become sealed in the greenhouse covering. Then, the usage of the energy-
saving fraction depends upon the installation of indoor thermal screens. Another difference is that
materials of the external thermal blanket, instead of the roof, will determine the emissivity of the cover’s
outer surface (e.0u). The convective heat transfer coefficient for the cover’s outer surface (/¢ ou) refers to

Egs (5) yet.
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3.1.2. Definition of design temperatures

The specific design temperatures of indoor and outdoor air are commonly defined in greenhouse heating
load calculations. For the design outdoor air temperature, the average of annual minimum temperatures
over the past 20-30 years can be used [48, 61], or it should meet a certain proportion (e.g., 99.5%) of
heating requirements in a long term [3]. However, these methods are not transparent enough that indoor
temperatures cannot be determined under extremely low-temperature conditions. It is risky to make
heating equipment selections according to such methods, especially for the air source heat pump, of

which the heating capacity will decrease as ambient air temperature decreases [13, 24, 55].

This study puts forward a hierarchical valuing method for the design temperatures of indoor and outdoor
air. The first is to count local outdoor air temperatures (time interval < 1 h) across the heating seasons and
arrange them in ascending order. Thus, as the design outdoor air temperature (%) takes the 10™ percentile
t,,1 and the design indoor air temperature (z,) takes #,,;, the guaranteed rate for indoor air temperature > #, s
is 90%. Analogously, as ¢, takes the 5" percentile 7, > and ¢, takes f, 2, the guaranteed rate of indoor air
temperature > 742 is 95%. As t, takes the lowest 7, 3 and ¢, takes o 3, the guaranteed rate of indoor air
temperature > 743 is 100%. Then the greenhouse heating load takes the highest value from the three
situations. This hierarchical valuing method can locate the lower limit of greenhouse air temperature,
ensuring that crops never encounter freezing injury under extreme weather. This method can also help
avoid installed capacity excess of the heating equipment. Meanwhile, according to the principle of
temperature integration [72], short-term low temperatures caused by this method would not impede crop
growth. Taking the weather data of Shouguang, Shandong Province, China during the winter season of
2020-2021 as an example (Fig. 4), design temperatures of indoor and outdoor air, for a multi-span

greenhouse planting tomatoes, are shown in Table 1.
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Fig. 4 Ambient air temperature, solar radiation, and wind speed during greenhouse heating seasons in

Shouguang, Shandong Province, China (2020-2021)

Table 1 Design temperatures using the hierarchical valuing method for calculating heating load of a multi-

span greenhouse cultivating tomatoes based on weather data in Fig. 4

Design indoor air temperature Guaranteed rate of indoor air Design outdoor air temperature
tz (°C) temperature > #, (%) t. (°C)
18 90 -5.5
14 95 -7.4
10 100 -18.7

3.2. Surplus air heat model of CSGs

Quantification of surplus air heat inside CSGs is the basis of sizing the equipment utilizing surplus air
heat, optimizing climate control strategies, and improving the greenhouse heat energy using efficiency.
The surplus air heat model of CSGs should take indoor air, where the ETGHP system directly draws heat,
as the analysis object, studying heat fluxes flowing to indoor air that make the air temperature higher than

the reference. It is similar to modeling the greenhouse cooling demand [26]. Therefore, this model is
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developed based on the foundation framework of the CSG cooling load model by Sun et al. [69].
3.2.1. Model equations and parameterization

Heat transfer processes contributing to the generation of CSG surplus air heat include convections
between indoor air and internal surfaces of the north wall (Q,w), north roof (Q,,), transparent south roof
(Osr), and indoor floor (QOrc), as well as air exchange (Qvc). Heat transfer processes of sidewalls are

neglected. The CSG surplus air heat (Q;) can be calculated by the following formulas:
Qs = Qpy + Oy + QfC — Qsr—Qypc (W m_z) (18)

Q. AnWCVHnW,in_gC Anwhnw,in(tnw,in - th)

Qnr 1 AanVHnr,in_gC 1 Anrhnr,in (tnr,in - tgc) 2
Qrc| = are| ArcCVH =i (Wm™) (19)
fc Afc fc fc_gcC Afc Afchfc(tfc - th)

A..CVH ;
er ST ge.sriin Asrhsr,in(tgc - tsr,in)

Convective heat transfer coefficients in Egs. (19) can be given by empirical formulas [65]. Therefore, the
critical point of the model is to obtain temperatures of internal surfaces of the CSG envelope and indoor
floor. Since the effects of thermal radiation were not considered, simulated temperatures of internal
surfaces of the north wall and indoor floor are excessively high in line with Sun et al. [69]. In this model,
radiative heat transfers from internal surfaces of the north wall, north roof, and indoor floor to the
transparent south roof and the sky through the south roof are involved. In addition, the north roof angle of
the CSG is currently designed to be 42-50° that the north roof could receive as much solar radiation [73].
Therefore, besides the north wall and indoor floor, the solar radiation received by the north roof should be

considered.

For simplification, radiative heat exchanges among the north wall, north roof, and indoor floor are
assumed to be negligible. The north wall and north roof have considerable thermal resistances, and the
radiation heat transfer of their external surfaces contributes very little to heat fluxes from their internal
surfaces to the outside. To avoid solving the two external surface temperatures and decrease the number
of simultaneous equations, the radiative effects of the two external surfaces are ignored. Thus, a
comprehensive coefficient considering convection and conduction can be adopted. Conversely, the
transparent south roof has small thermal resistance, and radiative processes largely affect its heat transfer
coefficient and the internal surface temperature. The one-through heat transfer coefficient, only
considering convection and conduction, is therefore no longer applicable. On the one hand, the south roof
internal surface should consider radiation heat exchanges with the north wall, north roof, and indoor floor.
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On the other hand, its external surface should consider radiation heat exchange with the sky, ignoring

interactions with the ground.

Heat balance equations of the north wall internal surface are described as follows:

Inw,inanw,in = CVHnw,in_gC + CTHnw,in_a + RSHnw,in_sr,in + RTHnw,in_sky (W m-Z) (20)

CTHnW,i)La = knw(tnw,in - ta) (W m—2) (21)
4 4

RSH,MI-,LS,:M = O-Enw,ingsr,inan,sr ((tnw,in + 273-15) - (tsr,in + 273-15) ) (W m—2) (22)
4 4

RTH,pin sty = OEminEsicy Frwsr Tor ((bawin + 273.15)" = (tgpey + 273.15)") (W m?) (23)

1 8, \ 1

= (4 2 22) (W oC) 24)

Roour = 7.2 + 3.84v (W m> °C‘1) (25)

Poin = 34|t — tc| " (Wm?°C?) (26)

Where kne (W m™ °C™) is the comprehensive heat transfer coefficient between the internal surface of the

north wall and outdoor air.
Heat transfer processes of the north roof internal surface and relevant parameters are similar to those of
the north wall. Thus, only the central heat balance equation is listed here.

Inr,inanr,in = CVHnr,in_gC + CTHnr,in_a + RSHnr,in_sr,in + RTHnr,in_sky (W m-2) (27)

Heat balance equations of the indoor floor are as follows:

Ifcafc = CVHijC + CDHfocS + RSHfoS}’,in + RTHfosky (W m'z) (28)

CDHye oy = =22 (tpe — t,,) (Wm?) (29)
0.33

hie = 5.2|trc — tge| ~ (Wm2°C™) (30)

Where Asoir = 0.83 Wm™ °C! is the thermal conductivity of soil; d.s = 3 m is the soil depth of constant
temperature; 7.s = 15 °C is the constant soil temperature. Expressions of RSHyc s.i» and RTHyc sy can refer

to Egs. (22) and (23).

Heat balance equations of the south roof are as follows:
AsrCVHgC_ST,in + AanSHnW,i)LS}:in + A111‘RSH111;in7snin + AfCRSHfCisnin = AsrCDHsninisnoul (W m—2) (3 1)
CVHsr,out_a + RTHsr,out_sky =CD Hsr,in_sr,out (W m-Z) (32)

CVHsnoulia = hsr,oul(tsr,out - ta) (W m—2) (33)
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4 4
RTHojo01 sty = 0ot out€sieyForsiey ((Esroue +273.15)" = (tay + 273.15)") (W m?) (34)

-1
Ssr,i -
CDI-Isr,in_sr,out = <Z /1?“,) (tsr,in - tsr,out) (W m 2) (35)
hyin = 7.2 + 3.84v,c (Wm?°C") (36)

Where vgc = 1 m s is the indoor wind speed caused by air circulation to collect the CSG surplus air heat.

