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Abstract:

The very high annual heat demand of greenhouses is the most critical factor that increases production costs.
Conventional methods are generally used to obtain the optimum temperature required for greenhouses. In these
systems, greenhouse air is heated by a boiler and pipe networks are connected to it, and in this way, most of
the heat energy is transferred from the greenhouse ceiling to the atmosphere. In addition, in the greenhouse,
not only the air but also the soil should be heated in order not to spoil the roots of the plants. The objective of
this research is to provide sustainable heating for greenhouse applications. For this purpose, an innovative
heating system has been designed for greenhouse heating by using of solar energy and heat pump technologies.
In this study, a new approach was presented by designing a novelty heat pump flow for the heat required in the
greenhouse. With this design, not only greenhouse air but also the soil will be heated and the best conditions
for the development of plants will be provided. In the system, an ethylene glycol water mixture was used to
prevent damage caused by freezing. In addition, it is designed to provide sustainability with an auxiliary heater
when solar radiation is insufficient. It is highly recommended to apply this presented system for all greenhouse
types.
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Nomenclature
COP
𝐶𝑂𝑃ℎ𝑝
𝐸𝐺𝑊𝑀
𝐺𝐻
𝐻𝑃
𝑃𝑉
𝑃𝑉/𝑇
𝑆𝐴𝐻
Symbols
𝐴𝑐𝑜𝑙,𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝐴𝑓𝑙𝑜𝑜𝑟
𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝐴ℎ𝑥,𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝐴𝑝𝑖𝑝𝑒

𝐴𝑎𝑖𝑟

Coefficient of performance
Performance coefficient of heat pump system
Ethylene glycol water mixture
Greenhouse heating
Heat pump
Photovoltaic
Photovoltaic thermal
Solar air heater

𝑐𝑝
𝑐𝑝,𝑎𝑖𝑟
𝑐𝑝,𝑚𝑖𝑥
∆𝑇𝑙𝑛
𝑄̇𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟
𝑄̇𝑐𝑜𝑛
𝑄̇𝑒𝑣𝑎𝑝
𝑄̇𝑒𝑙
𝑄̇𝑓𝑙𝑜𝑜𝑟

Collector surface area (m2)
Floor area of the greenhouse (m2)
Total surface area where greenhouse heat losses
occur (m2)
Heat exchanger surface area (m2)
Pipe area (m2)

𝑄̇𝑔𝑟𝑒𝑒𝑛ℎ𝑜𝑢𝑠𝑒
𝑞̇ 𝑔𝑟𝑒𝑒𝑛ℎ𝑜𝑢𝑠𝑒
𝑄̇ℎ𝑒𝑎𝑡𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑟
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Collector cross-section where air flow takes place
(m2)
Specific heat capacity (kJ kg-1K-1)
Specific heat of the air heated in the collector (kJ
kg-1K-1)
Specific heat of the ethylene glycol water mixture
(kJ kg-1 K-1)
Logarithmic mean temperature difference (℃)
Thermal power obtained from the collector (kW)
Condenser capacity (kW)
Evaporator capacity (kW)
Electrical power (kW)
Heat power transferred to the floor to the
greenhouse (kW)
Total heating load of the greenhouse (kW)
Heat requirement per floor area (kW m-2)
Heat exchanger capacity (kW)
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𝑄̇ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝
𝑄̇𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛
𝑄̇𝑙𝑜𝑠𝑠
𝑄̇𝑝𝑟𝑜𝑑𝑢𝑐𝑡
𝑄̇𝑠𝑜𝑖𝑙
𝑄̇𝑠𝑢𝑛
𝑄̇𝑡ℎ𝑒𝑟
𝑄̇𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛
𝐹𝑅
h
ℎ𝑖
ℎ𝑜
ℎ𝑐𝑜𝑚𝑝,𝑜𝑢𝑡
ℎ𝑐𝑜𝑚𝑝,𝑖𝑛
ℎ𝑐𝑜𝑛,𝑖𝑛
ℎ𝑐𝑜𝑛,𝑜𝑢𝑡
ℎ𝑒𝑣𝑎𝑝,𝑜𝑢𝑡
ℎ𝑒𝑣𝑎𝑝,𝑖𝑛
I
IT
𝐼𝑡ℎ
k
𝐿𝑠𝑜𝑖𝑙
𝐿𝑝𝑖𝑝𝑒
𝑚̇
𝑚̇𝑎𝑖𝑟
𝑚̇𝑚𝑖𝑥
𝑚̇𝑟
P
R
T
𝑇𝑎𝑖𝑟
𝑇ℎ,𝑖𝑛
𝑇ℎ,𝑜𝑢𝑡
𝑇𝑐,𝑖𝑛
𝑇𝑐,𝑜𝑢𝑡

