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Abstract 

Although the control logic and parameters of variable-air-

volume (VAV) systems are essential for their 

performance, they are rarely considered in the design 

phase because of their complexity. In addition, in many 

cases, rooms are used under operating conditions different 

from those assumed in the design phase. However, 

reliable energy savings are still required. This study 

examined the usefulness of an integrated simulation in the 

design phase for detailed studies of a VAV system, 

including adjustments in control logic and parameters. 

The results highlight the significance of a comprehensive 

design of control logic, parameters, equipment selection, 

and zoning based on evidence from a simulation. 

Key Innovations 

• A detailed integrated simulation of a building and a 

VAV system was developed. It aids in understanding 

the behavior of both primary and secondary systems, 

including a heat source, an AHU, and a building frame. 

• The transient behavior of system components, such as 

fans and dampers, was reproduced based on physical 

models. 

• Through a case study, the impacts of the control logic 

and parameters on the performance of VAV systems 

were evaluated quantitatively. 

Practical Implications 

This simulation can be classified as a quasi-dynamic 

calculation representing the transient state of an HVAC 

system as realistically as possible. It enables control logic 

and parameters, which have been adjusted only in the 

operational phase, to be studied in the design phase. 

Introduction 

In recent years, energy consumption in buildings has been 

increasing rapidly due to population growth, increasing 

demand for thermal comfort, and global climate change. 

In developed countries, HVAC systems account for 

roughly 50% of the energy consumed in buildings (Pérez-

Lombard et al., 2008). Thus, VAV systems installed in 

many buildings are also required to improve energy 

efficiency further. Nonetheless, because of the 

complexity of modeling an entire VAV system (Okochi 

and Yao, 2016), the systems have been operated without 

their control logic and parameters, significantly impacting 

their system performance, being sufficiently studied in the 

design phase. In addition, in many cases, their intended 

performance has not been achieved because the actual 

operating conditions deviate from the design conditions 

(for example, the actual operational load often differs 

from that assumed in the design phase). Therefore, this 

study aims to calculate the impacts of these operating 

conditions on the existing system performance and to 

highlight the significance of conducting detailed studies 

in the design phase. For this purpose, the simulation 

program to be employed was required to have the 

following four functions: (1) the power of the pumps and 

fans can be calculated theoretically from physical models 

considering pressure distribution, (2) a detailed VAV 

control model can be incorporated using proportional-

integral (PI) control and proper static pressure judgment, 

which were implemented in the studied building in Japan, 

(3) these control logic and parameters can be easily 

changed, and (4) the impacts of a VAV system at the 

whole building level can be reproduced. 

Several simulation programs are available for HVAC 

systems overseas, such as HVACSIM+ (Park et al., 1985), 

EnergyPlus (Crawley et al., 2001), TRNSYS (Beckman et 

al., 1994), and Modelica Buildings library (Wetter et al., 

2014). Meanwhile, representative programs such as 

HASP/ACLD/ACSS (Matsuo, 1985) and BEST (Ishino et 

al., 2017) are also available in Japan. However, the 

control designs and analyses available in these programs 

are usually limited or do not employ flow rate balance 

calculations to solve the flow rates. Although some 

programs allow users to add components, accurately 

modeling control strategies and building systems unique 

to Japan is occasionally complex (Hasegawa et al., 2017). 

For these reasons, we developed an integrated simulation 

program, coded in Python, that modeled a VAV system 

with a central plant in an existing experimental building 

(Yamamoto et al., 2020; Motomura et al., 2019). Using 

this simulation program, we conducted a case study on the 

VAV system and reproduced a detailed study in the 

design phase. Specifically, according to uneven internal 

load distribution and the damper characteristics, the 

control logic and parameters adjustments were 

reproduced. The results suggested that such a study could 

improve temperature controllability and extend 

equipment life, with almost no negative impacts on 

energy efficiency. Therefore, the significance of a 

comprehensive design for a VAV system based on 

evidence from an integrated simulation was demonstrated. 
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Methods 

Modeling 

This section describes an overview of the modeled three-

story experimental building, located in Ibaraki, close to 

Tokyo. It had six air-conditioned rooms on the second and 

third floors (also had three non-air-conditioned rooms on 

the first floor). Each room had an area of 76.8 m2 and a 

volume of 188.8 m3. Figure 1 shows a schematic of the 

VAV system with a central plant consisting of a chilled 

water pump, an air-cooled heat pump, an AHU, variable-

speed SA and EA fans, and six VAV dampers. 

 

Figure 1: Schematic of the studied VAV system 

Simulation 

In this section, we describe the control and calculations 

introduced in the simulation. Figure 2 shows a flow 

diagram of the simulation, coded in Python. The 

simulation had a variable time step, which could be 

changed depending on the time of day. In this study, the 

time step was set to five seconds to reproduce the transient 

state of the system components, and the average value of 

one minute was the output for analysis. 