The calculation of /g0 can refer to Egs. (25).

The temperatures of internal surfaces of the north wall, north roof, south roof, and indoor floor are

determined by solving simultaneous equations of Egs. (20), (27), (28), and (31).

Since the CSG extends in the east-west direction and side walls have been ignored in the model
description, the radiant energy emitted to the east and west ends can be omitted. Then the CSG cross-
section is considered as a closed system. According to dimensions of the CSG cross-section (Fig. 5), view

factors between different surfaces are estimated as follows based on the algebraic analysis method [47]:

Lepr+Leiz—Lec—L

an,sr == Czinwf = (-) (37)
Lpyr+Lgr—L

Fnr,sr = %;sz ) (38)
Lec+Lsr—Lg

Fresr =250 — () (39)

Where Lsc, Luw, Lnr, and Ly (m) are the CSG span, height of the north wall, width of the north roof, and
arc length of the south roof, respectively; L. (m) is the length of connecting line between the roof ridge
and the bottom angle of the north wall, and L.;> (m) is the length of connecting line between the bottom

angle of the south roof and the apex of the north wall.

The model does not distinguish between direct and scattered radiations. The indoor floor and internal
surfaces of the north roof and north wall wholly or partially receive solar radiation following solar
altitude variation. Thus, the solar energy received by them are respectively calculated by

HyiqCotOsyn+HrigcotOsy

Ipc = Sl min |1, 2o o HtacolCer |y 1m2) (40)

_ (HridCOtgsun+HridCOthr_LfC) sin(Onr—Bsun) 2
Inr'in N zlf’outmax [ Lcllsin(enw_esun_ech) ’ O (W m ) (41)
- pour . [ _ Lynysin(Onr—0sun) ] ) ) _ 2
Inw,in = 7 2emin |1 — —rrm o= — 1 (HyiqcotOgm + Hyigcotbs, — Lec) (W m?) (42)

Where H,iq (m) is the ridge height of the CSG; s, (°) is the solar altitude; 8, (° ) is the angle between
the north wall and floor; 6, (° ) is the angle of the north roof; 6y (°) is the angle of the south roof; 6.7 (°)

is the angle between L.; and the north wall; ;0. (W m™) is the outdoor solar radiation in the horizontal
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direction; ¢ (-) is the total transmittance of the south roof to solar radiation, it can be taken as 0.78 when
the external shading screen and thermal blanket are not covered [74]. See Fig. 5, Lcu, Lz, and Ocyp are
fixed values for a given CSG. These model inputs can be obtained by measurement, drawing software, or

calculation based on the cosine theorem.

solar radiation

::::
g

esun /; enW/‘:“(‘ esun/

Fig. 5 CSG cross-section dimensions for calculations of view factors and received solar radiation

Greenhouse growers usually open roof vents to prevent excess heat, decrease humidity [31], and
supplement CO». However, excess heat and humidity are not always avoidable, even if the equipment
utilizing surplus air heat is used, especially when CSGs are not uniformly managed. Therefore, the heat

transfer by air exchange QO,c comprehensively considers air infiltration and natural ventilation [75]:
NcH )
Qvc = (3205 + gv,roof) paircp,air(tgc - ta) (W m?) (43)

tgc—ta\°®
0.81Lv1'5(#) +0.078Lyv
a

(ms™) (44)

v,roof = Lrc

Where Nc (h'!) is the infiltration rate of the CSG; g0 (m s7!) is the specific ventilation rate of the CSG
due to roof ventilation; L, = 0.15 m is a given open width of roof vents; Hc (m) is the average height of

the CSG based on the indoor floor.

3.2.2. Definition of design climate factors

The design CSG air temperature (z,c), that is the reference temperature generating surplus air heat,
depends on the cultivated crop (e.g., 28 °C for tomatoes and 25 °C for lettuce). The model should
reasonably select design values of outdoor climate factors to avoid excessive installed capacity and
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prevent equipment from frequently switching on-off. This will ensure the high use efficiency of surplus
air heat during the heating season and improve overall heating performance. It is recommended to count
outdoor air temperature, solar radiation, and wind speed (time interval < 1 h) from 10:00 to 15:00 in
ascending order and take the 7™, 7%, and 3™ decile, respectively. As a result, the CSG surplus air heat will
be fully utilized more than 70% of the time. The installed equipment runs at maximum capacity during
rest periods, taking CSG surplus air heat as the heat source. For the given solar radiation, the north wall or
north roof receives more solar radiation as the solar altitude decreases. The model takes the 7" decile of
the solar altitude data from 10:00 to 15:00 over the heating season, since the variation trend of solar
altitude is roughly similar to solar radiation. Variation of the solar altitude can be calculated by referring
to [76]. Using the weather data of Shouguang in the winter of 2020-2021 (Fig. 4) as an example, the
model inputs of design outdoor air temperature, solar radiation, solar altitude, and wind speed for

equipment selection are 13.5°C, 480.6 W m™, 36°, and 0.5 m s™!, respectively.

3.3. Dimensioning the key equipment

3.3.1. Heat pump

The CSG surplus air heat is unstable due to greenhouse management and outdoor influencing weather
changes, e.g. it cannot serve as the heat source on cloudy days and during extremely low-temperature
weather conditions. First, the heating capacity of the heat pump taking ambient air as the heat source

should meet the heating load of multi-span greenhouses. Its rated capacity HP. . (W) is calculated by
HPa,rc = :Bhp X QhAf (W) (45)

Where COP,. (-) and E,. (W) are the heating COP and input electric power of the air source heat pump

COPycEyc
COPtqEtq

under the rated condition, respectively, both are factory parameters. For COP calculation, power-
consuming components include compressors and fans, excluding circulating water pumps (the same
below). COP, (-) and E;, (W) are the heating COP value and input electric power at the outdoor air
temperature of 7, and the outlet water temperature of 40-50°C, respectively; Sy (-) is the extra coefficient,
which is generally not more than 1.2. It must be emphasized that, when the air source heat pump is used
as the single source or to provide a guarantee for greenhouse heating, its selection should meet the heating
requirements under all the design temperature combinations. Hence, if the greenhouse heating load is not
obtained at the lowest design outdoor air temperature, it will probably not determine the heat pump

selection.
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If measured data are not available, the COP and the input power of the air source heat pump under
different working conditions can be estimated referring to the fitting functions in Fig. 6. According to
HP, . and the capacity of a single heat pump module, the number of required modules and the installed

capacity of the air source heat pump HP, ins (W) are determined.

Then, the rated capacity of heat pump modules that adopt double sources HP, (W) is determined by the
following formula:

COPyc TDg Y. QnAf

HPype = min (oo Oy, HPg ns L) (W) (46)

Where COP,c = 4.5 is the COP of the heat pump taking CSG surplus air heat as the heat source, not
considering the power consumption of water pumps [46]; TDgc = 5 h is assigned running time of the heat
pump under CSG air source heating condition [34, 36, 37], and 7D, = 13 h is assigned time duration for
heating the multi-span greenhouse in a 24-hour cycle. This formula ignores the difference of heat pump
input powers between the rated and the CSG air source conditions due to the lack of data (the same
below). According to HPa, and the module capacity, the installed capacity of the dual source heat pump
HPgns (W) is determined.

f(x,y) = 12.08+0.02038x R2.0.9978

f(x,y)=7.605+0.1362x-0,1431y

+ 2 g
+0.0006391:.0.00176 7y +g.£gﬁ0005757x RMSE:0.1584
54" +0.0009300y* 3047 Y
- Y +0.004264y*
R?: 0.9961

RMSE: 0.0528 25

20

Input electric power (W)

Fig. 6 Effects of outdoor air temperature (x-axis) and outlet water temperature (y-axis) on the heating
COP (a) and input electric power (b) of the heat pump. The fitting functions are specific to a heat pump
module with a rated electric power of 24.2 kW and COP of 3.55 under an ambient temperature of 7°C and

an outlet water temperature of 45°C.
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3.3.2. Heat storage tank

The effective volume of the heat storage tank Vi« (m?) should match the heating capacity of the dual
source heat pump under CSG air source heating conditions. Meanwhile, it is recommended to stay within
the heating demands of multi-span greenhouses in a 24-hour heating cycle. Thus, Vi can be estimated
by

CcOoP

27 g¢

. [ 3600xTDgcHPq insgop, - 3600XTDg Y. Qs 3 4

Vienk = min , (m”) (47)
CpwPwihleank CpwPwiAleank

Where ¢, = 4200 J kg'! °C! is the specific heat of water at constant pressure, ignoring the influence of
water temperature; p, = 1000 kg m™ is the density of water; Atu (°C) is the temperature difference of the
heat storage tank. The water temperature of the heat storage tank generally fluctuates from 25 to 45 °C

when greenhouses are heated by air-water heat exchangers. Thus, At takes the value of 20 °C.

