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Abstract

:

Energy-recovery ventilators (ERVs) are regarded as important energy-saving systems in buildings. It has been reported that they have high energy-saving rates compared with conventional ventilators that operate without energy recovery, but the saving rates have been obtained typically by employing chamber tests and simulations. In this work, a field-test method is proposed that uses a single test room but alternates the tested ventilation modes hourly. This proposed method is useful because an additional comparison room is not always available and can be a source of uncertainty for field tests. The test is performed in a classroom during a heating period, and the results are calibrated to account for different experimental conditions during the test period. The calibrated energy-saving rates indicate the effectiveness of the ERV; however, they are lower in the early hours of the system operation, for two reasons: (1) the maximum power control schemes of the heat pumps are applied for cases where the indoor temperatures are far lower than the set-point temperature; (2) the ventilation load seemingly represents a decreasing proportion of the total heating load in early hours owing to the thermal-capacity effects for the building, which was cooled for many hours. The findings are verified via a chamber test and simulations. As a consequence, it is important to account for actual system characteristics affected by the thermal behaviors of classrooms when the overall performance of a system is evaluated.
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1. Introduction


As buildings become highly insulated, the proportion of ventilation loads to total building loads is increasing [1,2]. Therefore, efficient management of the heat loss due to ventilation is important for zero-energy or passive buildings [3,4,5,6]. In many countries, it is difficult to perform natural ventilation, because of the large amount of pollution, such as fine dust, in outdoor air [7,8,9]. For such reasons, energy-recovery ventilators (ERVs) have been installed in buildings to recover the energy in the controlled indoor air and to filter out pollution. By recovering energy from the exhaust air, the ventilation load can be reduced [10,11,12].



Several studies have been conducted to evaluate the energy-saving performance of ERV systems. The main methodology involves chamber tests and simulations [13,14,15]. Chamber tests can provide accurate results but under controlled conditions, particularly steady-state conditions. The purpose of the chamber test is typically to compare the nominal performance among devices. Simulations are useful for evaluating the performance of systems during different seasons, with varying conditions. For instance, Liu et al. conducted simulation tests to evaluate the energy performance of an ERV system in summer and winter for apartments in different local climates. Choi et al. analyzed the heating-energy demand during the heating season by using a variable heat-exchange efficiency of the ERV for residential buildings, which was also used to evaluate the proportion of the ventilation load. However, in simulations, many unknown values must be set in a deterministic manner or according to personal experience, resulting in errors and variations in the results [16].



Field measurements can be effective for evaluating the realistic energy-saving performance of an ERV. As current ERV systems have two ventilation modes, the energy-saving performance can be evaluated by alternating the modes. One is the energy-recovery ventilation mode, and the other is the bypass mode without recovery. To evaluate the energy-saving effects of the ERV, test and comparison rooms are needed to compare the energy consumption under the different ventilation modes. However, identical conditions between the rooms cannot be guaranteed in most field tests, because the rooms are occupied. Additionally, even though the rooms may appear similar, the thermal properties and system performances cannot be the same, because of various uncertainties in the construction and maintenance phases. Thus, conventional comparison methods using both test and comparison rooms may yield erroneous results, particularly for field measurements. Thus far, most studies have employed such approaches. One solution is to use a single test room and alternate the target ERV modes. For instance, Fan et al. [17] measured the mean energy consumption of heat pumps for an entire building with respect to the ERV modes, which were changed daily. Because no calibration method was applied, only the mean energy-saving rate over a long test period may be meaningful. In their study, the test was performed over a year. In most cases, it is difficult to run field tests for such a long period.



In classrooms, ventilation is important for comfort and thus successful education [18,19]. The required ventilation rates are high for a high density of students. A coupled electric heat pump (EHP) and ERV system is common for heating, cooling, and ventilation of classrooms in Korea. This coupled system is controlled in a combined manner. The ERV mode is used for reducing the ventilation loads in periods with dominant heating or cooling, and the bypass mode can be used during inter-season periods and in summer for special control, such as night purging [20,21]. The energy-saving effects of the ERV mode in classrooms were reported to be similar to those in other buildings; however, these results were obtained via chamber tests or simulations. In classrooms, the ERV and EHP operate only for 6 to 8 h per day; thus, unsteady-state thermal behaviors occur more often than in residential buildings. It is important to understand the energy-consumption pattern of the EHP and evaluate the energy-saving effects of the ERV mode for further developments in control.



