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Abstract:

 As the use of fossil fuel has increased, not only in construction, but also in agriculture due to the drastic industrial development in recent times, the problems of heating costs and global warming are getting worse. Therefore, introduction of more reliable and environmentally-friendly alternative energy sources has become urgent and the same trend is found in large-scale horticulture facilities. In this study, among many alternative energy sources, we investigated the reserves and the potential of various different unused energy sources which have infinite potential, but are nowadays wasted due to limitations in their utilization. In addition, we utilized available unused energy as a heat source for a heat pump in a large-scale horticulture facility and analyzed its feasibility through EnergyPlus simulation modeling. Accordingly, the discharge flow rate from the Fan Coil Unit (FCU) in the horticulture facility, the discharge air temperature, and the return temperature were analyzed. The performance and heat consumption of each heat source were compared with those of conventional boilers. The result showed that the power load of the heat pump was decreased and thus the heat efficiency was increased as the temperature of the heat source was increased. Among the analyzed heat sources, power plant waste heat which had the highest heat source temperature consumed the least electric energy and showed the highest efficiency.
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1. Introduction


1.1. Purposes

Due to the worldwide population growth and industrial development in the past 100 years, the emission of greenhouse gases such as CO2, CH4, N2O, and CFCS has increased, causing a drastic increase of the Earth’s average temperature. In addition, indiscriminate use of fossil fuels, which are part of the planet, has caused depletion of fossil energy as well as global warming due to the increased emissions of greenhouse gases. In horticulture combustion of fossil energy including carbon for heating also emits a great quantity of CO2, which contributes to global warming along with other gases such as CH4 and N2O [1].

As the surrounding environment of Korean horticulture is changing rapidly such as the dramatic climatic change and FTA (Free Trade Agreement) contracts with other countries, Korean government is making significant effort to establish large-scale horticulture complex for the improved competitiveness and efficiency, which can take advantage of reclaimed land and unused energy resources. However, the biggest rising problem of the large-scale horticulture facility applications in Korea is that the heating in winter is mostly dependent on petroleum, which is a fossil fuel, and the national competitiveness of horticulture products is decreasing as the winter heating costs are increasing by about 10% each year due to the rise of the international oil price [2]. The statistical data show that the horticulture heating cost in Korea was 1,442,600,000,000 KRW (1,419,183,473 USD) as of 2008 [1] and horticulture facility heating cost accounts for about 19%–58% of the total horticulture management cost, depending on the cultured crop. In addition, considering that about 92% of the heating energy source comes from fossil fuels, which are highly dependent on imports, the application of more reliable and environmentally-friendly alternative energy sources in large-scale horticulture facilities is urgently needed [3].

In this regard, Park et al. [4] showed that application of a horizontal type geothermal heat pump to horticulture for heating reduced the cost by about 67.8%. Kim et al. [5] applied a thermal heat pump using groundwater as the heat source and showed that the LCC (Life Cycle Cost) cost was reduced by 42% compared to city gas, by 62% compared to a vertical closed type, and by 72% compared to the SCW (Standing Column Well) type and that the CO2 emissions were reduced by 24%, 71%, and 82%, respectively. However, the study was limited to a heat pump using geothermal heat as the heat source. You et al. [2] applied a heat pump using thermoelectric power plant waste heat as a heat source and analyzed the heating performance according to the length of the heat exchanger. The result showed that the most appropriate PE pipe length was 75 m per 1.0 RT (Refrigeration Ton) and the coefficient of performance for heating (COPH) was 3.8 at that length, resulting in a heating energy cost reduction by about 87% and CO2 emission reduction by about 62%. In addition, Baek et al. [6] compared a heat pump using sea water as a heat source with a heat pump using air as a heat source and showed that the heating performance of the heat pump using sea water as a heat source was better than that of the heat pump using air by about 8.5% over a year. However, the study was limited to apartment buildings. Enroci [7] performed modeling of a greenhouse in which basil is cultured in the winter season from 15 October to 15 March, through EnergyPlus (The US Department of Energy, Washington, DC, USA) simulation modeling and compared the heating load by varying the covering materials to polycarbonate hollow sheets and glass. When glass was used as the greenhouse covering, the heating load was 304 kWh/m2, while it was 209 kWh/m2 when polycarbonate hollow sheets were used, indicating that the glass covering reduced the heating load by 30%. This result showed that simply changing a greenhouse covering could save a large amount of energy. Park et al. [8] conducted a study regarding the reserve and availability of temperature difference energy and estimated that the unused reserves of the river water energy and sea water energy might be 165,000 MWh/year and 23,600 MWh/year, respectively, which may result in energy savings of about 35% or more and pollutant discharge reduction of about 26% or more. However, the study analyzed energy without considering energy use in a building. Moon et al. [9] applied riverside filtered water as a heat source for a heat pump supplied to a horticulture facility and showed that the heating cost was reduced by about 80% in comparison to that of diesel heat source, but the study was limited to river water. A number of studies were conducted on cooling and heating performance and energy consumption of heat pumps using one or a few heat sources, but few studies have been conducted on the performance or efficiency of heat pumps by comparing all heat sources with each other.