3.3.3. Surface air cooler

The rated heat release capacity of the surface air cooler SAC (W) is calculated by

SAC = Bsqc 2. Qnly (W) (48)
Where fsqc (-) is the correction coefficient for surface air cooler selection, only considering effects of face
velocity on heat exchange rate. The fan that works together with the surface air cooler is designed to meet
demands for ventilation and evaporative cooling in summer, which is not within the scope of this study.
However, the rated capacity of the surface air cooler is usually defined at face velocities ranging from 2 to
3 m s’ with a fan output frequency of 50 Hz. The ETGHP system adopts internal air circulation for
heating in winter. For energy saving, it is recommended that the fan frequency would not be higher than
40 Hz in practice since the discharge air volume is reduced by 20% as the frequency decreases from 50 to
40 Hz, while power consumption is reduced by 48.8%. At the same time, the installed capacity of the
surface air cooler should be increased to compensate for the shortage of heat exchange rate caused by the
face velocity reduction. Thus, fsqc approximates 1.17 with integrated consideration that reducing face

velocity improves the heat exchange efficiency.

3.3.4. Area Matching

The above calculations for equipment selection are based on the premise that the available area of CSGs
is known. When greenhouses are designed to be built specifically for the application of the ETGHP

system (or the available CSG area is known to be large enough and it is necessary to determine the
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selected area), the area matching between multi-span greenhouses and CSGs is proposed as

. QuApc 2 min (HPy

4. Results and d

COPgc—1 TDy Y QnAf W)
COPyc TDgc

)

iscussion

4.1. System implementation

(49)

According to the system design framework illustrated in Section 2 and Section 3, the ETGHP system was

built in Shouguang city, Shandong province, China (36° 54' N, 118° 51' E). It extracted surplus air heat

from six CSGs to heat a multi-span greenhouse, a CSG for seedling production, and an equipment room

(Fig. 7). The system consisted of dual source heat pump units, a heat storage tank, fans and surface air

coolers, water pumps, ventilating ducts, circulating water pipes, and a control system. Fig. 8 presents

images of the main components of the system.
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Equipment Room [~ and water pumps ;_ air conditioning unit
[ TN f =1 f =1
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Fig. 7 Layout of the greenhouses and the greenhouse heating system utilizing energy transfer between

greenhouses based on a dual source heat pump

Fig. 8 Pictures of the main components of the greenhouse heating system utilizing energy transfer
between greenhouses based on a dual air source heat pump. A: Outdoor components of the dual source
heat pump; B: Indoor components of the dual source heat pump and ventilation ducts; C: Heat storage

tank and water pumps; D: Combined air conditioning unit.

4.1.1. Heating load of the multi-span greenhouse

Besides the parameterized constants in the heating load model of multi-span greenhouses in Section 3.1,
other required parameters for the heating load calculation can be given, following the greenhouse
descriptions (Section A1) and local meteorological data. These inputs, and some auxiliary variables, are
detailed in Table 2. The energy-saving fraction and switch states of the indoor thermal screen, which was
not equipped, are not listed. Simulated results showed that heating loads were different under the three
groups of design temperatures. Thus, the maximum value of 98.2 W m™ was selected to be the heating

load of the multi-span greenhouse.

This case study found that the heating load of the multi-span greenhouse was obtained at the 100%
guaranteed rate of indoor air temperature > £, 3. Assuming that this greenhouse is not equipped with an
external thermal blanket (i.e., the roof is only covered with a single glass), the heating load will be

estimated to be 293.9 W m™, which is also obtained under the same group of design temperatures. Using
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traditional methods [48, 61] the design outdoor air temperature takes the average of annual minimum
temperatures over the past 20 years in Shouguang (-8.1°C [33]) and the design indoor air temperature
takes 16°C, heating loads of the multi-span greenhouse with and without external thermal blanket are 83.5
and 251.5 W m™%, respectively. Both are lower than those calculated by the hierarchical valuing method,
which means that on extremely low-temperature days, the indoor air temperature will drop to an
unacceptable value (below 4 3), and the decline will be even more significant for greenhouses heated by
air source heat pumps. One may conclude that the heating load model of this study is more transparent

and reliable for equipment selection.

The heating load model of multi-span greenhouses is user-friendly for greenhouses with indoor thermal
screens and applies to those with external thermal blankets. It also distinguishes greenhouses that
cultivate fruiting vegetables and leafy vegetables. With this model, for a 50,000 m? Venlo-type glass
greenhouse, used for planting fruiting vegetables (with a span of 9.6 m, an eaves height of 6 m, a roof
inclination angle of 23°, a roof covered by 5 mm single glass, and a foundation wall height of 0.5 m), the
heat transfer coefficient of the greenhouse roof is calculated to be 7.18 W m™ °C"!, assuming that indoor
and outdoor air temperatures are respectively 18 and -12 °C, outdoor wind speed is 4 m s™!, and thermal
conductivity of glass is 0.8 W m™! °C"!. The coefficient is higher than the recommended values in some
standards without considering radiative processes comprehensively [60, 61]. Meanwhile, the simulated
heat transfer coefficients of single glass are closer to measured values rather than those coefficients
recommended by standards (Table 3). When the greenhouse is covered by a single PE film (0.1 mm, with
thermal conductivity of 0.34 W m™! °C™!), and view factors for a leafy vegetable greenhouse are adopted,
the heat transfer coefficient of the roof is determined to be 10.05 W m °C-!. Since the radiation heat
exchange between the indoor radiating body and sky is integrated, simulated coefficients of the single PE
film are higher than the recommended and measured values shown in Table 3 but not higher than the

measured value in reference [64]. Generally, the heating load model has a good performance.

Table 2 Input parameters and auxiliary variables for heating load calculation of the multi-span greenhouse

Parameters Value

Greenhouse dimensions

o Greenhouse average height H (m) 8.20
o Greenhouse floor area 47 (m?) 8486.4
o Perimeter of greenhouse pe (m) 430.4
o Height of sidewalls excluding foundation walls Hg (m). 5.25
o Total surface area of indoor radiating bodies 4, (m?) 10746
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Design parameters of indoor and outdoor climate

o Design indoor air temperature #; (°C) 18 14 10
o Design outdoor air temperature ¢, (°C) -5.5 -7.4 -18.7
o Outdoor wind speed v (m s7) 4
e Effective sky temperature #u, (°C) -31.4 -34.0 -49.1
Roof
o Surface area 4. (m?) 8137
e Convective coefficient of the internal surface A (W m? °C™) 3.09 3.04 3.30
e Convective coefficient of the external surface /o (W m? °C1) 22.56
o Thermal conductivity of external thermal blanket (35 mm) A.; (W m™' °C) 0.06°
o Thermal conductivity of single glass (5 mm) A.; (W m™! °C) 0.8
o Emissivity of the external surface & ou: (-) 0.75
o Transmittance to long-wave radiation z. (-) 0
e Apparent radiation heat transfer coefficient between the internal surface and indoor
radiating body 7, (W m™ °C™) 427 10 391
e Apparent radiation heat transfer coefficient between the external surface and sky {5, (W