Herein, we propose a field-test methodology applicable to classrooms. This may help understanding actual system characteristics affected by the thermal behaviors of classrooms. The method can be employed with a short test period, as a calibration method is also provided. This is done by the fact that shorter test periods are much favored for occupied buildings since occupants’ activities are bothered by instruments installed for field tests. To verify the calibrated results, a typical chamber test and simulations are conducted, anticipating that the pattern of the calibrated energy-saving rates may match the chamber test and simulation results. In this work, the chamber test is achieved to directly investigate the energy-saving effects of the tested ERV and the transient variations of the effects under controlled environments. On the other hand, simulations are useful to verify that the pattern found in the field test is valid under dynamic conditions.




2. Description of Test Classroom


2.1. Classroom Equipped with EHP and ERV


Field tests were conducted at a middle school in Seoul, Korea. The school building was constructed 20 years ago; however, the test classroom was located on an attached building constructed four years ago. The constructed building is described in Table 1. The classrooms in the building had an EHP and ERV, and the classrooms and hallway areas were well-insulated. The school facility and details regarding the EHP and ERV system in the test classroom are shown in Figure 1.



One EHP and two ERVs were installed in the test classroom. The EHP, which was used for heating and cooling, was located in the middle of the classroom, as indicated by the red circles in Figure 1. The ERVs were inside the ceiling, near the outdoor area. One of the ERVs served both the test classroom and adjacent classrooms. However, the two ERVs were operated identically according to the control signal from the test classroom. One ERV was connected to three pairs of supply and exhaust ducts, and the other ERV was connected to a single set of ducts for the test classroom, as shown in the bottom-right of Figure 1. Detailed specifications of the EHP and ERV are presented in Table 2. As the field tests were performed during winter, the specifications correspond to the heating case. The EHP was a multi-type system that employed a single outdoor unit (ODU) connected to four indoor units (IDUs). The air flow rate (expressed in cubic meter per hour (CMH), which is equal to m3/h) was higher in the ODU than in the IDU. Thus, it is important to estimate a proper proportion of ODU consumption for the test classroom. The measurement method is detailed in the following section.




2.2. Measurement of Power Consumption of EHP


As explained previously, the ODU was connected to multiple IDUs in different classrooms. Therefore, it was necessary to distribute the energy consumption of the ODU among the IDUs. A power-distribution indicator (PDI) allocated the total consumption of the ODU to the IDUs. A PDI was installed in an electrical power system (EPS) room located on each floor, as shown in Figure 2. Each ERV and IDU employed a watt-hour meter, as shown in Figure 2, to measure the consumption. The PDI transmitted the hourly cumulative energy of all the systems to a control platform.




2.3. Chamber Test for Energy-Saving Rates of ERV and EHP Systems


Obviously, the EHP coupled with the ERV consumes more energy in the bypass mode than in the ERV mode. Typically, the energy-saving rates can be evaluated using a chamber test; however, the values are obtained under steady-state conditions. Thus, the set-point temperature and outside temperature of the chamber were kept constant. Using a chamber test, the energy consumptions of the EHP in the different ERV modes were compared. The test conditions are presented in Table 3 and are in accordance with the national regulations of KS B 6879 [22]. The set-point temperature of the classroom was 20 °C in the field test while it was 22 °C for this chamber test. It was because the temperature sensor mounted on the intake air side of the EHP was used for the chamber test while the room thermostat sensor was used for the classroom test. Since the temperature gradient was typically found within a room when the EHP operated, a similar set-point temperature was used for both cases.





3. Measurement and Calibration Methods


3.1. Proposed Field-Test Method for Evaluating Energy-Saving Rates


As discussed in the Introduction, we measured the energy-saving rates for the same classroom with the alternation of the ventilation modes. Because the EHP energy consumption can vary according to several factors, it is important to keep the test conditions unchanged during the measurement. The indoor set-point temperature was kept constant during the test, and the test classroom was preheated for 2 h before the measurement. This was due to the fact that classroom conditions couldn’t be controlled during these early hours particularly before the first class for different activities of students and frequent opening of doors. In addition, this was related to the control algorithm of the EHP. At early hours, the indoor temperatures were significantly lower than the set-point temperature during winter; thus, the EHP was operated at the maximum power regardless of the heating load (which included the ventilation load). Thus, it was useless to measure the EHP consumption while changing the ventilation mode. In addition, the number of students and classroom conditions cannot be controlled during these early hours particularly before the first class for different activities of students and frequent door opening.