Therefore, this study was conducted to apply temperature difference energy from natural sources such as river water, sea water, and groundwater, which are considered as not affecting the urban environment ecologically, waste heat from power plants, which is considered as recycled energy, and unused energy such as geothermal heat to a large-scale horticulture facility in order to analyze the heating performance of each heat source and compare the energy consumption characteristics, suggesting the optimum heat source for a heat pump.



1.2. Methods and Scope

In this study, we performed modeling of a general sized large-scale glasshouse facility in Korea by using EnergyPlus with the goal of reducing heating energy consumption for horticulture by introducing new and renewable energy. We employed EnergyPlus version 6.0 and used the Incheon meteorological data provided by EnergyPlus. The heat sources applied to horticulture were air heat source, geothermal heat, power plant waste heat, sea water heat, and river water. In addition, the days in a year when the heating load is the highest were chosen as the representative days, and the indoor temperature at each time was set according to the culture conditions of tomato, which was the cultured plant chosen for this study [10]. Accordingly, the indoor flow-in rate through the Fan Coil Unit (FCU), the blowdown temperature, the return temperature, the COP performance, the boiler gas consumption, and the heat pump electricity consumption were analyzed for each case and compared with each other to suggest a heat pump for the optimum heat source to reduce the horticulture heating energy consumption. The study was conducted following the flow chart shown in Figure 1.

Figure 1. Study flow chart.
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2. Unused Energy Reserves


2.1. Overview of Unused Energy Source Types

“Unused energy” refers to “recycled energy (waste heat from urban areas)” which is produced as a result of activities of humans or industries but discharged, not being effectively recollected, due to its economical value or limitations in utilization methods, and “temperature difference energy” which is one of natural energy sources abundant in nature and whose utilization does not have a significant ecological effect on the urban environment [8]. The temperature difference energy refers to sea water, river water, and lake water whose temperature is lower than the air in summer and higher than the air in winter and therefore they are used for heating and cooling or as hot water, taking advantage of the temperature difference. Utilization of the recycled energy refers to utilization of various waste heat sources discharged from industrial facilities such as waste incinerators, subways, wastewater treatment plants, electric power substations, and electric power plants for heating and cooling or as hot water [11]. Table 1 shows how the unused energy from each source is utilized [12,13].


Table 1. Utilization of unused energy.



	
Source

	
Medium

	
Utilization Method

	
Heat Source Temperature Range (°C)






	
River water

	
water

	
heat source for heat pump, cooling water

	
0–10




	
Sea water

	
water

	
heat source for heat pump, cooling water

	
3–8




	
Groundwater

	
water

	
heat source for heat pump, cooling water

	
4–15




	
Wastewater plant

	
raw wastewater

	
heat source for heat pump

	
>10




	
treated water

	
heat source for heat pump




	
digestion gas

	
power generation and heat supply




	
sludge

	
power generation and heat supply




	
Waste incinerator

	
hot gas

	
heat recovery through vapor, power generation and heat supply

	
15–30




	
hot water (condenser for power generation)

	
heat source for heat pump, direct use




	
Atmosphere

	
air

	
heat source for heat pump

	
−10–15




	
Exhaust air

	
air

	
heat source for heat pump

	
15–25




	
Factories, etc.

	
hot gas

	
heat recovery through vapor power generation and heat supply

	
10–80




	
hot water

	
heat source for heat pump, direct use




	
LNG thermal energy

	
power generation, air liquefaction, etc.




	
Electric power plants (condenser)

	
hot water

	
heat source for heat pump, utilization for culturing, etc.

	
20–35













2.2. Definition of Unused Energy Reserve

To utilize unused energy, it is necessary to know the reserves of each unused energy source, but until now there has not been a clear definition of unused energy reserves. Reserves of temperature difference energy such as river water and sea water may be defined differently according to the utilization method. Since heat is supplied through a heat pump in this study, the temperature difference between the inlet and the outlet of a heat exchanger is the heat quantity which is actually available. Generally, the temperature difference between the inlet and outlet of a heat exchanger is about 3–5 °C, which may be considered as the energy reserve. In this study, therefore, the standards of estimating energy reserves for each heat source were set as a comprehensive concept, and the data described above were used as the basis for estimating the reserves of unused energy sources. In Japan, on the other hand, the reserves of unused energy sources are calculated by using Equation (1) [14,15,16,17,18]:



E = Δt ∙ Q ∙ C



(1)




where E: Energy reserve (kWh/month), Δt: Temperature difference (°C), Q: Flow rate (m3) and C: Specific heat (kWh/m3·°C).