-45.58 -42.12 -57.15
m2°C)
e Apparent radiation heat transfer coefficient between indoor radiating body and sky 77, (W
m?oC) 0 0 0
e View factor of indoor radiating body to the internal surface Fy. (-) 0.70
e Internal surface temperature ., (°C) 13.3 9.6 43
e External surface temperature #. . (°C) -7.0 -9.0 -19.9
e Overall heat transfer coefficient U. (W m °C™") 1.47 1.47 1.43
Gutter
o Surface area A. (m?) 998.4
e Convective coefficient of the internal surface A (W m? °C™) 2.50 2.45 2.68
e Convective coefficient of the external surface /o (W m2 °C) 22.96
o Thermal conductivity of polystyrene board (50 mm) A.; (W m™' °C") 0.04°
o Emissivity of the external surface & ou: (-) 0.4
o Emissivity of the internal surface &, (-) 0.85
o Transmittance to long-wave radiation z. (-) 0
e Apparent radiation heat transfer coefficient between the internal surface and indoor
radiating body 7, (W m™ °C™) 470 421 431
e Apparent radiation heat transfer coefficient between the external surface and sky 7/, (W
m? o) -42.46 -39.53 -52.73
e Apparent radiation heat transfer coefficient between indoor radiating body and sky 77, (W
m?oC) 0 0 0
e View factor of indoor radiating body to the internal surface Fy. (-) 0.09
e Internal surface temperature ., (°C) 15.6 11.7 7.0
e External surface temperature . ou (°C) -6.4 -8.3 -19.4
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® Overall heat transfer coefficient U. (W m °C") 0.75 0.75 0.74

Side wall

o Surface area above foundation wall 4. (m?) 2619.6

e Convective coefficient of the internal surface A ;, (W m? °C") 3.20 3.14 3.41
e Convective coefficient of the external surface /o (W m2 °C1) 22.56

o Thermal conductivity of three-glass and two-cavity tempered insulating glass (27 mm) A X

W ! %) 0.05

o Transmittance to long-wave radiation z. (-) 0

e Apparent radiation heat transfer coefficient between the internal surface and indoor

radiating body 7, (W m? °C™") 400 384 365
e Apparent radiation heat transfer coefficient between the external surface and sky 75, (W

m? o) -43.88 -40.80 -53.71
e Apparent radiation heat transfer coefficient between indoor radiating body and sky 77, (W

o) 0 0 0

e View factor of indoor radiating body to the internal surface Fj. (-) 0.21

e Internal surface temperature ., (°C) 12.8 9.1 3.7
e External surface temperature . ou (°C) -7.2 93 -20.1
o Overall heat transfer coefficient U. (W m °C") 1.58 1.59 1.54
Heating load

e Combined heat transfer through cover Q, (W m) 46.54 42.59 55.42
e Infiltration heat loss 0, (W m™) 35.00 31.87 42.75
e Greenhouse heating load Q5 (W m™2) 81.54 74.46 98.17

Note: a denotes the average thermal conductivity coefficient of the composite layer, which is the effective property. b indicates

that the influence of steel plate at the external layer on gutter thermal resistance is ignored. © denotes input parameters; ®

denotes auxiliary variables.

Table 3 Comparison of measured, simulated, and standard heat transfer coefficients of typical cover

materials for multi-span greenhouses

Heat transfer coefficients

Outdoor air Indoor air Outdoor
Measured Standard
Cover material temperature  temperature  wind speed Simulated
(W m2°C) (W m2°CY)
(°C) (°C) (ms?) (W m?°C)

[77] [56, 60, 61]

Single glass -1.3 27.5 1.0 6.60 6.64 6.2-6.4

Single glass -2.3 28.3 3.0 7.59 7.23 6.2-6.4

Single glass -23 27.8 5.0 8.61 7.60 6.2-6.4

Single PE film -1.3 27.8 1.0 8.11 9.57 6.2-6.8

Single PE film -2.5 27.0 2.1 8.67 10.01 6.2-6.8

Single PE film -2.0 26.3 3.0 8.81 10.32 6.2-6.8

32/55



4.1.2. Surplus air heat inside CSGs

The dimensions and materials of the heat source CSGs are detailed in Section A2. According to the
surplus air heat model of CSGs proposed in Section 3.2, the required input parameters, and some in-
process results, are detailed in Table 4. The calculated results showed that the available surplus air heat in
closed CSGs ranged from 154.7 to 177.4 W m™2, while it had a range of 100.8-112.6 W m™ considering
the roof ventilation, which was more suitable for system sizing. Thus, the sum of surplus air heat from the

six CSGs for equipment selection was 3004.5 kW.

The developed surplus air heat model of CSGs considers the main long-wave radiative processes,
improving simulation accuracy while ensuring simplicity. It explains the influences of shading on solar
radiation received by the north roof, north wall, and indoor floor and avoids too-large simulated values at
high solar altitude [47, 78]. Meanwhile, the model is compatible with closed and ventilated CSGs to cope
with different managements of heat source greenhouses. If we uniformly use the reference indoor air
temperature to evaluate excess heat generation, surplus air heat should be equivalent to excess heat inside
CSGs. Adding different heat collection devices will change the surplus air heat to varying degrees. It is
not easy to measure the accurate surplus air heat inside CSGs. In previous tests, the CSG excess heat
could be harvested at a maximum daily average rate of 42-53 W m™ [36, 37], indicating that the
simulations are satisfactory in guiding the design of CSG energy utilization systems, at least from a

qualitative point of view.

Table 4 Input parameters and in-process results for simulating the CSG surplus air heat

Value

Parameters

1# & 4-6# 2# 3#
Greenhouse profile
CSG ridge height Hq (m) 7 8 7
Mean height of the CSG based on indoor floor H¢ (m) 5.25 6 4.8
CSG span Ly (m) 16 22 17.5
Floor area Ay (m?) 4240 5830 4637.5
Connecting line between roof ridge and bottom angle of north wall L.;; (m) 7.1 8.1 7.5
Connecting line between bottom angle of south roof and apex of north wall L, 19 55 176
(m)
Angle between L.; and north wall 8.; (°) 10 8 9
Infiltration rate of the CSG Nc¢ (h™!) 0.4
North wall
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Height L, (m) 6 7 7
Surface area 4, (m?) 1676.9 1929.2 1908
Angle with indoor floor 6, (°) 108 106 78
Absorption ratio of the internal surface to solar radiation o, (-) 0.75

Thermal conductivity of soil wall (average 5000 mm) Au,,; (W m™ °C1) 0.83 0.83 -
Thermal conductivity of polystyrene board (200 mm) Au,; (W m™! °C1) - - 0.04
Thermal conductivity of cement mortar at the internal surface (20 mm) A, (W m

Loy 0.93 0.93 -
Thermal conductivity of cement mortar at the external surface (20 mm) A,; (W m

Loy 0.93 0.93 0.93
Emissivity of the internal surface &y,in (-) 0.94 0.94 0.85
North roof

Height L, (m) 1.5 1.5 1.1
Surface area A, (m?) 397.5 397.5 291.5
Angle with the indoor floor 6, (°) 34 34 0
Absorption ratio of the internal surface to solar radiation ., (-) 0.75

Thermal conductivity of cement mortar at the external surface (20 mm) A,,;; (W m

Loy 0.90 0.90 0.90
Thermal conductivity of soil layer (average 2000 mm) A,,; (W m™' °C") 0.83 0.83 -
Thermal conductivity of non-woven fabric (3.5 mm) A,,; (W m™' °C) 0.06 0.06 -
Thermal conductivity of polystyrene board (45 mm) A.,; (W m™! °C™") - - 0.04
Emissivity of the internal surface &, (-) 0.05 0.05 0.85
Indoor floor and soil

Absorption ratio of indoor floor to solar radiation asc (-) 0.92

Thermal conductivity of soil 4, (W m™' °C") 0.83

Soil depth of constant temperature d., (m) 3

Constant soil temperature #.; (°C) 15

Emissivity of indoor floor g (-) 0.96

South roof

Arc length Ly (m) 19 25.1 17
Surface area Ay (m?) 5035 6651.5 4823
Angle with indoor floor 8, (°) 22 19 25
Total transmittance to solar radiation ¢ (-) 0.78