To maintain the test conditions over time, the test was performed on a day when the outdoor temperatures remained relatively unchanged. The energy consumption was compared on an hourly basis, as the duration of a class is 45 min, and 15 min is allocated for a break. Therefore, the ventilation mode was changed every hour. The energy-saving rates were obtained by comparing the results for subsequent hours. Within an hour, the heating loads may not vary, as the weather conditions do not change significantly. Thus, the assumption of the test method was that the heating loads were only a function of the ventilation modes over subsequent hours, and the conditions of the test room were maintained to the greatest extent possible.




3.2. Calibration Method


Typically, field tests involve uncontrollable conditions. In this study, the number of students in the classroom was such a condition. The classroom was occupied by different numbers of students over time, as classes were held in various places. Because people are heat sources, the number of students was considered for the comparison. To adjust the measured energy consumption for the same conditions, a calibration method was required. We employed the energy-balance equation set to calculate the temperature of the indoor air. In Equation (1), the time-variable indoor temperatures are balanced by the sum of the rates of heat transfer due to ventilation (Qv) through the building envelope (Qs), from the internal heat source (Qi), and from the heating system (PEHP). The final factor PEHP represents the EHP power consumption; thus, it is converted into heat via multiplication by a coefficient of performance (COP). When the measured consumption PEHP is compared only with the subsequently measured PEHP, the Qs and COP can be regarded as quasi-constant. This is because the indoor and outdoor temperatures change slowly. Thus, when the indoor conditions remain the same, the consumption difference (ΔPEHP) between subsequent measurements is only a function of difference in the ventilation load (ΔQv), as indicated by Equation (2).




ρcVdTdt=Qv+Qs+Qi+(PEHP×COP)



(1)






ΔPEHP=f(ΔQv)



(2)





One factor that can vary over the measuring time-steps is the internal heat source. Qi represents the heat emitted by students. In this study, Qi was calculated by multiplying the number of students by the sensible heat emitted per person. For the latter, a value of 65 W, corresponding to a seated and light-working case, was used, as recommended ASHRAE [23]. The proposed calibration equation is Equation (3). The measured energy consumption PEHP is calibrated to P′EHP by the second term on the right-hand side of Equation (3). This term is obtained from Equation (1) but can also be deduced from a common energy-balance relationship. The total number of students in the test classroom was 31, corresponding to Qi,ref. When the number of students is reduced during a measurement interval, the difference between Qi and Qi,ref can lead to a lower value of P′EHP compared with PEHP. The energy-saving rate was evaluated using this calibrated energy consumption, as indicated by Equation (4). The calibrated results for adjacent intervals were used, in accordance with the aforementioned assumptions.




P′EHP=PEHP−(Qi−Qi,ref)COP



(3)






Energy saving rate=(1−P′EHP(ERV)P′EHP(bypass))×100 (%)



(4)







4. Simulation Analysis for Validating Field-Test Results


The field test was performed in a single classroom for a limited period; thus, it is worthwhile to compare the results of the field test with those of simulations for various conditions and periods. Additionally, simulations can be used to validate the proposed calibration method.



A simulation was performed using TRNSYS [24]. The classrooms were modeled using construction documents, and the physical properties of the building components were set according to these documents. The purpose of the simulation was not to obtain accurate values of the energy-saving rates but to understand the variation of the energy-saving rates over a long period under the ERV and bypass modes. Figure 3 shows the entire building model. The target classroom (marked in red) was on the second floor. Other classrooms were also modeled under similar system operations, to examine the thermal effects of adjacent classrooms. Table 4 presents the simulation conditions. The operating schedule of the ERV and EHP system was defined according to the classes in a common middle school.