2.3. Geothermal Energy Reserve

Geothermal energy is an important recycled energy which causes almost no environmental burden and is appropriate for taking charge of the base load. In general, geothermal energy is defined as the heat stored inside the Earth, referring to the energy including the heat included in the fluids in the rock mass and the pores (pore water). When geothermal power generation was the main concern in the past, geothermal energy was defined as the heat which may be extracted from the inside of the Earth. However, due to the recent explosive supply of the geothermal heat source heat pumps, the concept of geothermal energy includes not only heat extraction from the Earth’s interior but also discharge of heat to the ground as well as heat storage in the Earth. Therefore, the definition of geothermal energy is not extended to the heat stored in the solids or fluids contained in the Earth [19].

On the other hand, the factors used to estimate the geothermal energy reserve in Korea were density (ρ), specific heat (C) heat conductivity (K), ground surface heat (q0), ground surface heat productivity (A0), attenuation depth (b), volume (V), temperature at an arbitrary depth z (TZ), and ground surface temperature (T0), and the values of these factors are found in a domestic report in which the geothermal energy reserve in Korea was assessed [20]. In addition, with regard to the ground temperature which is necessary to assess the thermal energy reserve, the temperature was 23.9–47.9 °C at 1 km, 34.2–79.7 °C at 2 km, 44.2–110.9 °C at 3 km, 53.8–141.5 °C at 4 km, and 62.1–171.6 °C at 5 km [20]. Therefore, to estimate the final thermal energy reserve, we employed the volumetric method which is the most common method to calculate the energy included in a certain volume and the geothermal energy reserve. The total geothermal energy reserve (Q) in the entire Korea was calculated for each of 1 km depth interval from the ground surface to 5 km by using Equation (2) [21,22,23]:



Q = ρCPV(TZ − T0)



(2)




Table 2 shows the geothermal energy reserve calculated by Equation (2) for each depth interval from the ground surface to 5 km [20].

Table 2. Geothermal energy reserve in each depth interval.


	Depth Interval
	Heat Content in J
	Heat Content in GToe
	Heat Content in GToe (2%)





	0–1 km
	4.25 × 1021
	101.1
	2.0



	0–2 km
	1.67 × 1022
	398.7
	8.0



	0–3 km
	3.72 × 1022
	884.9
	17.7



	0–4 km
	6.52 × 1022
	1552.8
	31.3



	0–5 km
	1.01 × 1023
	2396.0
	47.9












2.4. Power Plant Hot Waste Water Reserve

Power plant hot waste water refers to the cooling water used at a thermoelectric power plant or a nuclear power plant in which vapor is condensed to water through a recycling perfusion system to absorb the electric power generation waste heat and the temperature of the water is increased by the waste heat. According to the hot waste water effluent standards for power plants in Korea, the maximum allowable temperature at the outlet is 35 °C and the temperature is usually 20 °C in winter and 35 °C in summer [2].

With regard to the power plant hot waste water reserve, the annual waste heat discarded from power plants in the form of hot waste water effluent was 388.0 TWh in 2008 [24]. The amount of energy used for greenhouse heating in a year is about 13.2 TWh which is just 3.4% of the waste heat, and the temperature distribution of the waste heat is also very appropriate as an energy source for greenhouse heating [25].

Table 3 shows the yearly power generation and the hot waste water effluent at each of the power plants located in Incheon which was the study subject region, indicating that the hot waste water reserve discharged from the thermoelectric power plants in Incheon is greater than the amount of energy consumed for greenhouse heating each year [26]. Therefore, it is possible to utilize the power plant hot waste water as a heat source for a large-scale horticulture complex.


Table 3. Yearly gross power generation and hot waste water outflow in Incheon.



	
Power Station

	
Yearly Gross Generation (TWh)

	
Heated Effluent Outflow (×10−1 Billion Ton)






	
West coast

	
West Incheon

	
8.8

	
4.6




	
Incheon

	
0.3

	
2.2




	
New Incheon

	
12.2

	
8.7




	
Posco Incheon

	
2.4

	
1.9













2.5. Temperature Difference Energy Reserves


2.5.1. Sea Water Heat Energy Reserve

Generally, sea water heat energy reserve is estimated with sea water whose salinity is about 3.5‰ and the specific heat of the sea water is about 970 Mcal/m3 °C. In addition, although sea water reserves may be considered as infinite, the sea water flow rate used for heating and cooling may be assumed to be proportional to the effective coastal line length and can be expressed as Equation (3) [8,13,27]:



Q = (Effective coastal line length) × (Available flow rate per unit coastal line length)



(3)




In this study, with reference to the data obtained from the Kansai region in Japan, the sea water flow rate per unit coastal line length available for one month was defined as the total amount of sea water contained in the sea until the water depth of 10 m and the distance from the coast of 1 km. On the other hand, when the water depth was smaller than 10 m within 1 km distance from the coast, the sea water amount corresponding to the actual sea water depth was applied. When the coastline is severely crooked, an appropriate straight distance was set so that the minimum distance from the coast might be 1 km and then the effective coastal line length was calculated by using the straight distance [8,13,27].