𝑇𝑐𝑜𝑙,𝑜𝑢𝑡
𝑇𝑐𝑜𝑙,𝑖𝑛

Heat pump capacity (kW)
Heat loss caused by infiltration (kW)
Energy losing (kW)
Heat absorbed by the product (kW)
Heat transferred to soil (kW)
Heat from the sun (kW)
Thermal energy (kW)
Heat loss from the surface of the greenhouse (kW)
Heat removal factor
Heat transfer coefficient (Wm-2K-1)
Internal convection coefficient of the pipe (Wm2K-1)
External convection coefficient of the pipe (Wm2K-1)
Compressor outlet enthalpy of refrigerant (kJ kg-1)
Compressor inlet enthalpy of refrigerant (kJ kg-1)
Condenser inlet enthalpy of refrigerant (kJ kg-1)
Condenser outlet enthalpy of refrigerant (kJ kg-1)
Evaporator outlet enthalpy of refrigerant (kJ kg-1)
Evaporator inlet enthalpy of refrigerant (kJ kg-1)
Solar radiation (W m-2)
Radiation to the sloping surface (W m-2)
Threshold radiation value (W m-2)
Thermal conductivity (Wm-1K-1)
The thickness of the soil layer to which heat is
transmitted (m)
The length of the heat pipe circulating in the
greenhouse flor (m)
Mass flow rate (kg s-1)
Mass flow rate of air (kg s-1)
Mass flow rate of ethylene glycol water mixture (kg
s-1)
Mass flow rate of refrigerant (kg s-1)
Pressure (kPa)
Universal gas constant (kJ kg-1 K-1)
Temperature (℃)
Air temperature (℃)
Inlet temperature of hot fluid (℃)
Outlet temperature of the hot fluid (℃)
Inlet temperature of cold fluid (℃)
Outlet temperature of cold fluid (℃)

𝑇𝑔𝑟𝑒𝑒𝑛𝑜𝑢𝑠𝑒,𝑖𝑛
Tgreenhouse,out
𝑇𝑚𝑖𝑥,𝑜𝑢𝑡
𝑇𝑚𝑖𝑥,𝑖𝑛
𝑇𝑚𝑖𝑥,𝑒𝑣𝑎𝑝,𝑜𝑢𝑡
𝑇𝑝𝑖𝑝𝑒
𝑈ℎ𝑥
𝑈𝑡𝑜𝑡𝑎𝑙
𝑈𝑙
𝑉̇
̇
𝑉𝑝𝑢𝑚𝑝
𝑉
𝑉𝑎𝑖𝑟

𝑊̇𝑐𝑜𝑚𝑝
𝑊̇𝑓𝑎𝑛
𝑊̇𝑝𝑢𝑚𝑝
Greek
𝛼𝑠

𝜏
𝜌
𝜌𝑎𝑖𝑟
𝜌𝑚𝑖𝑥
𝜎
𝜀
ɳ𝑐
ɳ𝑓
ɳ𝑝
ηPV/T

Collector outlet temperature of air (℃)
Collector inlet temperature of air (℃)
Ambient temperature inside the greenhouse (℃)
Environmental temperature outside the greenhouse
(℃)
Outlet temperature of ethylene glycol water
mixture from condenser of heat pump (℃)
Inlet temperature of ethylene glycol water mixture
pump (℃)
Outlet temperature of ethylene glycol water
mixture from evaporator of heat pump (℃)
Average surface temperature of the heat pipe
circulating in the greenhouse ground (℃)
Total heat transfer coefficient of the heat exchanger
(W m-2K-1)
Total heat transfer coefficient of the greenhouse (W
m-2K-1)
Total heat loss in the collector (W m-2K-1)
Volumetric flowrate of air passing through the
collector (m3s-1)
Volumetric flowrate of the fluid passing through
the pump (m3s-1)
Velocity (m s-1)
Air velocity (m s-1)
Compressor capacity (kW)
Fan capacity (kW)
Pump capacity (kW)
Absorption rate of solar radiation energy to the
surface
Solar irradiation transmissivity
Density (kgm-3)
Air density (kgm-3)
Density of ethylene glycol water mixture (kg m-3)
Stefan-Boltzmann constant (W m-2K-4)
Diffusivity of pipe
Collector total efficiency
Fan efficiency
Pump efficiency
PV/T efficiency