The EHP and ERV systems were modeled using the catalogue provided by the manufacturers. The ERV was modeled using a heat-exchanger model in TRNSYS, and the heat-exchange efficiency was set as given in Table 4. The EHP characteristics, such as the power input (PI) and the amount of heat (TC), were employed to measure the energy consumption of the EHP according to the energy provided. The PI and TC were functions of the indoor and outdoor temperatures. In this study, rather than using a heat-pump model, simple regression equations were employed (Equations (5) and (6)). Here, x1 indicates the indoor temperatures, x2 represents the outdoor dry-bulb temperatures, and x3 in Equation (6) represents the TC value obtained from Equation (5). The coefficients (a1, a2, …, d2, d3) were obtained via optimization using values for various measurement points provided by the manufacturer. The values provided by the manufacturer ranged from −19.8 to 15 °C for the outdoor temperature and from 16 to 24 °C for the indoor temperature.




TC=x3=a1+b1x1+b2x12+b3x13+c1x2+c2x22+c3x23



(5)






PI=a2+b4x1+b5x12+b6x13+c4x2+c5x22+c6x23+d1x3+d2x32+d3x33



(6)






5. Results


5.1. Field Test and Calibration Results


Figure 4 shows the indoor and outdoor temperatures measured during the field test. The outdoor temperatures remained almost unchanged (approximately 5 °C), and the indoor temperatures fluctuated around the set-point temperature. Figure 5 shows the measured energy consumption of the EHP for each interval under different ventilation modes. The results in Figure 5 are not calibrated. The number of students changed over the test period; thus, calibration using Equation (3) was required.



Table 5 presents the measured and calibrated energy consumptions. In the first hour, the classroom was ventilated under the ERV mode, and in the second hour, the bypass mode was applied. The mode was changed every hour, as shown in Figure 5. For the first and third time intervals of the ERV mode, the calibrated energy consumptions were reduced owing to the reduced number of students. Only half of the reference number of students occupied the classroom during the first hour, and no students were found in the classroom during the third interval, because of a gym class. For the bypass hours, the number of students in the classroom was equal to the reference number.



The energy-saving rates for two consecutive hours were calculated and compared, as shown in Table 6. Before the calibration, the energy-saving rates were calculated as 11% for the first cycle and 5.6% for the second and third cycles. After the calibration, they became 18.06% and were maintained at 19.44%. According to the calibrated results, the ERV mode was effective for reducing the energy consumption. Additionally, the energy-saving rates appeared to increase slightly and then level off over time. This behavior is investigated in the following sections.




5.2. Chamber-Test Results


The EHP and ERV used in the field test were mounted in a test chamber. One ventilation mode was tested for a certain period, and the same test was repeated for the other ventilation mode. Figure 6 shows the indoor temperatures and energy consumptions during the test period for the ERV and bypass modes. In the initial minutes, the indoor temperatures rapidly increased in both cases, and the EHP was clearly operated at the maximum power during this time, as shown in the right frame of Figure 6. Subsequently, the temperatures increased slowly, suggesting proportional control. Over time, the energy-consumption patterns became distinct, and the EHP energy consumption in the ERV mode decreased.



Figure 7 shows the energy-saving rates for the different intervals. The pattern of the energy-saving rates in the last 3 h matches the calibrated field-test results shown in Table 6. The energy-saving rate increased over time and became steady after a few hours. The ventilation loads remained the same over the test period for both modes, indicating that the proportion of the ventilation loads to the total heating loads may have increased during the test period. For instance, a portion of the energy supplied by the EHP could have been used for heating the chamber structure in the early hours, as the chamber was left at a low temperature of 2 °C before the test.




5.3. Simulation Results


To verify the results of the chamber and field tests, a simulation was performed. Similar to the chamber test, the ERV and bypass modes were simulated under the same conditions. Additionally, the energy-saving rates were evaluated in a dynamic condition. Because the EHP consumption and the corresponding energy supplied to the classroom are important factors for evaluating the energy-saving rates, the regression coefficients in Equations (5) and (6) were obtained via optimization. Particle swarm optimization (PSO) [25,26,27] was employed in the simulation, and the particleswarm function in Matlab was used. This method distributes a group of arbitrary values (swarm size) within the parameter bounds, and the minimum error area is iteratively searched over a given time (max time). The swarm size was set as 3000, the max time was set as 2000 s, and large lower and upper bounds were used. Table 7 shows the results of the PSO simulations, which matched the tabulated data provided by the manufacturer. The PSO-optimized coefficients agreed well with the manufacturer data for all the cases, with root-mean-square errors of 0.2521 and 0.0495 kW for the TC and PI, respectively.