The available temperature difference was determined as Δt = 1 °C considering the sea environment and referring to an international case [17]. According to the above definitions, the sea water heart energy reserve is defined as in Equation (4):
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(4)




If the average water depth within 1 km of the distance from the coast is less than 10 m, the energy reserve is calculated by multiplying the ratio with reference to 10 m to Equation (4) as follows:
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(5)




In addition, to obtain the sea water temperature data, the monthly average sea water surface temperature and the air temperature on the sea were investigated for the winter season (December to February) over ten years from 2003 to 2013 from the records of the Korea Hydrographic and Oceanographic Administration in the Incheon region corresponding to the Gyeonggi Bay, which is the subject region of this study. Figure 2 shows the monthly average sea water surface temperature and the air temperature on the sea obtained from the data [8,13,27].

Figure 2. Variation of the monthly average sea water surface temperature and the air temperature on the sea during winter over 10 years.
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The investigation showed that during the winter season (December to February), the monthly average sea water surface temperature was 3.6 ± 3 °C and the monthly average air temperature on the sea was −0.8 ± 17 °C The daily variation of the sea water surface temperature was in the range of 0.4 ± 0.2 °C while that of the monthly average air temperature on the sea was in the range of −3.2 ± 3 °C Since the yearly sea water temperature variation was much smaller than that of the air temperature on the sea, a heat pump using sea water as a heat source may be operated under stable conditions [8,27].

To calculate the reserve, the effective coastal line length was investigated by using the navigation bibliography list including the coastal map published by the Korea Hydrographic and Oceanographic Administration in 1996. When calculating the effective coastal line length, the coastal line at the time of low tide was determined as the effective coastal line since the sea floor is shown during the time of low tide, and roughly calculated average water depth was determined as the effective coastal line for the coast of which water depth is less than 10 m [28]. Table 4 shows the effective coastal line length and the sea water heat energy reserve in Incheon region as investigated by the methods described above [8,13,27].

Table 4. Effective coastal line length and sea water heat energy reserve in Incheon region.


	Region
	Effective Coastal Line Length (km)
	Average Water Depth within 1 km Distance from the Coast (m)
	Reserve (Tcal/year)
	Available Heat Energy (Tcal/year)





	Incheon Metropolitan City (Including Yeongjong Island)
	23.7 66.4
	10 4
	5844
	4457












2.5.2. River Water Heat Energy Reserve

The river water heat energy reserve was calculated by using the method applied by NEDO (New Energy and Industrial Technology Development Organization), Japan, and the monthly average flow rate was used for the calculation because flow rate is highly dependent on the rainfall, basin area, geographic features, topography, and geological status [8,29]. Two types of available temperature difference were taken into account with regard to river water temperature difference: Δt is equal to the actual temperature difference, or Δt is constantly 5 °C. The specific heat was set to be 1000 Mcal/m3·°C. Figure 3 shows the monthly average temperature of the air and the river water throughout 2013 in Incheon region obtained from the Water Information System [8,13,27].

Figure 3. Monthly average temperature of air and river water throughout 2013 in Incheon region.
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The calculation result showed that the unused river water energy reserve calculated with reference to the actual temperature difference between the air and the water was not very different from that calculated with reference to a constant temperature difference of Δt = 5 °C [8,27].

On the other hand, since the water level-flow rate curve which is generally used for water flow rate calculation includes a variety of uncertainties and thus causes an error in the calculated flow rate, highly reliable observance positions for each river where observance is performed each year were selected and the flow rate data at those positions were used to predict the flow rate of other positions in this study by a specific flow rate calculation method [8,27]. The calculated specific flow rates are found in detail in the investigated domestic reports about the temperature difference energy reserves. Table 5 shows the calculated river water heat energy reserve [8,13,27].

Table 5. River water energy reserve and available energy in each region.


	Region
	Flow Rate (m3/s)
	Reserve (Tcal/Year)
	Available Energy (Tcal/Year)





	Seoul
	387.71
	60,485
	513



	Incheon, Gyeonggi
	178.92
	28,318
	237



	Total
	566.63
	88,803
	750














3. Methods


3.1. Simulation Software

A robust building energy simulation program, EnergyPlus version 6.0, was used for the simulations. EnergyPlus is a whole-building energy simulation program developed by DOE (The US Department of Energy) [30]. EnergyPlus was selected because it is a heat balance based simulation program and the heat balance method is the current industry standard method for calculating space loads [31]. Furthermore, one of the strong points of EnergyPlus is the integration of all aspects of the building simulation—loads, systems, and plants. System and plant output is allowed to directly impact the building thermal response rather than calculating all loads first, then simulating systems and plants. EnergyPlus is fully tested and validated against experimental data. For more information about the development and validation of the EnergyPlus program, see [32]. In this model, the amount of needed hot water supplied to the horticulture facility through fan coil unit (FCU) from the heat pump was calculated to compare the COP performance of the heat pump with each other. FCU is composed of water heating coil, water cooling coil and fan. In the heating mode, the heating coil utilizes hot water supplied from the central plant to produce the hot air. In the cooling mode, the cooling coil utilizes chilled water supplied from the central plant to produce the cold air.