1. INTRODUCTION
Greenhouses are structures with various forms of protection for plants that cannot be grown outside due
to adverse climates, diseases and harmful factors. Greenhouses provide to obtain the maximum
efficiency from planting, creating better growing conditions. The greenhouse climate, which has the
most suitable value with regard to temperature, ventilation, light, and relative humidity, influences the
achievement of the production [1]. Temperature is one of the most major climatic factors that must be
created in the greenhouse. Staminal activities of plants generally decelerate at 7 ℃ and stop at 0 ℃. In
greenhouses, the minimum temperature during the plant period should be 10 ℃. For the seedling period,
the temperature varies between 15- 25 ℃ depending on the seedling [2]. Therefore, it is the soil
temperature which is above 10 °C will affect positively the plant growth. Heating is needed to keep the
greenhouse environment at a certain temperature. The use of fossil fuels to meet the heating need
increases greenhouse energy consumption and carbon footprint [3,4].
Many systems have been researched in the literature to diminish the amount of energy consumption for
heating the greenhouses and to meet the heating needs. Esen and Yuksel (2013) designed a system for
heating a greenhouse, including a horizontal heat exchanger and a biogas solar and ground source heat
pump (HP) heating system, and showed that alternative energy resources may be effectively conducted
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for greenhouse heating (GH) [5]. Attar and Farhat (2015) experimentally researched the efficiency of a
solar water system based on the heat exchangers combined in the greenhouse for heating and soil heat
storage. According to the results, the efficiency of the heating system for a 10 m3 greenhouse was about
64.9% in December and about 133.6% in April [6]. Yildirim and Bilir (2017) examined the photovoltaic
panel (PV) assisted HP for cooling and heating loads in a greenhouse in Turkey. Sixty-six PVs were
used for the electrical supply of the HP in the cultivation of three crops, cucumber, tomato, and lettuce.
With this system, it was obtained that it could meet 33.2 - 67.2% of greenhouse demand [7]. Aye et al.
(2010) studied the financial and environmental feasibility of an air-to-water HP system for a 4000 m2
greenhouse. They observed that HP system had a simple payback term about six years and reduced LPG
consumption by 16% [8]. Joudi and Farhan (2014) experimentally studied a greenhouse consisting of
six solar air heaters (SAHs) bonded in parallel for a traditional greenhouse and enclosing 45% of the
greenhouse roof. SAH indicated that the greenhouse provides daily heating load, and the energy stored
from the heater and the solar heat in the greenhouse meet all daily heating requirements by around 46%
[9]. Mohsenipour et al. (2020) carried out theoretical research on growing lettuce and tomatoes using a
sun-based greenhouse using a high-efficiency combination of cooling, heating, and power system.
Annual electricity and water consumption produced by the turbine for tomatoes and lettuce was
calculated as 2139233 kWh and 3090333 kWh with the use of R134a as refrigerant, compared to the
conventional system, the annual fuel and water consumption was recorded as 1.841.29 m 3 and 266.5 m3
for lettuce and as 10.675.04 m3 and 141.01 m3 for tomatoes. In the cost assessment, the payback period
for lettuce and tomato scenarios was determined as 12 and 15 years, respectively [10].
Baddadi et al. (2018) experimentally investigated a novelty hydroponic greenhouse and a new SAH with
latent heat energy storage. The surplus amount of thermal energy was stored as latent heat in the phase
change material. The results obtained showed that the average daily thermal efficiency of the SAH with
latent heat storage varies among 0.29% and 0.38%, and the annual energy production decreases by more
than 4600 kWh thanks to solar heating [11]. Zhang et al. (2015) designed and researched a low-cost
seasonal solar collector-assisted earth heat storage system used for GH. After the tests, it was proved to
be possible for the system to store seasonal thermal energy that could partially solve the problem of
solar heat demand and supply imbalance between summer and winter. The energy consumption of the
designed system and the traditional solar heating system were compared under the same condition and
it was stated that when the indoor air temperature of the greenhouse was kept above 12 ℃ throughout
the year, the energy saving was 27.8 kWh [12].
Considering the above studies, fuel consumption, energy efficiency, and costs are significant in heating
the greenhouses. In this study, an innovative heating system was designed and recommended by
combining solar energy and HP technology to meet the heat energy of greenhouses. With this design, it
is aimed to provide the best conditions for the development of plants by heating not only greenhouse air
but also the soil. The originality of this study is that HP system is designed as a closed-loop and
exchanges heat between two different heat transfer fluids. A novelty flow design is introduced in HP
system.

2. MATERIAL AND METHOD
While the greenhouse temperature depends on the variety and development stage of the plant species, it
should generally not fall below 15℃ and not exceed 30℃ for the plants. At night, the greenhouse
temperature should be no more than 8 ℃ lower than the daytime value. While the optimum temperature
for rooting plants is 18 ℃, the temperature required for fruit and flower is around 20℃ [13]. In Table
1, there are various plant species and the required temperature values for the production of these plants.
It can be seen in Table 1 that plants have different production temperatures. The energy values of the
designed system will vary depending on the size of the system, the structure of the greenhouse, the type
of plant, and the provision of suitable temperature conditions for its development.
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Table 1. Suitable temperature ranges for the production of some plant species and temperature values required
for the start of heating [14]
Product
Suitable temperatures for production (℃) Heating start temperature (℃)
Pea
16 - 20
3
Pepper
20 - 25
8
Tomato
20 - 24
7
Beans
18 - 30
8
Spinach
15 - 18
-2
Pumpkin
25 - 35
8
Watermelon
23 - 28
10
Melon
25 - 30
9
Celery
18 - 25
5
Lettuce
14 - 18
10
Eggplant
22 - 27
9
Chard
18 - 22
-4
Cucumber
20 -25
10