Figure 8 shows the TRNSYS simulation results obtained using the given EHP and classroom models. Over a heating period of two months, the outdoor temperatures fluctuated significantly from −10 to 20 °C, and the systems were operated only on weekdays and during class hours. The patterns of the indoor temperature were similar for the two ventilation modes, but the temperatures deviated when the outdoor temperatures were low (8th week). These results indicate the effectiveness of the ERV for reducing the ventilation load. Additionally, the deviation was apparent on the first day after weekends (middle parts of the x-axis grids). This indicates the thermal-capacity effects of the classroom, which were observed in the previous experiments. When the classroom was cooled during the weekend, the EHP could not provide sufficient energy to heat the indoor air to the set-point temperature. The capacity of the EHP appears to be insufficient, but this is not important, as the purpose of the simulation was to compare the energy-saving rates for a dynamic condition during the course of a day.



Figure 9 shows the average energy-saving rates over the simulation period for each hour of the day. As expected, the energy-saving rates for the ERV mode were higher than those for the bypass mode. Because the difference in the ventilation loads between the ERV and bypass modes was maintained over the test period, the difference in the energy-saving rates is ascribed to different proportions of the ventilation load to the total heating load, mainly due to the thermal effects of the building structure.





6. Conclusions


It is difficult to evaluate the energy-saving effects of an ERV via field tests. A field test can indicate the realistic performance of the system, but in many cases, the experimental conditions cannot be controlled. In this study, in contrast to the conventional test method where two similar classrooms are used for comparison, a single classroom was employed to evaluate the energy-saving effects. A method that involves alternating the ventilation modes on an hourly basis was used. To calibrate the results obtained with different indoor conditions over hours, a model-based calibration method was employed. This is also a novel approach that permits a short-period field test while existing methods alternate the ventilation mode on a daily basis. As daily weather conditions are variable, such a test must be performed for a long test period to get mean energy-saving rates.



In contrast to the calibrated results, the non-calibrated results of the field test were not in accordance with chamber-test and simulation results, indicating the validity of the proposed test and calibration methods. According to the chamber-test results, the ERV was not effective for energy saving of the EHP during the initial periods, when there were large differences between the set-point and indoor temperatures. This is because the EHP was operated at the maximum capacity, in accordance with its control scheme. As the indoor temperatures approached the set-point temperature, the EHP started to be proportionally controlled. Here, the ERV mode became effective for energy saving, but the energy-saving magnitude was smaller in the early periods of operation than in the late periods. This is attributed to variations in the proportion of the ventilation load to the total heating load. After the building structure was cooled during the periods when the classroom was unoccupied, heating of the structure was required, decreasing the proportion of the ventilation load. This was verified by TRNSYS simulations. The work shows the importance of field tests for evaluating the in situ performance of test systems.



Smaller energy-saving rates were found at early hours, mainly because classrooms were occupied intermittently. In other words, the findings indicate that the ERV mode is less effective to reduce the EHP electricity consumption for buildings that are very intermittently occupied, regardless of occupants’ comfort.
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Nomenclature




	ρ
	Air density (kg/m3)



	c
	Heat capacity of air (J/kg∙°C)



	V
	Volume of the classroom (m3)



	Qv
	Heat transfer rate by ventilation (kW)



	Qs
	Heat transfer rate through building envelop (kW)



	Qi
	Internal heat gain source (kW)



	COP
	Coefficient of performance



	PEHP
	Energy consumption of electric heat pump (kWh)



	P′EHP
	Calibrated energy consumption of electric heat pump (kWh)



	TC
	Total heat capacity of EHP (kW)



	PI
	Power input of EHP (kW)
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Figure 1. Layout of the test classroom, indicating the locations of the EHP and ERVs: (a) school building, (b,c) test classroom, (d) ductwork and locations of the systems. 
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Figure 2. Equipment used for the energy-consumption measurement (a) PDI installed in an EPS room; (b) watt-hour meter. 
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Figure 3. Test school building (a) and plan of the classrooms and hallway (b). 
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Figure 4. Indoor and outdoor temperatures measured during the field test. 
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Figure 5. Measured energy consumption of the EHP before calibration. 
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Figure 6. Results for the indoor temperatures (a) and energy consumptions (b) under different ventilation modes (chamber test). 
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Figure 7. Energy-saving rates (chamber test). 
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Figure 8. Simulated indoor temperatures for the different ventilation modes. 
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Figure 9. EHP energy-saving rates for different hours of the day. 
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Table 1. Building information.