3.2. Description of the Simulated Greenhouse

Figure 4 shows the EnergyPlus simulation model. Within 100 ha horticulture facility modeled for this study, the detailed analysis was performed with a 100 m long and 100 m wide rectangular shape having an area of 1 ha (10,000 m2) which is a standard shape of a large-scale horticulture facility.

Figure 4. Simulation model.
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Table 6 shows the input physical properties of the iron frame [7].

Table 6. The iron frame physical properties applied to the simulation.


	Property
	Input Data





	Width
	5.6 cm



	Thermal conductivity
	58 W/m3



	Density
	7850 kg/m3



	Specific heat
	465 J/kgK














3.3. HVAC System, Ventilation Rate and Indoor Set-Points

The air infiltration rate applied to the glasshouse was 1.84 ACH (Air Change per Hour). This is an actual infiltration rate of a glasshouse measured by using a blower door instrument according to the pressure difference measurement method of ASTM E 779 [33] by Kim et al. [34]. Each greenhouse is served by a conventional fan coil unit (VAV) terminal unit. The EnergyPlus object ZoneHVAC:FourPipeFanCoil was used for the realistic modeling of fan coil unit [35]. The FCU is composed of a constant speed fan, hot water coil and chilled water coil. In the heating mode, the hot water is supplied from the central plant and its flow rate is modulated to adjust the air discharge temperature from FCU. Similarly, in the cooling mode, the chilled is supplied and its flow rate is modulated to meet the cooling load in the greenhouse. The entering chilled/hot water temperatures for cooling/heating were set to be 7.0 °C and 40.0 °C, respectively. HVAC (heating, ventilating and air-conditioning) systems operate 24 h every day during the whole year. The indoor air temperature set-points during night-time and day-time were set at 11 °C and 23 °C, respectively, which is known to be the proper conditions for tomatoes. EnergyPlus uses an iteration method over the entire HVAC system in order to converge the system controllers based on the set-point [25]. The iteration proceeds and the system controllers are simulated in sequence until the calculated indoor temperature value in each thermal zone matches the set-point within the specified tolerance. The controllers are converged by the method of interval halving, which was chosen for its robustness [36].



3.4. Plant Modeling

As stated in the previous sub-section, six cases were simulated. The differences among the simulated cases lie in way how chilled water and hot water are produced. Case 1 uses chiller and boiler to produce the chilled and hot waters, while Case 2–Case 6 use heat pumps. In Case 1, it was assumed that the temperature of the fluid entering the source side of the chiller after being produced by the cooling tower, Tef in the equation below, is 3 °C higher than the outdoor wet-bulb temperature. Chiller and boiler curves are expressed in the following equations:



For PLR < 0.0667, E f fBR = 15 × PLR × E f fNom For 0.0667 ≤ PLR, E f fBR = E f fNom



(6)
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(7)




where PLR is boiler part load ratio, EffBR is boiler thermal efficiency, Effnom is nominal boiler thermal efficiency, COPCH is chiller COP, COPref is reference chiller COP, Tcw is the chilled water leaving temperature, Tef is the condenser fluid entering temperature. a~f are the performance curves for the chiller, which are based on the catalog data. a is 0.4953775, b is −0.0135934, c is 0.0005784637, d is 0.02778142, e is 0.0001747259 and f is −0.0008590768.
The performance of the heat pump was calculated from the Pressure-Enthalpy graph and refrigeration cycle of the refrigerants, with load-side temperature of 7–12 °C when cooling and 40–45 °C when heating. The following COP curve was used to determine the heat pump COP as a function of the different heat source temperatures:
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(8)




where, ΔT is the difference between the return and entering water temperatures in, TEF is entering fluid temperature (°C) and COPHP is heat pump COP. In Case 6, it was assumed that there is sufficient separation between the pumping site and return site for the groundwater temperature and that the groundwater temperature is equal to the annual average ambient air temperature over the year [37,38].


3.5. Simulated Cases

Six cases were studied. All six cases are identical in terms of the terminal unit in that FCUs are operated to meet the heating and cooling load in the greenhouse. The differences among the simulated cases lie in way how chilled water and hot water are produced. The baseline case is Case 1 in which the chilled water and hot water to be supplied into FCUs are produced by the gas-fired boiler and the centrifugal chiller. Case 1 represents the conventional system used in practice. Case 2 employs the air-source heat pump in which the outdoor air is the heat source. Case 3 utilizes the heat pump with the heat source of waste water from the power plant. As discussed in the previous Section 2, the temperature of the waste water entering the source side of the heat pump is assumed to be 25 °C during the whole year. Case 4 and Case 5 utilize the heat pump with the heat source of sear water and river, respectively. The monthly variations of the sea water and river temperature are provided in Section 2. Finally, Case 6 employs a ground source heat pump, where a groundwater heat pump (GWHP) using the groundwater as a heat source is considered. The simulated cases are summarized in Table 7.