 

Figure 2: Flow diagram of simulation program 

･VAV control 

We implemented the VAV control that consisted of two 

types of control; one was "Required airflow rate control" 

by manipulating damper opening and the inverter 

frequency of the fans, and the other was "Supply air 

temperature control" by adjusting the supply air 

temperature, which affects the entire system. Figure 3 

shows the flow diagram of "Required airflow rate 

control." 

 

Figure 3: Flow diagram of "Required airflow rate 

control" 

First, the required airflow rate, which was the control 

target, was calculated using equation (1), based on the 

concept of PI control. 

𝑄𝑟𝑒𝑞,𝑖 = 𝐾𝑝,𝑖 {(𝑇𝑟𝑜𝑜𝑚,𝑖 − 𝑇𝑠𝑒𝑡,𝑖) +

                           
1

𝑇𝐼,𝑖
∫ ((𝑇𝑟𝑜𝑜𝑚,𝑖 − 𝑇𝑠𝑒𝑡,𝑖)𝑑𝑡)} + 𝑄𝑚𝑖𝑛,𝑖    (1)  

where Kp,i is the proportional parameter and TI,i is the 

integral time [min]. Next, the damper opening was P-

controlled, based on the difference between the required 

airflow rate and the actual airflow rate. The damper 

opening was controlled by the opening/closing direction 

and operating time in the existing system, and it took 

approximately two minutes from fully opened to fully 

closed. However, it could not be reproduced by the 

simulation with a time step of five seconds. Therefore, the 

damper opening was modeled in equation (2), limiting the 

variation range of the damper opening in a step. The upper 

and lower limits of the damper opening were set to 1 and 

0.2, respectively (1: fully opened, 0: fully closed). Note 

that the damper opening refers to the effective area ratio 

at a certain angle, not the angle itself. 

 ∆𝑑𝑎𝑚𝑝𝑒𝑟 𝑜𝑝𝑒𝑛𝑖𝑛𝑔𝑖 = 0.3 ×
𝑄𝑟𝑒𝑞,𝑖−𝑄𝑟𝑜𝑜𝑚,𝑖

𝑄𝑚𝑎𝑥,𝑖−𝑄𝑚𝑖𝑛,𝑖
 (2) 

Simultaneously, the inverter frequency of the SA and EA 

fans was adjusted to reduce their energy consumption 

while conveying the airflow rate without any shortage. 

The inverter was calculated once using a total of the 

required airflow rate of each room at the beginning of air-

conditioning hours. With the damper opening calculated 

above, the proper static pressure judgment for each room 

was started: lack static pressure when the damper opening 

was more than 95%, proper static pressure when 85% to 

95%, and excess static pressure when less than 85%. To 

avoid the situation where even one room has lack static 

pressure or where all six rooms have excess static pressure, 

the inverter of the SA and EA fans (1: maximum inverter, 

0: minimum inverter) was accordingly increased by 0.01 

in the former case or decreased by 0.01 in the latter case, 

at intervals of a minute. 

Figure 4 shows the flow diagram of "Supply air 

temperature control." 
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Figure 4: Flow diagram of "Supply air temperature 

control" 

A boundary airflow rate (Qboundary), a set value between 

the minimum and maximum airflow rates, was introduced 

here. It allows the air conveying power to be reduced 

while maintaining the temperature in the proper range by 

adjusting the supply air temperature. The specified 

airflow rates for each room are listed in Table 1. 

Table 1: Specified airflow rates of VAV dampers [m3/h] 

Room 201 202 203 301 302 303 

Qmax 1240 850 1120 1500 1090 1230 

Qboundary 582 537 546 660 537 579 

Qmin 300 300 300 300 300 300 

With these flow rate values and temperatures, four 

different demands were made by each room: Minimum 

Flow (Min), Proper Cooling (Stay), Adjust Cooling (Adj), 

and Increase Cooling (Up). Depending on the number of 

demands (rooms), the set AHU outlet temperature was 

adjusted at intervals of five minutes. 

･Flow rate balance calculation 

Corresponding to Kirchhoff's Current Law, the flow rate 

balance was calculated to solve the pressure distribution 

in ducts and pipes to satisfy the following two conditions: 

(1) at any point of contact, the sum of the flow rates in and 

out is equal, and (2) the directed sum of the pressure 

increments around any closed loop is zero. 

The pressure loss was calculated using equation (3), based 

on the Darcy–Weisbach equation. 

 ∆𝑃 = 𝑠 ∙ 𝑄2 (3) 

where ΔP [Pa] is the pressure loss, and s [Pa/(m3/h)2] is 

the pressure loss coefficient of the ducts and pipes. 

Operating points were obtained with the pressure-flow 

curves and efficiency-flow curves of the fans and pumps 

given in polynomial equations from the specifications. 