In the designed system, both soil and air are heated in order to develop the plants in a short time and
quickly. The soil should be kept at the temperature values given in Table 2 for the healthy development
of the plant. In cold winter seasons, the heat requirement of the plant is provided more easily and highly
efficiently with the heating of the soil.
Table 2. Suitable soil temperatures for germination of vegetable seeds [15]
Crops
Minimum (℃) Optimum range (℃) Maximum (℃)
Asparagus
10
24 - 29
35
Beans, Lima
16
24 - 29
29
Beans, Snap
16
24 - 29
35
Beets
4
18 - 29
35
Broccoli
4
16 - 29
35
Cabbage
4
16 - 29
35
Carrots
4
18 - 29
35
Cauliflower
4
18 -29
35
Celery
4
NA
NA
Chard, Swiss
4
18 - 29
35
Corn
10
18 - 35
41
Cucumbers
16
18 - 35
41
Eggplant
16
24 -29
35
Garlic
0
18 -29
35
Leeks
0
18 -29
35
Lettuce
0
16 - 24
29
Muskmelons (Cantaloupe)
16
24 -29
41
Okra
16
29 - 35
41
Onions
0
18 - 29
35
Parsley
4
18 - 29
35
Parsnips
0
18 -24
29
Peas
4
18 -24
29
Peppers
16
18 -24
35
Pumpkins
16
29 - 35
41
Radishes
4
18 - 29
35
Spinach
0
18 - 24
24
Squash
16
29 - 35
41
Tomatoes
10
18 - 29
35
Turnips
4
16 - 35
41
Watermelons
16
24 - 35
41

In greenhouses, an external heating application should be done in order not to fall below 15 ℃ in general.
Especially on winter days, meeting the heat requirement of the greenhouse with only solar radiation can
be insufficient. While generating electricity more efficiently with a photovoltaic thermal (PV/T) hybrid
system, heat energy can also be produced. The use of PV/T hybrid systems in GH provides advantages
in many ways. In the design, the heat energy lost by the greenhouse through transmission, convection,
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and thermal radiation will be met by solar energy and HP system. It should be preferred that the fuel to
be used in greenhouses heating should be low cost, high thermal value and easy to obtain and not harm
the environment.
However, harmful gases resulting from combustion by using fossil fuels cause environmental pollution.
In the system designed as shown in Fig. (1), the heat required for the greenhouse is obtained from a
clean energy source. With the designed HP system, both the internal environment of the greenhouse and
the soil are heated. Thanks to the floor heating system, the heat can be distributed homogeneously. Even
in winter days, the system is not affected by weather conditions and seasonal changes of the temperature.

Figure 1. Schematic diagram of the system designed for greenhouse heating

As seen in Fig. (1), the heating need of the greenhouse is met by using the heat energy from the designed
HP system and PV/T panel. When the solar irradiation is insufficient, the auxiliary heater shown in Fig.
(1) will be operated. It will be ensured that the heat required for the greenhouse is not interrupted. The
heat obtained from the PV/T panels is transferred to the greenhouse interior environment by means of
air ducts. The air, which cools down in the greenhouse over time, is discharged to the outside
environment via the outdoor air louvers. While providing the heating of the greenhouse with PV/T
panels, the fresh air requirement of the greenhouse is also met.
Another system used to meet the heat loss that occurs in the greenhouse in the system is transferring
heat to ethylene glycol water mixture (EGWM) from the condenser of HP. In the system, the operation
of HP is controlled with the thermostat in the greenhouse. In cases where the heat required for GH is
insufficient, HP system is operated. HP system is designed as a closed-loop and exchanges heat between
two different heat transfer fluids. The first of these fluids is the refrigerant that extracts heat from the
evaporator and transfers it to the condenser. The second is the EGWM that takes heat from the condenser
and throws it into the greenhouse, forming again the waste heat source for the evaporator.
In the first heat transfer fluid loop, the evaporator extracts heat from EGWM and transfers it to the
refrigerant. Meanwhile, refrigerant fluid passing from liquid phase to gas phase is compressed in the
compressor and then sent to the condenser after its temperature and pressure are increased. Hightemperature refrigerant transfers heat to the floor heating line, in which there is EGWM. The transferred
heat energy is used to heat the greenhouse through the pipes laid on the floor of the greenhouse. The
62
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fluid circulating in the pipes laid on the floor of the greenhouse returns to the soil to heat the soil and
completes the cycle after transferring heat into the greenhouse as natural convection and thermal
radiation.
In the second heat transfer fluid loop, EGWM creates the waste heat source for the evaporator after
transferring its heat to the greenhouse. In other words, EGWM first cools in the greenhouse, by throwing
its heat to the soil and air, and then it cools down again in the evaporator and enters the condenser, where
it extracts the heat and completes the cycle. The originality of this design is that EGWM coming out of
the evaporator enters the condenser and this method is a new approach in HP systems.
While the solar energy system to be used in the design will meet some of the heating requirements, the
electrical energy produced will be used to meet the electrical loads such as fan, compressor, pump, and
lighting to be used in the system.
2.1. Energy Analysis
The heat loads occurring in the greenhouse are given in Fig. (2). In addition to the heat losses arising
from the greenhouse surfaces, the heat losses that occur while providing the air needed by the plants and
the required heat requirement are available.