Thermal conductivity of polyolefin film (0.15 mm) Ay; (W m™' °C") 0.13

Emissivity of the internal surface &g, (-) 0.15

Emissivity of the external surface &g (-) 0.15
Transmittance for long wave radiation - (-) 0.75

Design climate parameters

Design indoor air temperature ¢ (°C) 28

Design outdoor air temperature #, (°C) 13.5
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Indoor wind speed vec (m s7) 1

Outdoor wind speed v(m s™) 0.5

Outdoor solar radiation in horizonal direction o, (W m™2) 480.6

Solar altitude s, (°) 36
Temperatures of envelop surfaces

Internal surface temperature of north wall #;,ix (°C) 56.4 55.8 47.7
Internal surface temperature of north roof ¢, (°C) 26.1 26.1 23.0
Indoor floor temperature #c (°C) 41.1 40.9 42.0
Internal surface temperature of south roof #.;» (°C) 21.5 21.5 21.4
External surface temperature of south roof 7. (°C) 21.4 21.4 21.3
Surplus air heat of the CSG Qs (W m?)

When greenhouse is closed 177.4 154.7 160.0
When roof windows are opened (open width L, = 0.15 m) 112.6 107.6 100.8

4.1.3. Sizing Heat pumps

The heating load of the CSG for seedling production (1600 m?) took a value of 60 W m™. The equipment
room that needed heating had an area of 2460 m?. Its heating load value took 25 W m™, mainly for freeze
protection. Therefore, the sum of the heating load for the multi-span greenhouse, the CSG for seedling
production, and the equipment room was 992.9 kW. Since the multi-span greenhouse was the main source
of heating load, for simplification, we focused on the multi-span greenhouse condition for the following

equipment selection instead of comparing heating schemes among the three sites.

According to fitting functions in Fig. 6, when the ambient air temperature was -18.7 °C, and the outlet
water temperature was 45 °C, the COP and input power of the selected heat pump module (Section A3)
were 2.2 and 21.4 kW, respectively. In line with Egs. (45), as the extra coefficient S, took 1, the rated
heating capacity of the air source heat pump HP, . was calculated to be 1799.6 kW. Therefore, 20.9
(rounded to 21) heat pump modules needed configuration, and the installed capacity HPq,ins Was
determined to be 1803.9 kW. Then, in line with Egs. (46), the rated capacity of heat pump modules that
adopted double heat sources HP 4. = HPa4ins = 1803.9 kW. All the 21 heat pump modules should be dual
source since the accumulated surplus air heat from the six CSGs was excessive, while the total heating
demand in a heating cycle was large enough. And according to Egs. (49), the available surplus air heat of
CSGs should not be less than 1778.5 kW, which could be satisfied since the six CSGs had a gross surplus
air heat of 3004.5 kW.

Based on the above calculations for equipment selection, 21 air source heat pump modules were built in
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this case study, from which only 12 modules were extended to have double sources due to the investment
limitation. As a result, the actual installed capacity of the dual source heat pump HPg ins was 1030.8 kW.
These dual source modules were evenly distributed to the six CSGs. Accordingly, the ETGHP system was
designed with 12 sets of heat pump units that each included one dual source module and either a zero or
one single-source module (Fig. 7). However, this compromise provided an opportunity to compare the
performance of heat pumps with different heat sources because the CSG air source and outdoor air source

heating conditions could co-occur.

4.1.4. Sizing heat storage tank

According to Egs. (47), the effective volumes of the heat storage tank under HPy, and HP ns conditions
were determined to be 435.5 and 248.9 m?, respectively. The installed water tank was assembled by glass
fiber reinforced polymer plates. It had an effective volume of approximately 500 m?, meeting the
requirements. The tank storing heat, collected by the heat pump during the day, also acts as a short-term
buffer. For example, the heat pump can be turned on in advance instead of waiting for the temperature
threshold of inlet water on cold nights, making up for the shortage of the heat pump capacity. In other
words, the buffer tank can help reduce the installed capacity of the air source heat pump by avoiding peak

loads.

4.1.5. Sizing fan and surface air cooler

According to the summer demands for ventilation and cooling, seven combined air conditioning units
were designed and installed in the multi-span greenhouse. Each unit had a supply power of 380V, a rated
input power of 30 kW, a rated airflow of 65000 m? h™!, and a residual pressure of 750 Pa. Each unit was
equipped with a frequency changer. The units were installed in the equipment room (Fig. 7), with external
windows connecting to the outdoors and internal windows relating to the greenhouse cultivation space. In
the heating process, external windows were closed, and internal windows were opened, generating an
internal air circulation pattern. The rated capacity of each surface air cooler was determined to be 166.0
kW based on Egs. (48), and the actual installed capacity of 225 kW could meet this demand. This

configuration allowed the fan to run below 40 Hz for warm air distribution.

4.1.6. Area Matching between CSGs and the multi-span Greenhouse

For the area matching study, the heating load of the multi-span greenhouse was considered. Taking the
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specifications of CSG 1# and CSG 3# as examples, the areas of CSGs should not be less than 15795 and
17644 m?, respectively, according to Egs. (49). Therefore, to use the ETGHP system to heat a muti-span
greenhouse with an external thermal blanket, the minimum area of CSGs required as heat sources was
roughly twice the multi-span greenhouse area. However, it is essential to note that, in this case study, the
matching ratio was determined by the installed capacity of the air source heat pump rather than the
greenhouse heating load. If we only considered the relationship of energy supply and demand between
greenhouses, this critical matching ratio would be 2.3-2.5, which might apply to other heating systems

utilizing energy transfer between greenhouses.

4.2. System application

Two consecutive days from 9:00 on January 17 to 9:00 on January 19, 2021 (i.e., two heating cycles)
were selected to introduce running states of the ETGHP system. Based on the data, the application effect
and performance of the system were preliminarily evaluated. The weather conditions of the two days
were sunny (Fig. 4). The cumulative outdoor solar radiation was 10.69 and 11.05 MJ m? d'!, with the
maximum radiation of 533.8 and 565.0 W m, respectively. The multi-span greenhouse was producing
tomatoes. A sub-optimal setting of indoor air temperature was performed since the thermal insulations
were not enabled during the test. Fruiting vegetables were cultivated in the six heat source CSGs and

managed independently by different growers.

Outdoor climate data were measured by the HOBO U30 weather station (Onset Computer Corporation,
USA). Indoor climate, water temperature, and compressor current were monitored and recorded by the
system-provided sensors and platforms. The water flow was measured by a KRC-1518H ultrasonic
flowmeter (Kecrichen (Dalian) Instrument Development Co., Ltd., China) with a volume flow accuracy

of £1%.

4.2.1 Running status

Following the system control scheme described in Section A4, the specific operation settings over the two
heating cycles are shown in Table 5. The ETGHP system operated according to such settings, and its

actual running states can be seen in Fig. 9.

Table 5 Operation settings of the ETGHP system

37/55



Operating parameters

Setpoints

tgiow (°C)

12

tup (°C)

14

In the day
tinl,up (OC)

45

At night

30

At (°C)

5

TgCup (OC)

28

Atee (°C)

2

$iow (Hz)

15

$up (Hz)

35

Circulating water flows for heat pumps v, (m?

h'h)

Module 01 of unit 1#E

16.5

Module 02 of unit 1#E

14.3

Module 01 of unit 4#W

15.2

Module 02 of unit 4#W

15.2

Module 01 of unit 5#E

21.2

Water pump for heat release

—__ Water pump for heat pump.
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Fig.9 Running states of the ETGHP system and its components. Data are selected from Jan. 17 to Jan. 19,
2021. (a) Output frequency of fans. (b) Running status of water pumps. 0 denotes off, and 1 denotes on. (¢)
Temperatures of heat sources. CSG denotes the Chinese solar greenhouse. (d) Running status of
compressors of 1#E heat pump unit. Module 01 of the heat pump unit has double heat sources, and
module 02 has a single heat source. For the compressor running status, 0 denotes off, 1 denotes on at the
outdoor air source heating mode, 2 denotes on at the CSG air source heating mode, and -1 denotes on at
the defrosting mode. The same is below. (e) Running status of compressors of 4#W heat pump unit. (f)
Running status of compressors of S#E heat pump unit. (g) Water temperatures of 1#E heat pump unit. (h)

Water temperatures of 4#W heat pump unit. (i) Water temperatures of S#E heat pump unit.