Table 7. Simulated cases.


	Case
	Terminal Unit at Greenhouse
	Heating/Cooling Equipment
	Heat Source





	1
	Fan coil unit
	Boiler/Centrifugal chiller
	N.A.



	2
	Fan coil unit
	Heat pump
	Outdoor air (aerothermal energy)



	3
	Fan coil unit
	Heat pump
	Waste water from power plant



	4
	Fan coil unit
	Heat pump
	Sea water (hydrothermal energy)



	5
	Fan coil unit
	Heat pump
	River (hydrothermal energy)



	6
	Fan coil unit
	Heat pump
	Groundwater (geothermal energy)













4. Simulation Analysis


4.1. Analysis of Outdoor Air Temperature

Figure 5 shows the outdoor air temperature in Incheon over a year. Incheon is located at latitude 37°48'N and longitude 126°55'E, and the meteorological data provided by EnergyPlus were used in this study. The analytical result showed that the yearly average outdoor air temperature was 11.9 °C. The yearly lowest air temperature was −9.7 °C on 15 December, while the yearly highest air temperature was 32.6 °C on 23 July. The winter season (January, February, and December) was taken into consideration in this study, and the air temperature was in the range of −10 ~ 10 °C with the average air temperature of −0.42 °C. For the analysis, the coldest day in a year, which was 15 December, was used as the representative day in which the temperature was in the range −3.9 ~ –9.7 °C.

Figure 5. Outdoor air temperature of Incheon City.
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4.2. Comparative Analysis of FCU Air Discharge Temperature and the Outdoor Air Temperature

In this study, 15 December, the coldest day in a year, was chosen as the representative day for the analysis. Figure 6 shows the temperature of the air discharged from the FCU and supplied to the inside of the horticulture facility as well as the outdoor air temperature. The temperature of the air discharged from FCU and supplied to the inside of the horticulture facility was in the range 16.1–24.3 °C Since the setup indoor temperature was 11 °C from 19:00 to 9:00 and 23 °C from 9:00 to 19:00, the FCU air discharge temperature might have showed a pattern similar to that of the indoor setup temperature. As shown in the figure, the discharge air temperature of the FCU is approximately 5 °C higher than the indoor heating set-point. Based on the nature of FCUs, the air flow is constant regardless of the load variation and thus the discharge air temperature is controlled to meet the heating load. Therefore, the discharge temperature showed the similar pattern to the heating set-point variation as shown in the figure.

Figure 6. FCU discharge air and outdoor air temperature variations.
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4.3. Analysis Return Water Temperature through FCU and Hot Water Flow Rate

Figure 7 shows the analyzed return water temperature through FCU and the hot water flow rate per unit area in each hour. As mentioned previously, the hot water temperature supplied to the FCU was set to be 40 °C throughout the year. The temperature of the hot water returned after heat exchange in the FCU was in the range of 31.9–36.1 °C. The heating set point from 19:00 to 9:00 was 11 °C which was lower than the heating set point from 9:00 to 19:00, 23 °C, and thus the air temperature returning to the FCU was also low. In addition, heat was lost through the glass, the covering of the glasshouse, during the night hours, and thus more heat was taken from the hot water supplied at 40 °C in order to reach the set point. That may be the reason why the temperature of the return hot water is lower during the night hours than that during the day hours. On the contrary, the heating set point for the day hours was higher than that for the night hours, but heat was obtained from the glass covering and thus the temperature of the air returned to the FCU might have been higher during the daytime. Therefore, even though the temperature of the supplied hot water was the same as 40 °C during both the night and the day, more heat was taken by the air during the daytime and thus the returned water temperature was higher during the daytime than that during the nighttime. The pattern of the hot water flow rate per unit area was also similar to that of the returned water temperature. The hot water flow rate per unit area was the highest as 18.8 m3/m2·h during the time interval from 9:00 to 19:00 and the lowest as 9.6 m3/m2·h at 1:00. The flow rate may be varied by the indoor temperature set point. Therefore, the difference between the indoor temperature setpoint and the supplied hot water temperature (40 °C) causes the flow rate to vary. When the indoor temperature setpoint is decreased, the difference between the indoor temperature setpoint and the supplied hot water temperature is increased. When the indoor temperature setpoint is decreased, the supplied hot air temperature also decreases, so the flow rate is thereby decreased. Since the indoor temperature setpoint is higher during the daytime than that during the night time, the difference between the indoor temperature setpoint and the supplied hot water temperature is smaller and the supplied hot air temperature higher, so hot water transfers more heat to the air during the daytime than during the night time in the FCU. Thus the flow rate during the daytime is higher than that during the night time. In addition, as the flow rate is varied, the return water temperature during the night time also is lowered by the decreased flow rate, which may be the result of the FCU control method of EnergyPlus.