Figure 2. Energy gains and losses in the greenhouse

Fig. (3) shows the heat transfer mechanism that can occur in the designed greenhouse energy system.
The energy equations required for the designed system for GH are given below.
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Figure 3. Heat transfer mechanisms in the greenhouse

The heat energy balance occurring in the greenhouses can be stated with the following equation as can
be noted in Fig. (2):
𝑄̇ 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 + 𝑄̇ ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝 = 𝑄̇ 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 + 𝑄̇ 𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 + 𝑄̇ 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 + 𝑄̇ 𝑠𝑜𝑖𝑙

(1)

Since greenhouses are covered with materials that can penetrate sunlight, they can use some solar energy
naturally and the expression of the heat load to be met:
𝑄̇ 𝑔𝑟𝑒𝑒𝑛ℎ𝑜𝑢𝑠𝑒 = 𝑄̇ 𝑙𝑜𝑠𝑠 - 𝑄̇ 𝑠𝑢𝑛

(2)

In order to calculate the HP and PV/T collector capacities, the total heat requirement must first be
known. The heat load that must be met in greenhouses can be calculated as follows [16]:
𝑞̇ 𝑔𝑟𝑒𝑒𝑛ℎ𝑜𝑢𝑠𝑒 =

𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝐴𝑓𝑙𝑜𝑜𝑟

𝑈𝑡𝑜𝑡𝑎𝑙 ( 𝑇𝑔𝑟𝑒𝑒𝑛𝑜𝑢𝑠𝑒,𝑖𝑛 - 𝑇𝑔𝑟𝑒𝑒𝑛ℎ𝑜𝑢𝑠𝑒,𝑜𝑢𝑡 ) –(𝐼𝜏𝛼𝑠 )

𝑄̇ 𝑔𝑟𝑒𝑒𝑛ℎ𝑜𝑢𝑠𝑒 = 𝑞̇ 𝑔𝑟𝑒𝑒𝑛ℎ𝑜𝑢𝑠𝑒 𝐴𝑓𝑙𝑜𝑜𝑟

(3)
(4)

The thermal power required to heat the greenhouse calculated with Eq. (4) will be met by the PV/T
panel and HP system:
𝑄̇ 𝑔𝑟𝑒𝑒𝑛ℎ𝑜𝑢𝑠𝑒 = 𝑄̇ 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 + 𝑄̇ ℎ𝑒𝑎𝑡𝑝𝑢𝑚𝑝

(5)

The heat collected from the PV/T panel in this designed greenhouse system is expressed as:
𝑄̇ 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 = 𝑚̇ 𝑎𝑖𝑟 𝑐𝑝,𝑎𝑖𝑟 (𝑇𝑐𝑜𝑙,𝑜𝑢𝑡 – 𝑇𝑐𝑜𝑙,𝑖𝑛 )

(6)

here the mass flow of air 𝑚̇ 𝑎𝑖𝑟 is determined as in the equation given below [17]:
𝑚̇ 𝑎𝑖𝑟 = 𝜌𝑎𝑖𝑟 𝑉̇ 𝑎𝑖𝑟 𝐴𝑎𝑖𝑟
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The density of air 𝜌𝑎𝑖𝑟 is can be expressed:
𝜌𝑎𝑖𝑟 = 𝑃/𝑅(𝑇𝑎𝑖𝑟 + 273.15)

(8)

The specific heat of the air varies with temperature and can be found as below [18]:
𝑐𝑝,𝑎𝑖𝑟 = 1009.26 − 0.0040403𝑇𝑎𝑖𝑟 + 0.00061759𝑇𝑎𝑖𝑟 2 − 0.0000004097𝑇𝑎𝑖𝑟 3

(9)

The surface area of the PV/T panel used in GH can be found with the equation given below:
𝐴𝑐𝑜𝑙,𝑠𝑢𝑟𝑓𝑎𝑐𝑒 =

𝑄̇ 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟

(10)