As shown in Fig. 9a, the average running time of the fans was 13.29 h per day. During the initial heating
period at night, the multi-span greenhouse air temperature could easily exceed the upper bound, resulting
in intermittent starts and stops of fans due to the high temperature of water flowing through surface air
coolers. After that, the fans ran stably but with increasing output frequency due to the decreased inlet
water temperature and the heating requirement variation. The average daily running time of the water

pump for heat release was 13.29 h, and 24 h for heat pump heating(Fig. 9b).

Running states of the representative heat pump units and modules are illustrated in Fig. 9¢-9i. For

instance, the running states of module 01 of unit 1#E in one heating cycle (Jan. 18 to Jan. 19, 2021) are as

follows:

*  From 9:00 to 9:54, there was no heating requirement in the multi-span greenhouse, and the fan was
not running. The inlet water temperature of the heat pump unit was constant at 25.4 °C, which did not

drop to the lower limit (¢inup-Atin) of 25°C at this stage. Thus, the heat pump was not running.
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* From 9:55, the inlet water temperature setpoint for stopping the heat pump .., was adjusted to
45 °C. So, the inlet temperature was lower than fiuup-Atin (40 °C). Meanwhile, the air temperature
inside the CSG was 25.8 °C, which was lower than the reference temperature for generating surplus
air heat #5c.4p (28 °C). The heat pump ran under the outdoor air source heating condition. This period
lasted for 0.16 h, during which the average temperature difference between inlet and outlet water of
the heat pump module was 3.4 °C.

* At 10:05, the CSG air temperature rose to 28.0 °C. The heat pump stopped and got ready to switch to
the CSG air source heating mode. This downtime was 0.05 h.

*  Then, at 10:08, the CSG air temperature was 28.6 °C and higher than #,c.,. The heat pump started to
run under the CSG condition. Due to the heat extraction, the CSG air temperature dropped rapidly to
26.0 °C at 10:14, triggering the stop of the heat pump and preparing to switch to the outdoor mode.
This stage lasted only 0.12 h, and the average water temperature difference was 4.1 °C.

* However, after the setup time, the CSG air temperature rose back to 28.7 °C at 10:18. The heat pump
still started to run with the CSG condition until 15:22. This stage lasted for 5.08 h, during which the
CSG air temperature was 26.2-40.5°C, and the average water temperature difference was 5.2 °C.

* At 15:23, the CSG air temperature dropped to 25.9 °C. The heat pump stopped for 0.05 h and
prepared to switch to the outdoor mode.

*  From 15:27 to 17:59, the heat pump ran continuously with the outdoor condition, during which the
temperature difference was 3.8 °C. At the end of this stage, the inlet water temperature of the heat
pump reached 40 °C.

e At 18:00, tin.py was adjusted to 30 °C, and the heat pump stopped running. Until 9:00 on Jan. 19, the

inlet water temperature was always higher than 25 °C, and the heat pump did not run.

Module 02 of unit 1#E had the same initial start and final stop times as module 01. It ran 8.06 h
continuously without switching heat sources. The control rules of other heat pump units were similar to
unit 1#E. However, due to the differences in greenhouse management and heat pump setpoints, sensor
measurement errors, and equipment operation faults, these units differed in specific running conditions.
For instance, in the selected two heating cycles, the running time of unit 1#E under the CSG air source
heating condition (10.01 h) was longer than that of unit 5#E (8.86 h) and much longer than that of unit
4#W (5.10 h). Furthermore, unit 4#W switched heat sources more often following the CSG air
temperature variation. During the running of the heat pump under the outdoor air source heating condition,
the defrosting condition was timely started according to the evaporator frosting situation. The inlet water
temperature of the heat pump unit could estimate the water temperature of the heat storage tank, which

would be slightly undervalued.
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The use efficiency of excess CSG energy has not been revealed without a surplus air heat model. Instead,
the heat storage medium temperature could be an indicator to assess the potential of system heating and
CSG energy utilization. In this case study, the water tank temperature was set to an upper limit of 45°C
(Table 5). It reached 35.4°C by heat pump using CSG air source and exceeded 40°C by an extra run of the
heat pump in outdoor mode (Fig. 9d & 9g). The attainable maximum water tank temperature is higher
than that achieved by the active solar heat storage-release systems [37, 38] and water-flowing roof
skeleton network [41], which had a range of 20-26°C. Some other water cycling systems, with improved
collector and optimized heat storage volume, can also raise the water temperature to around 35°C [34-36].
However, they cannot eliminate the heat collection efficiency decrease with the increase of water
temperature caused by convections with indoor air. It is tricky to improve these systems to break through
temperature limits in heat storage since their heat collectors should always balance the heat release
capacity. As a result, a situation will quickly occur where the existing CSG energy utilization systems no
longer collect heat effectively or even emit heat, even if there is a great deal of excess energy. This
situation worsens in practice, considering the growers must open vents for air exchange and to control air
temperature not exceeding 32°C for crop needs. The ETGHP system, which collects heat by compressor-
driven heat pump cycle, enabling heat storage medium separate from indoor air, can overcome the
convection restriction and obtain 45°C or even higher temperature [13, 55]. Thus, compared with
previous studies, the ETGHP system offers more potential for CSG excess energy utilization in heat

collection while requiring more driven electric energy.

As expected in northern China for commercial production, the daily average time of greenhouse heating
exceeded 13 h (Fig. 9a & 9b). Inputting heat energy to the multi-span greenhouse during this time is
compulsory due to the enormous heating requirement presented in Section 4.1.1. In comparison, the heat
release time of the existing CSG energy utilization systems was reported to be 3.7-8.5 h on a daily
average, and only 53-80% of the collected heat was released, mainly because there was not enough
energy sink to consume such heat efficiently and timely [34, 37]. On most nights, the collected energy
stagnated, thus, leading to a decrease in heat collection in the daytime [35]. Although free energy;, it
deserves a more sustainable solution. The ETGHP system, modifying the self-sufficient mode to energy
integration, can undoubtedly achieve higher use efficiency of collected heat; thus, CSG surplus air heat.
For instance, on each of the selected two days, the heat collected from CSGs during the day was used
entirely at night (Fig. 9g-91). In short, the above discussions based on running states indicate that this

study can improve the CSG energy use efficiency from both heat collection and release perspectives.
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4.2.2. Heating effect

According to the setpoints (Table 5), the air temperature inside the multi-span greenhouse heated by the
ETGHP system was maintained within a range of 11.8-14.0 °C during the heating period, with the
average temperature being 12.7 °C (Fig. 10). The temperature difference between indoor and outdoor air
was 18.1 °C on average and peaked at 21.3 °C. Taking CSG 1#, 4#, and 5# as examples, the average air
temperature inside CSGs was 14.8-17.0°C at night (17:00-07:00 the next day), with the lowest
temperature being 13.1°C (Fig. 9¢). While running the heat pump, taking CSG surplus air heat as the heat
source, the CSG air temperature was not lower than 26 °C and remained high. The ETGHP system had a
stable heating effect for the multi-span greenhouse, while its application did not make against the thermal

performances of CSGs.

The dual source system design contributes to the heating stability since the CSG surplus air heat roots in
the unstable solar radiation. In essence, the system adopts an air/air dual source heat pump that switches
parallelly arranged CSG and outdoor air sources, prioritizing air inside CSGs. Then as the available
surplus air heat was insufficient, the outdoor air source aided it (Fig. 9). This heat pump presents a more
straightforward arrangement and control compared to the existing solar/air [51, 52] and ground/air [53, 54]
methods. As the external thermal blanket is enabled for the multi-span greenhouse, a more competitive

heating effect will be obtained.