Figure 7. FCU hot water supply flow rate and return water temperature.
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4.4. Analysis of Heat Flow Rate Supplied to the FCU

Figure 8 shows the heat quantity per unit area supplied to the FCU, the outdoor air temperature, and the indoor temperature set point. The heat quantity per unit area supplied to the FCU may be analyzed by dividing time into two intervals, as in the analysis described above. The first time interval is from 19:00 to 9:00 when the temperature setpoint is low and heat is taken away externally. The second time interval is from 9:00 to 19:00 when the temperature setpoint is high and heat flows internally from the sunlight. In the first time interval from 19:00 to 9:00 when the temperature set point is low, the heat quantity supplied to the FCU was increased as the indoor temperature setpoint was decreased. The heat quantity was temporarily increased at 9:00 as the indoor temperature setpoint shifted from 11 °C to 23 °C However, as the sunlight started to be introduced to the interior, the indoor air temperature was increased. As a result, the heat quantity was decreased until 13:00 and then increased after 13:00 when the sunlight started to decrease. The heat quantity was also decreased from 20:00 as the indoor temperature set point was decreased. Afterward, the heat quantity was increased. This might be because the heat loss through the glass was increased as the outdoor air temperature was decreased, and the heat quantity was increased to maintain the indoor temperature set point. The heat quantity was the lowest as 92.01 W/m2 at 15:00 when the outdoor air temperature was the highest, while the heat quantity was the highest as 114.93 W/m2 at 24:00 when the outdoor air temperature was the lowest.

Figure 8. FCU supply heating rate variations.
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4.5. Heat Pump COP and Boiler Efficiency of Each Heat Source

Figure 9 shows the heat pump COP and boiler efficiency of each heat source. The Cases 1–6 shown in Figure 9 were previously described in Table 3. The input heat source temperature was the temperature mentioned in Section 2.2. The outdoor air temperature was the meteorological input data for the simulation. Case 1 was a base model without a heat pump but with a boiler, and thus the boiler efficiency was calculated. In the other five cases, the heat pump COP was calculated. In Case 1 base model, the boiler efficiency was mostly 80%. Although the efficiency was increased by up to 0.3% in the time intervals between 0:00 and 4:00 and between 10:00 and 17:00, the increased was insignificant. Thus, it may be assumed that the efficiency of 80% was maintained all the time for 24 h. In this study, Equation (1) was employed to calculate the boiler efficiency variation by the partial load rate. Since the efficiency was 80% or higher over the entire time range, it is presumed that the boiler was mostly operated under a high partial load rate condition. In Cases 2 to 5 in which a heat pump was used, the COP was the highest as 5.31 when power plant waste heat was used as a heat source. The COP was 4.49 when geothermal heat was used as a heat source and 4.31 when river water used as a heat source. The COP was relatively low as 3.55 when sea water heat was used and as 3.16 when outdoor air was used. The COP was greatly dependent on the temperature of the heat source: the heat pump COP was higher as the heat source temperature was higher.

Figure 9. Boiler efficiency and heat pump COP variations.
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4.6. Comparative Analysis of Gas and Electricity Consumption for Each Heat Source

Figure 10 shows the gas and electricity consumption. As mentioned above, gas consumption occurred in Case 1 where a boiler, instead of a heat pump, was used. Electricity consumption was shown in other cases. The large-scale glasshouse in our analysis has a large area of 100 m × 100 m and thus the energy consumption was very high. Therefore, energy consumption per unit area was calculated for the analysis by dividing the energy consumption by the glass house area. The energy consumption pattern was similar for all the cases. As mentioned in Figure 8, as the outdoor air temperature was decreased from 0:00 to 6:00, the heating rate was increased and the gas/electricity consumption was increased accordingly in all the cases. In the time interval from 9:00 to 18:00, the energy consumption was decreased and then increased at about 14:00 due to the increased outdoor air temperature and the sunlight obtained through the glass. After 20:00, as the outdoor air temperature was decreased, heat loss through the glass was increased and the gas/electricity consumption was increased accordingly in proportion to the increased heat quantity. The lowest gas/electricity consumption was found at 14:00 in a day when much heat was obtained through the glass and the outdoor air temperature was high. In Case 1, the maximum gas consumption 143.66 W/m2, which was 6.6 times higher than the electricity consumption in other cases. Among the cases where a heat pump was used, Case 3 where the power plant waste heat having the highest heat pump COP, as shown in Figure 9 above, was used as the heat source showed that lowest electricity consumption. Case 2 where outdoor air was used as a heat source showed the highest electricity consumption. The electricity consumption was in the reverse order of the heat pump COP. The electricity consumption in Case 2, which was the highest among the cases, was 63.3 to 81.5% higher than that of Case 3 which had the lowest electricity consumption. It was once again confirmed that the heat source temperature has a great effect on the heat pump COP, which has a direction effect on the energy consumption in horticulture facility.

Figure 10. Hourly boiler gas and heat pump electricity consumptions.
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4.7. Comparative Analysis of Gas and Electricity Consumption in Each Month

Table 8 summarizes the monthly total gas/electricity consumption during January, February, and December in each case. In all the analyzed data, the monthly total gas/electricity consumption was the lowest in February and the highest in January, except the case where sea water heat was used.