IT ɳ𝑐

The total efficiency of the PV / T system used to meet the electricity and heat needs of the greenhouse
are defined as follows [18]:
𝜂𝑃𝑉/𝑇 =

𝑄̇ 𝑡ℎ𝑒𝑟 + 𝑄̇ 𝑒𝑙

(11)

𝐼𝐴𝑐𝑜𝑙,𝑠𝑢𝑟𝑓𝑎𝑐𝑒

The temperature difference of a known collector inlet temperature in the collector [19]:
∆𝑇 = (𝑇𝑐𝑜𝑙,𝑜𝑢𝑡 − 𝑇𝑐𝑜𝑙,𝑖𝑛 ) =

FR 𝐴𝑐𝑜𝑙,𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (τα)IT

𝐼𝑡ℎ = 𝑈𝑙

𝑚̇𝑎𝑖𝑟𝑐𝑝,𝑎𝑖𝑟

–

FR 𝐴𝑐𝑜𝑙,𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (τα)Ith
𝑚̇ 𝑎𝑖𝑟 𝑐𝑝,𝑎𝑖𝑟

(𝑇𝑐𝑜𝑙,𝑖𝑛 − 𝑇𝑎𝑖𝑟 )

(12)

(13)

𝜏𝛼

The power of the fan circulating hot air for the GH can be calculated with the following equation:
𝑊̇ 𝑓𝑎𝑛 =

𝑉̇ ∆𝑃
ɳ𝑓

(14)

The heat that can be obtained from HP can be expressed as follows [20]:
Q̇ ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝 = 𝑄̇ 𝑔𝑟𝑒𝑒𝑛ℎ𝑜𝑢𝑠𝑒 - 𝑄̇ 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 =𝑚̇ 𝑚𝑖𝑥 𝑐𝑝,𝑚𝑖𝑥 (𝑇𝑚𝑖𝑥,𝑜𝑢𝑡 − 𝑇𝑚𝑖𝑥,𝑖𝑛 )

(15)

The component that consumes electrical energy in HP system is the compressor. The following Equation
can be used to calculate the power of the compressor in designed this greenhouse process [21]:
𝑊̇ 𝑐𝑜𝑚𝑝 =𝑚̇ 𝑟 (ℎ𝑐𝑜𝑚𝑝,𝑜𝑢𝑡 − ℎ𝑐𝑜𝑚𝑝,𝑖𝑛 )

(16)

The refrigerant flowing through the evaporator of HP system reduces the temperature of EGWM water
by drawing heat from EGWM. The amount of heat drawn by the evaporator from EGWM can be
calculated using the equation below:
𝑄̇ 𝑒𝑣𝑎𝑝 = 𝑚̇ 𝑟 (ℎ𝑒𝑣𝑎𝑝,𝑜𝑢𝑡 − ℎ𝑒𝑣𝑎𝑝,𝑖𝑛 ) = 𝑚̇ 𝑚𝑖𝑥 𝑐𝑝,𝑚𝑖𝑥 (𝑇𝑚𝑖𝑥.𝑖𝑛 − 𝑇𝑚𝑖𝑥,𝑒𝑣𝑎𝑝,𝑜𝑢𝑡 )

(17)

The refrigerant, which has a high temperature and pressure circulating in the condenser of HP, increases
the temperature of EGWM by transferring heat to EGWM. The increased temperature of EGWM is
circulated in the pipes placed on the greenhouse floor and inside the soil to heat the soil. Amount of
heat transferred from condenser in HP system to EGWM:
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𝑄̇ 𝑐𝑜𝑛 =𝑚̇ 𝑟 (ℎ𝑐𝑜𝑛,𝑖𝑛 − ℎ𝑐𝑜𝑛,𝑜𝑢𝑡 ) = 𝑚̇ 𝑚𝑖𝑥 𝑐𝑝,𝑚𝑖𝑥 (𝑇𝑚𝑖𝑥,𝑜𝑢𝑡 − 𝑇𝑚𝑖𝑥,𝑒𝑣𝑎𝑝,𝑜𝑢𝑡 )

(18)

EGWM coming out of the condenser transfers the heat energy to the soil while heating the soil and at
the same time its temperature decreases. Then EGWM comes to the evaporator of HP. Here, the water,
whose temperature drops further, comes to the condenser of HP and draws heat. The heat energy
transferred from HP to EGWM, which heats the greenhouse soil and ground, can be expressed as below
by rewriting again Eq. (17-18).
𝑄̇ 𝑐𝑜𝑛 - 𝑄̇ 𝑒𝑣𝑎𝑝 = 𝑚̇ 𝑚𝑖𝑥 𝑐𝑝,𝑚𝑖𝑥 (𝑇𝑚𝑖𝑥,𝑜𝑢𝑡 − 𝑇𝑚𝑖𝑥.𝑖𝑛 ) = 𝑚̇ 𝑟 (ℎ𝑐𝑜𝑚𝑝,𝑜𝑢𝑡 − ℎ𝑐𝑜𝑚𝑝,𝑖𝑛 )