The ETGHP system only extracts the heat that should have been discharged, which will not adversely
affect crop growth and the nighttime thermal performance of CSGs. However, considering capital costs, a
well-designed system cannot always remove all the excess heat. For example, the maximum air
temperature inside CSG 1# still exceeded 40°C during heat collection (Fig. 9¢ & 9d), causing high-
temperature stress to crops. As discussed, ventilation is inevitable, especially during the peak period of
excess heat. Hence, a model predictive control of vents is preferred to maintain a temperature range,
tolerating crop growth and heat collection. In addition, CSG heating, though necessary in some weather,

is not the concern of this article and might be involved in future system design.
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Fig.10 Variation of air temperatures inside and outside the multi-span greenhouse (from Jan.17 to Jan.19,

2021)
4.2.3. Performance of heat pumps

Taking units 1#E, 4#W, and 5#E as examples, the heating performance of the heat pump was analyzed.
COP of the heat pump adopted the following calculations:

coP =2 () (50)

HP = =000 Cp o (tourt = timt) (W) (51)
Where COP (-) is the coefficient of heating performance of the heat pump; HP (W) is the heat output of
the heat pump; £ (W) is electric power consumption by heat pump, excluding water pumps; the fan is
assumed to run with rated electric power input; v, (m* h'') is the flow rate of circulating water passing
through the heat pump; #;,,; and 7un (°C) are inlet and outlet water temperatures of the heat pump

condenser, respectively.

The input power of the heat pump compressor Ec.» (W) was calculated by:

Ecom = V3Ucomlcomcosgp (W) (52)
Where Ucom =380 V is the compressor operating voltage; Icom (A) is the compressor running current; cosg
=0.92 is the power factor. The running currents of heat pump compressors are presented in Fig. 11.
Circulating water flow rates, as well as inlet and outlet water temperatures of the heat pumps, can be

obtained from Table 5 and Fig. 9g-91, respectively.
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Electric curr

Fig.11 Electric currents of heat pump compressors (from Jan.17 to Jan.19, 2021)

The heating performances of dual source modules and air source modules of the heat pump units are
presented in Tables 6 and 7, respectively. In the selected two heating cycles, the COP of the dual source
heat pump modules, when using CSG surplus air heat as the heat source, was 4.3-4.8, while the COP of
the air source modules was 3.4-3.7, over the same period. The COP was improved by 23-26% due to
using the higher-grade heat source of CSG air rather than ambient air. Throughout the entire heat
collection period, the dual source heat pumps switched heat sources between indoor and outdoor air
according to their setting and the variation of CSG air temperatures. Their total COP, which considered
both CSG and outdoor air source heating conditions, reached 3.4-4.2, a 6-11% increase compared to air

source heat pumps.

The heat source above 26°C enabled the dual source heat pump to increase its COPs compared to the air
source heat pump. Thus, a conclusion can be reached that the ETGHP system can transfer energy between
greenhouses for greenhouse heating by efficiently using the air source heat pump, creating enormous
potential for energy savings. The COP of the heat pump under the CSG air source condition is slightly
higher than that obtained in the self-sufficient scenario (3.3-4.2 [46]), mainly because the COP of this
study did not consider the power consumption of water pumps, and the heat pump manufacturing process
was improved. The heat pump in CSG mode also performs better than the heat pump indirectly using
surplus air, with a water source of approximately 15°C and daily mean COP of 2.3-3.6 [29], as well as
ground source heat pumps, ranging COP in 2.3-3.9 [15-17, 79]. However, it experiences uncertainties in
the heat source supply time. Meanwhile, the total COP of the dual source heat pump, as expected by the
original design intention [55], has been improved, but to a different level from other similar heat pumps

[51, 53, 54].
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The heat pump units differed in heating performances. One reason could be that their working conditions
were not entirely uniform. Another reason might be ascribed to manufacturing process issues. The dual
source heat pump switched heat sources, and the refrigerant might have been entrapped in the off-

working evaporator, which led to different flow rates of working fluids that affected the COPs.

This study obtained the COP increases of the heat pump by using CSG air rather than ambient air.
However, the outdoor air temperature did not become too low over the two selected days, with an average
of 5.2 °C from 10: 00 to 15: 00. As outdoor temperature decreases further, the COP of the air source heat
pump also decreases, and the cumulative defrosting time increases [23], while the CSG surplus air heating
condition remains the same. In this scenario, the comparative advantage of the heat pump under CSG
conditions would increase. In contrast, available excess heat decreases in colder weather, so the running
time of the heat pump under CSG conditions would become shorter, resulting in lower total COP.
Therefore, the influence of outdoor climate on the energy savings of the dual source heat pump needs

more data analysis, which would decide the feasibility of the ETGHP system in a climatic region.
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Table 6 Heating performances of the dual source heat pump modules

Run Run Power
Power COP of Heat COP of
time of Heat time of consumption Run time Power Cooling
consumption heating output heating Total
Heat pump  heating output heating of heating of consumption capacity of
of heating using using using COP
modules using  using CSG using using defrosting  of defrosting  defrosting
using CSG CSG outdoor air outdoor (-)
CSG air (kW) outdoor outdoor air (h) (kW) (kW)
air (kW) air (-) (kW) air (-)
air (h) air (h) (kW)
Module 01
10.010 96.25 21.21 4.5 6.290 69.30 21.46 3.2 0.000 0.00 0.00 4.0
of unit 1#E
Module 01
5.100 90.44 20.85 43 10.570 65.61 21.58 3.0 0.015 18.82 64.75 34
of unit 4#W
Module 01
8.860 96.46 20.12 4.8 6.900 71.73 20.73 3.5 0.000 0.00 0.00 4.2
of unit 5#E

Note: Data are selected from 9:00 Jan. 17 to 9:00 Jan. 19, 2021. The time values are accumulated values, and the others are in average.

Table 7 Heating performances of the air source heat pump modules

During running module 01 using CSG air

Run Power Run time Power Cooling
- ) c Heat ) COP of c ) i of Total
eatpump  time o consumption 0 consumption capacity o :
output heating COP Capacity Power COP of
modules heating (W) of heating o defrosting  of defrosting  defrosting of heating  consumption of  heating
(h) (kW) (h) (kW) (kW) (kW) heating (kW) ©)
Module 02
) 16.833 73.41 20.49 3.6 0.000 0.00 0.00 3.6 73.41 19.82 3.7
of unit 1#E
Module 02
) 16.720 67.39 20.67 33 0.061 22.42 69.16 3.2 67.39 19.64 34
of unit 4#W

Note: Data are selected from 9:00 Jan. 17 to 9:00 Jan. 19, 2021. The time values are accumulated values, and the others are in average.
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4.3. Perspective and future study

The developed ETGHP system creates enormous potential for energy savings in multi-span greenhouse
heating. It makes the utmost of the differences in lighting and thermal characteristics of various
greenhouses. Thus, the system has a promising application prospect in regions with multiple greenhouse
structure types, such as in China, multi-span greenhouses account for 2.9% of the total greenhouse area,
CSGs account for 30.5%, and plastic tunnels account for 66.6% [33]. In recent years, the planning and
construction of large-scale protected horticulture farms have required multiple greenhouses to meet
different cultivation functions and plant rotations. This requirement provides further opportunities for the

application of energy transfer between greenhouses.

A pilot test was carried out to analyze the system running conditions and application effects, as well as the
performance of heat pumps. For next stage, evaluating these effects and properties using the whole
heating season as the time scale would be necessary. It may also study COPs at a system level, the
efficiency of CSG excess energy use, the contribution of CSG surplus air heat collection to the heating
requirements, operating characteristics of each component (e.g., fitting performance curves of the heat
pump under higher grade heat sources), and economic and ecological effects. Furthermore, control rules
could be discussed, supporting further study of optimal climate control of greenhouses equipped with the

ETGHP system.

A systematic sizing method is established, orienting to the engineering design of the ETGHP system,
most of which can apply to other heating systems. The developed models have been improved, at least at
a theoretical level, and showed good performances. Generally following these models and calculations for
sizing, the ETGHP system was implemented and applied successfully. However, relevant statistical
analysis of local meteorological data is needed to put these models into practice, and systematic model

calibration and validation are also recommended for further study.