Table 8. Monthly total boiler gas and heat pump electricity consumptions.


	Case
	January (kWh/m2)
	February (kWh/m2)
	December (kWh/m2)





	Case 1
	74.8
	53.1
	63.3



	Case 2
	18.0
	12.5
	14.5



	Case 3
	11.3
	7.9
	9.5



	Case 4
	16.7
	11.7
	12.7



	Case 5
	13.9
	9.8
	9.4



	Case 6
	13.4
	9.4
	11.3










The energy consumption was lowest in February not only because the number of days in the month is just 28, smaller than that of other months, but also because the outdoor air temperature was higher than in other months. The heat quantity needed in the case where sea water heat was used was lower in March than in January and February because the sea heat temperature was the highest in March. Therefore, in the case where sea water heat was used, the electricity consumption was the lowest in March. Analysis of the cases showed that the energy consumption was the lowest in the case where the power plant waste heat was used, as in the pattern found with respect to the winter representative days, and that the energy consumption was relatively low in the cases where geothermal heat and river water were used as a heat source. The heat pump energy consumption was relatively high in the cases where outdoor air and sea water heat were used as a heat source. The boiler gas consumption was the highest. Except for Case 1 where gas was used, the energy consumption in Case 3, having the lowest energy consumption, was 34.3% to 37.4% lower than that of Case 2, having the highest energy consumption. As in the previous analysis, such an energy consumption pattern might be the result of the temperature difference of the heat source supplied to the heat pump. The data showed that the energy efficiency of the heat pump using power plant waste heat as a heat source of which temperature was the highest was the highest.




5. Conclusions

In this study, a modeling of a large-scale horticulture facility was performed through EnergyPlus to compare the gas/electricity consumption for each case where unused energy is used as a heat source. The unused energy heat sources analyzed in this study were air source, power plant waste heat, sea water, river, and geothermal heat. A general gas boiler was employed as a baseline case for the analysis. The conclusions of this study are as follows:


	The subject region of this study was the Incheon region of Korea where the yearly average air temperature was 11.9 °C The coldest day in a year was chosen as the representative day for the analysis. The temperature flowing into the greenhouse from the FCU was in the range of 16.1–24.4 °C. The indoor temperature set point in the greenhouse was 11 °C from 0:00 to 8:00, 23 °C from 9:00 to 19:00, and 11 °C from 20:00 to 24:00. The pattern of the indoor temperature setpoint was similar to that of the temperature of the air flowing into the greenhouse.


	The hot water flow rate to the FCU was dependent on the indoor temperature setpoint and the supplied hot water temperature. Since the temperature of the supplied hot water was constant at 40 °C, the hot water flow rate was dependent on the indoor temperature setpoint. Therefore, the flow rate was high during the daytime when the indoor temperature setpoint was high, and the flow rate pattern was similar to the outdoor air temperature variation pattern during the night time. This may be because much heat was lost through the glass when the outdoor air temperature was low. Since the returned hot water temperature after heat exchange was varied by the flow rate, the returned hot water temperature variation pattern was similar to that of the flow rate.


	The heat flow rate supplied to the FCU was higher when the outdoor air temperature was lower, since heat loss through the glass was increased during the night time although the indoor temperature setpoint was low. During the daytime, despite the higher indoor temperature setpoint, heat was acquired through the glass and thus the required heat quantity was lower than that during the night time. The supplied heat quantity was the lowest as 92 W/m2 at 15:00 when the sunlight was the highest and the outdoor air temperature was the highest during a day, while it was the highest as 114.9 W/m2 at 24:00 when the outdoor air temperature was the lowest during a day.


	The heat pump COP pattern followed the temperature of the analyzed heat sources: the heat pump COP was the highest in the case where power plant waste heat, having the highest temperature, followed by geothermal heat, river water, sea water heat, and outdoor air. The efficiency of the gas boiler, which was the baseline case, was about 80%. The electricity consumption in the case where power plant waste heat was used as a heat source, which had the highest heat source temperature among the cases, was 63.3% to 81.5% lower than that of the case where outdoor air was used as a heat source. The monthly total gas/electricity consumption during January, February, and December when heating was performed was the lowest in the case where power plant waste heat was used as a heat source, as in the energy consumption pattern analyzed above.




Horticulture facilities of which covering is mostly glass require more heating energy than that of general buildings. In addition, horticulture requires heating even during the night, so more heating energy is necessary for a horticulture facility. This study is aiming at development of an energy supply and operation system utilizing unused energy sources for a large-scale horticulture facility. We applied a heat pump using unused energy sources as a heat source, derived the optimum heat source, and investigated the minimum gas/electricity consumption required for heating. On the basis of the results of this study, future studies will be conducted on energy supply systems using other industrial waste heat sources to investigate the feasibility of each system and to develop an operating system. Another improvement can be the economic analysis such as life cycle cost (LCC) assessment taking into account both the initial and operating cost.
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