(19)

𝑄̇ ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝 = 𝑄̇ 𝑐𝑜𝑛 – 𝑄̇ 𝑒𝑣𝑎𝑝 = 𝑊̇ 𝑐𝑜𝑚𝑝

(20)

The following equation can be used to calculate the evaporator and condenser surface area to be used in
HP:
𝐴ℎ𝑥,𝑠𝑢𝑟𝑓𝑎𝑐𝑒 =

𝑄̇ ℎ𝑥
𝑈ℎ𝑥 ∆𝑇𝑙𝑛

(21)

Here ∆𝑇𝑙𝑛 defines the logarithmic temperature difference and is calculated by the equations given below
[21]:
∆𝑇1 = 𝑇ℎ,𝑖𝑛 − 𝑇𝑐,𝑜𝑢𝑡

(22)

∆𝑇2 = 𝑇ℎ,𝑜𝑢𝑡 − 𝑇𝑐,𝑖𝑛

(23)

∆𝑇𝑙𝑛 =

∆𝑇1 − ∆𝑇2
∆𝑇
𝑙𝑛 ( 1⁄∆𝑇 )
2

(24)

The COP of HP system can be calculated with the following equation [18]:
𝐶𝑂𝑃ℎ𝑝 =

𝑄̇ 𝑐𝑜𝑛
𝑊̇ 𝑐𝑜𝑚𝑝

(25)

The mass flow of EGWM circulating in the heating line of the greenhouse can be calculated by rewriting
Eq. (15):
𝑚̇ 𝑚𝑖𝑥 =

Q̇ ℎ𝑒𝑎𝑡𝑝𝑢𝑚𝑝
𝑐𝑝,𝑚𝑖𝑥 (𝑇𝑚𝑖𝑥,𝑜𝑢𝑡 − 𝑇𝑚𝑖𝑥,𝑖𝑛 )

(26)

The flow rate of the circulation pump that transferred EGWM to the greenhouse:
𝑉̇ 𝑝𝑢𝑚𝑝 =

𝑚̇ mix
𝜌𝑚𝑖𝑥

(27)

The power of the circulating pump that pumps EGWM into the greenhouse can be calculated with the
following equation:
𝑊̇ 𝑝𝑢𝑚𝑝 =

𝑉̇ 𝑝𝑢𝑚𝑝 ∆P
ɳ𝑝
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The heating of the soil and the ground in the greenhouse is supported by the heat energy obtained from
HP. The energy balance of HP, which heats the greenhouse floor and soil, can be expressed with the
following equation:
𝑄̇ ℎ𝑒𝑎𝑡𝑝𝑢𝑚𝑝 = 𝑄̇ 𝑠𝑜𝑖𝑙 + 𝑄̇ 𝑓𝑙𝑜𝑜𝑟

(29)

Heat transfer from the EGWM to the greenhouse and the surface area of the pipe [16]:
𝑄̇ 𝑓𝑙𝑜𝑜𝑟 =

2𝜋𝐿𝑝𝑖𝑝𝑒 ∆𝑇𝑙𝑛
ln (𝑟𝑜 ⁄𝑟𝑖 )
1
1
+
+
ℎ𝑖 𝑟𝑖
𝑘𝑝𝑖𝑝𝑒
ℎ𝑜 𝑟𝑜

+ (𝜀𝜎𝐴𝑏 (𝑇 4 𝑝𝑖𝑝𝑒 − 𝑇 4𝑔𝑟𝑒𝑒𝑛ℎ𝑜𝑢𝑠𝑒,𝑖𝑛 )

𝐴𝑝𝑖𝑝𝑒 =

2𝜋𝐿𝑝𝑖𝑝𝑒 (𝑟𝑜 −𝑟𝑖 )
𝑙𝑛 (𝑟𝑜 ⁄𝑟𝑖 )

(30)

(31)

The following equation can be used to find the heat transferred from the EGWM to soil for the soil
heating [16]:
𝑄̇ 𝑠𝑜𝑖𝑙 =

∆𝑇𝑙𝑛
L𝑠𝑜𝑖𝑙
1
ln (𝑟 ⁄𝑟 )
+ 2𝜋𝐿 𝑜 𝑘 𝑖 +
ℎ𝑖 𝐴𝑝𝑖𝑝𝑒
𝑝𝑖𝑝𝑒 𝑝𝑖𝑝𝑒 𝑘𝑠𝑜𝑖𝑙 𝐴𝑠𝑜𝑖𝑙

(32)