Table 1. Building information.









	
	Description





	Building location
	Seoul, Korea



	Building type and stories
	Middle school, 4 stories



	Floor area and height
	16.2 m × 19.6 m, floor-to-floor height: 2.5 m



	Zone (classroom) area
	8.1 m × 8.2 m



	Zone height
	2.4 m
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Table 2. Specifications of the EHP and ERV.
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System

	
Description

	
Value






	
EHP

	
IDU

	
Heating performance

	
6 kW




	
Power consumption

	
0.03 kW




	
Air blower

	
Air flow

	
840 CMH




	
Consumption

	
60 W




	
ODU (coupled to IDUs)

	
Heating performance

	
25.9 kW




	
Power consumption

	
7.8 kW




	
Air blower

	
Air flow

	
12,600 CMH




	
Consumption

	
750 W




	
ERV 1

	
Ventilation rate

	
Supply

	
800 CMH




	
Exhaust

	
720 CMH




	
Number of diffusers

	
Supply

	
3




	
Exhaust

	
3




	
Energy-recovery rate

	
0.65




	
ERV 2 (operating for two classrooms)

	
Ventilation rate

	
Supply

	
500 CMH




	
Exhaust

	
450 CMH




	
Number of diffusers

	
Supply

	
1




	
Exhaust

	
1




	
Energy-recovery efficiency

	
0.65
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Table 3. Chamber-test conditions and energy-performance specifications.
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	Condition
	Value





	Test period
	4 h



	Set-point temperature
	22 °C



	Temperature outside the chamber
	5 °C



	EHP power characteristics
	380 V, 60 Hz



	EHP heating capacity
	6 kW



	Tested ERV ventilation mode
	ERV/bypass
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Table 4. Simulation conditions.






Table 4. Simulation conditions.









	
	Description





	Building location (weather)
	Seoul, Korea



	Building type and stories
	Middle school, 4 stories (test classroom on 2nd floor)



	Typical floor area and height
	16.2 m × 19.6 m, floor-to-floor height: 2.5 m



	Zone (classroom) area
	8.1 m × 8.2 m



	Zone height
	2.4 m



	Simulation period
	2 months (heating season)



	EHP
	Heating set-point temperature: 20.0 °C



	ERV
	Sensible heat-exchange efficiency of ERV: 0.65



	Heat gains

Operating schedule
	Occupants: 31 persons

Activity level: seated, very light writing

Emitted heat: 65 W/person

Monday to Friday (09:00–15:00)
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Table 5. Calibrated energy consumption.






Table 5. Calibrated energy consumption.





	Time (h)
	Ventilation Mode
	Number of Students
	COP
	PEHP (kWh)
	P′EHP (kWh)





	0 to 1
	ERV
	15
	3
	3.2
	2.95



	1 to 2
	Bypass
	31
	3
	3.6
	3.60



	2 to 3
	ERV
	0
	3
	3.4
	2.9



	3 to 4
	Bypass
	31
	3
	3.6
	3.60
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Table 6. Energy-saving rates before and after the calibration.
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Energy-Saving Rate (%)




	

	
Before Calibration

	
After Calibration






	
1st cycle

	
11.10

	
18.06




	
2nd cycle

	
5.56

	
19.44




	
3rd cycle

	
5.56

	
19.44
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Table 7. Optimized coefficients.






Table 7. Optimized coefficients.





	
TC

	
PI




	
Coefficient

	
Value

	
Coefficient

	
Value






	
a1

	
6.1369

	
a2

	
49.5018




	
b1

	
0.2095

	
b4

	
−0.1213




	
b2

	
−0.012

	
b5

	
0.0061




	
b3

	
0.000121

	
b6

	
−0.0001




	
c1

	
0.018173

	
c4

	
−0.0866




	
c2

	
−0.00238

	
c5

	
−0.0007




	
c3

	
0.00006645

	
c6

	
0.0001




	

	

	
d1

	
−23.2270




	

	

	
d2

	
3.7584




	

	

	
d3

	
−0.1984
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