5. Conclusions

This study proposes a heating approach that utilizes energy transfer between greenhouses. The ETGHP
system was designed and built to practice this approach. The system collects surplus air heat inside CSGs
to heat the multi-span greenhouse, enabling greenhouse energy transfer in time and space. A pilot study

showed that the running states and heating effects of the system were stable.
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The dual source heat pump is the core component of the ETGHP system. Its two sets of evaporators are
placed in both the CSG and ambient air, respectively, enabling the heat pump to have two heat sources

and cope with different weather conditions. Accordingly, it has three operating conditions: CSG air source
heating, outdoor air source heating, and defrosting. The dual source heat pump had considerable potential
for energy savings. Its COP reached 4.3-4.8 when using CSG surplus air heat as the heat source, 23-26%
higher than when using ambient air over the same periods. Throughout the entire course of heat collection,
dual source heat pumps, switching sources based on their setting, achieved a total COP of 3.4-4.2, a 6-11%

increase compared to air source heat pumps.

A systematic sizing method orienting to the engineering application of the ETGHP system was put
forward and used to implement the system successfully. It contained a heating load model of multi-span
greenhouses, a surplus air heat model of CSGs, and the key equipment selection (including the dual

source heat pump, heat storage tank, and surface air cooler). The area matching was then suggested.

The heating load model of multi-span greenhouses is simple, explanatory, and completely reliable in
theory. It simplifies calculation processes, only considering combined heat transfer through the envelope
and air infiltration heat loss. The model redefines the heat transfer coefficient of greenhouse cover, adding
radiative heat exchange between indoor radiating bodies and the sky through the cover. The hierarchical
valuing method for design temperatures of indoor and outdoor air is proposed to eliminate the risk of
uncertainty in extremely cold weather, enabling the model to meet requirements for air source heat pump
selection. In addition, this model is compatible with greenhouses with internal and external heat

insulations, and distinguishes greenhouses cultivating fruiting and leafy vegetables.

The surplus air heat model of CSGs takes indoor air as the analysis object, studying convections and air
exchanges. Its development extends descriptions of the main radiative heat transfer processes among
internal surfaces of the CSG envelope, indoor floor, external surface of the transparent south roof, and the
sky. Meanwhile, shading influences on solar radiation received by internal surfaces of the north roof,

north wall, and indoor floor are involved.

According to simulations, the available CSG surplus air heat ranged from 100.8 to 112.6 W m™ for
system design. The heating load of a muti-span greenhouse with the external thermal blanket was 98.2 W
m™. The minimum area of CSGs as heat sources was suggested to be twice the multi-span greenhouse
area heated by the ETGHP system, while the critical matching ratio was 2.3-2.5 based on the relationship

between greenhouse energy supply and demand.
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Appendix A. Supplementary description for system implementation in the case study

Al. The heated multi-span greenhouse

The multi-span greenhouse (Fig. A1) had ridges from north to south and was 52 m in length. The span
was 12 m, and the gutter width was 1.6 m. The greenhouse had 12 spans, with a total length of 163.2 m in
the east-west. The equipment room was at the north end of the greenhouse. Eaves height was 6.1 m, and
ridge height was 8.6 m. The indoor floor sank 1 m. The height of the foundation wall above the horizontal
plane was 0.85 m. The roof angle was 23°. Sidewalls consisted of three-glass and two-cavity tempered
insulating glass, and the roof was covered with 5 mm diffuse scattering single-layer glass. The gutter was
composed of a 50 mm polystyrene board coated with a galvanized steel sheet. The greenhouse was also
equipped with an external thermal blanket and an external shading screen. The external thermal blanket
consisted of a double-layer polyethylene woven cloth filled with 8 mm polyethylene foam and 200 g m™
glue-sprayed cotton, with a total thickness of about 35 mm. This greenhouse was used for tomato

cultivation.
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Fig. A1 Outside view of the heated multi-span greenhouse

A2. The heat source CSGs

CSG 1# and CSG 4-6# had identical specifications (Fig. A2). The ridge height was 7 m, the net span was
16 m, and the east-west length was 265 m. The south roof angle was 21°, taking the upper chord of the
roof truss as the benchmark. The north roof had a width of 1.5 m and a roof angle of 40°, with the
covering soil being 2 m thick. The north wall was a trapezoidal soil wall, 6 m in height and 2-8 m in
thickness. Its internal and external surfaces were protected by spraying cement mortar. CSG 2# had a
ridge height of 8 m, a net span of 22 m, and an east-west length of 265 m. The south roof angle was 18°,
and the north roof angle was 40°. The north roof had a width of 1.5 m, and its covering soil thickness was
2 m. The north wall was a trapezoidal soil wall with a height of 7 m and thicknesses of 2-8 m. Again, the
internal and external surfaces were protected by cement mortar spraying. CSG 3# had a ridge height of 7
m, a net span of 17.5 m, and an east-west length of 265 m. The south roof angle was 24°. The north roof
was horizontal, 1.1 m in width, with its principal material being a 45 mm polystyrene board. The north
wall was inclined inward, and the angle with the indoor floor was 78°. Its length was 7.2 m, and it was
made predominantly from a 200 mm polystyrene board. The south roofs of all the CSGs had a 0.15 mm

polyolefin film cover.
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Fig. A2 Outside view of a heat source Chinese solar greenhouse

A3. The dual source heat pump module

Table A1 Performance parameters of the selected dual source heat pump module

Parameters
Items Heating condition 1 (ambient ~ Heating condition 2 (ambient
air temperature 7°C, outlet air temperature -12°C, outlet
water temperature 45°C) water temperature 41°C)
Heating capacity (kW) 85.9 53
Input power (kW) 24.2 20.4
Heat pump
COP (-) 3.55 2.6
module
Power supply 380V-50Hz
Refrigerant R410A
Compressor type Entire seal vortex type
Compressor
Input power (kW) 22 /
Evaporator type Finned tube heat exchanger

Heat exchanger
Condenser type

Shell and tube heat exchanger

Fan type
Fan Air flow (m® h'")

Input power (kW)

Axial flow fan
27000
2.2

A4. Control scheme

The upper control of the ETGHP system was achieved by the self-developed cloud platform for the

intelligent management of greenhouse cultivation. The platform connected with a plurality of local



programmable logic controllers (PLCs) through RS485 serial communication. Through hard wiring, the

PLCs were then linked to various system components and sensors.

The system control scheme was as follows. The heat pump unit was controlled cooperatively by the inlet
water temperature (approximates the water temperature of the heat storage tank) and time. The inlet water
temperature setpoint for stopping the heat pump was 4 (°C), and the lower deviation was At (°C),
indicating that when the inlet temperature dropped to the lower limit of #iu.p -Atin, the heat pump started.
The set of tiu.» was different during the day and night to save energy. During the run-time of the heat
pump, if the CSG air temperature was higher than the reference temperature of generating surplus air heat
teCup, the heat pump would run under the CSG air source heating condition with a lower deviation of Az,
(°C). Otherwise, the heat pump would run under the outdoor air source heating condition. The heat pump
switched heat sources from ambient air to CSG air at the threshold temperature of #,c ., and from CSG air
to ambient air at #gcup-Atec. When the air temperature inside the multi-span greenhouse was low at night,
the combined air conditioning unit was turned on, and upper and lower limits of the indoor air
temperature were set to gy and zg,0w (°C), respectively. The fan was controlled by PID frequency
conversion. Its output frequency responded to the real-time greenhouse heating requirement and
circulating water temperature at the heat-dissipating terminal, with upper and lower limits of ¢, and @y
(Hz). To avoid the risk of irreversible crop freezing injury, which could potentially be caused by the
freezing crack of circulating water pipes or water flow faults of heat pumps, the water pump for heat
pump heating was typically turned on during overwintering production. The water pump for heat release

applied linkage control with the fan and ran with constant pressure.

The correlation mechanism of system components was that the running fan was controlled by air
temperature inside the multi-span greenhouse. Meanwhile, the fan running affected temperatures of the

heat storage tank and the heat pump circulating water, thus deciding the running of the heat pump.
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