In PV/T and HP system designed for GH, a new energy system model was created for greenhouses in
the frame of Fig. (2-3) by conducting a thermodynamic analysis of the system.
While PV panels convert some of the radiation energy from the sun into electrical energy, some of the
incoming radiation is released as heat energy. This heat energy causes the temperature of the PV panel
to increase. The voltage values of PV panel decrease due to an increase in PV temperatures. Meanwhile,
depending on this voltage drop, the output power of the PV panel diminishes, too. Therefore, it causes
the efficiency of the PV panel to decrease. In this case, cooling the PV panel is the best solution. In this
designed system, using the PV/T panels, the heat energy obtained by cooling the PV panel is aimed to
heat the greenhouse air, and the electricity obtained is intended to meet the electricity required for the
greenhouse such as a compressor, fan, pump, the auxiliary heater, etc. in the system. When the solar
radiation is sufficient, the greenhouse air will be heated with the heat obtained from PV/T and the surplus
electricity produced will be stored in the batteries.
When the solar radiation is insufficient, the auxiliary heater will come into operation. With the designed
HP system, the greenhouse soil will remain at a certain temperature and the heating of the greenhouse
floor will be supported. In this way, the necessary heat energy of the greenhouse will continuously be
supplied without being interrupted. Maintenance costs of PV/T and HP systems are low and this
increases the applicability of this system.

3. RESULT AND DISCUSSION
In present greenhouses, the use of fossil fuels for heating creates a major challenge both in energy
efficiency and environmental impacts. Energy efficiency is important in greenhouses for sustainable
agricultural practices. The fact that greenhouses produce their own energy and are sustainable will
reduce the costs of agricultural products. With the heating system designed in this study, the desired
conditions for the product in the greenhouse will be obtained more appropriately. In this way, the quality
of the product will increase.
In this system, which aims to heat both the air and the soil of the greenhouse, the equations that determine
the design parameters related to heating were given in detail in the previous section. In Table 3, the
studies conducted in the literature for thermal and electrical efficiency of air-based PV/T are presented.
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Table 3. Electrical and thermal efficiencies of air-based PV/T panels
References
[22]
[23]
[24]
[25]
[26]
[27]

Nature of Work
Experimental
Experimental
Experimental
Experimental
Experimental
Experimental

Electrical Efficiency
17%
15%
10.6-12.2%
11-12%
12%
7.2%

Thermal Efficiency
76%
43.8%
28-55%
40-55%
36%
69.3%

Location
Malaysia
China
Australia
India
Italy
China

Year
2015
2015
2012
2008
2019
2019

As seen in Table 3, when the average electrical efficiency of the air-based PV/T panel is accepted as
12% and the average thermal efficiency is accepted as 55%, it is understood that the average of 67% of
solar energy can be used. For this reason, the use of PV/T panels provides a great advantage in heating
greenhouses. The studies carried out in the literature for COP values of liquid-based heat pump systems
are summarized in Table 4.
Table 4. COP values of liquid-based heat pump systems
References
[28]
[29]
[30]
[31]
[32]
[33]
[34]

Type of System
Water source heat pump
Ethylene glycol water mix source heat pump
Water source heat pump
Water source heat pump
Ethylene glycol water mix source heat pump
Water source heat pump
Water source heat pump

COP
4.9
5
5.9
4.24
Winter 7.4 / Summer 6.5
5
4.9

Year
2019
2020
2020
2018
2017
2020
2019

Table 4 shows that the average COP values of water source and ethylene glycol water mix source heat
pump systems are between 4.24 and 7.4. This means that these heat pump systems can produce at least
4.24 times more heat than the electricity they consume. In addition, the condenser temperature of the
heat pump system from ethylene glycol water mixture can increase up to 69 ℃ [29]. In terms of
sustainability, energy efficiency, and environmental problems, the use of PV/T and HP systems for
greenhouse heating is a very good alternative. The initial investment cost of the PV/T and HP system is
high, but energy costs will be minimum in the long run. With this system that produces its own energy,
electricity produced from PV/T can be sold when heating is not necessary for the greenhouse. On the
other hand, designed and proposed for greenhouse heating, this system can be an eco-friendly alternative
considering, the global warming issues.

4. CONCLUSION
In this study, a novel heating system, which has PV/T, collectors and HP were designed and
recommended for GH. It was aimed to heat the greenhouses in a clean, economical, and sustainable
way. A new perspective was introduced in the energy systems by developing a novelty flow design in
HP system. PV/T and HP system are a suitable alternative for greenhouse and compared to other fuel
heating systems, they are not so costly. Sustainability and economic aspects should be taken into account
in the heating of the greenhouse. This system recommended for GH is important for reducing the
environmental deterioration. In addition, it will contribute to saving by providing more efficient energy
production compared to conventional heating systems. This innovative design, by which agricultural
products can be produced with less energy without polluting the environment, will shed light on
greenhouse operators.
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