This flow rate balance calculation made it possible to 

calculate the flow rates of air and water in principle 

corresponding to the control values of equipment, namely 

the INVs of fans and pumps and the openings of dampers 

and valves). 

･Heat exchange in AHU calculation 

The heat exchanger was modeled by referring to 

HVACSIM+ (Elmahdy et al., 1977). The nominal 

capacity of the heat exchanger was 40.4 kW (cooling) and 

28.9 kW (heating). 

･Room-temperature calculation 

The thermal equilibrium calculation for a room was 

solved by the heat acquisition from walls, windows, and 

internal heat and the heat removal from the room by air-

conditioning (Utagawa, 1986). The backward difference 

method (Holman 1981) was used to solve the heat transfer 

in the walls. 

･Energy consumption and system COP calculations 

Both the energy consumption of the SA and EA fans (Ifan) 

and that of the chilled water pump (Ipump) were calculated 

using their performance curves from the specifications. 

That of the air-cooled heat pump (Iheat_pump) was calculated 

using a provisional COP performance curve (IBEC, 2013). 

The sum was defined as the total energy consumption 

(Itotal) in equation (4). The total processing heat 

throughput (Htotal), calculated in equation (5), divided by 

the total energy consumption, was defined as the system 

COP (secondary energy equivalent) in equation (6). 

 𝐼𝑡𝑜𝑡𝑎𝑙 = 𝐼𝑓𝑎𝑛 + 𝐼𝑝𝑢𝑚𝑝 + 𝐼ℎ𝑒𝑎𝑡_𝑝𝑢𝑚𝑝 (4) 

 𝐻𝑡𝑜𝑡𝑎𝑙 = ∫ ∑ {(𝐸𝑅𝐴,𝑖 − 𝐸𝑆𝐴,𝑖) × 𝑄𝑟𝑜𝑜𝑚,𝑖 × 𝜌}6
𝑖=1 𝑑𝑡 (5) 

 𝐶𝑂𝑃 = 𝐻𝑡𝑜𝑡𝑎𝑙 𝐼𝑡𝑜𝑡𝑎𝑙⁄  (6) 

Case study 

With the simulation above, a case study investigated the 

impacts of unevenly distributed internal loads and 

adjustments of control logic and parameters to match 

damper characteristics on the performance of VAV 

systems in a cooling mode. 

･Base case: 

A typical day in August, when the cooling load was large, 

and VAV control operation problems were likely to occur, 

was extracted from 2000 meteorological data for Tokyo, 

Japan (Meteorological Data System Co., Ltd., 2013). 

Figure 5 and Table 2 show the outdoor and indoor 

conditions of the day, respectively. 

 

Figure 5: Outdoor conditions in the base case 

Table 2: Indoor conditions in the base case 

Running period August 20, 2000 

Warm-up period Two days 

Air-conditioning hours 9:00-19:00 (no pre-cooling) 

Target temperature [ºC] 26 
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OA load [W/m2] 20 

Occupants load 

[W/person] 

Sensible Heat: 62 - 4×(Troom-24) 

Latent Heat: 119 – Sensible Heat 

General values were used for internal heat generated by 

equipment, lighting (Kim et al., 2018), and occupants 

(Utagawa, 1986). These internal loads were assumed to 

be generated only during the air-conditioning hours, i.e., 

9:00 to 19:00. Assuming that people gradually entered 
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and left the rooms before and after the air-conditioning 

hours, the internal loads were set to increase from zero to 

setpoint at 8:00 to 9:00 and decrease from the setpoint to 

zero at 19:00 to 20:00. The pressure loss coefficient of the 

ducts was initially adjusted so that the exhaust airflow rate 

would be 1800 m3/h to secure a ventilation volume of 30 

m3/h per person. Table 3 lists the conditions of the case 

study. In each case, only a highlighted part of the 

conditions of the base case was changed. In the following, 

the details and purposes of these changes are described. 

Table 3: Simulation cases

Case Room occupants [people] Note 
 201 202 203 301 302 303 Total  

Base 10 10 10 10 10 10 60  

1 8 8 8 20 8 8 60  

2 8 20 8 8 8 8 60  

3 10 10 10 10 10 10 60 
Changing damper 

characteristics 

4 10 10 10 10 10 10 60 

Changing proper 

static pressure 

judgement range 

･Case 1: Unevenly distributed internal loads (in room 

301 with the largest designed heat load) 

The purpose of Case 1 was to clarify how much the 

controllability (the behavior of temperature and 

equipment) of VAV systems is affected when the heat 

load in the operation phase deviates from that assumed in 

the design phase. 

In Cases 1 and 2, the design maximum airflow rates of the 

VAV dampers (Qmax in Table 1) were focused on because 

they were corresponding to the size of the internal loads 

assumed in the design phase. In Case 1, the number of 

occupants in room 301, with the largest design maximum 

airflow rate, was set to 20, twice that in the base case. On 

the other hand, to keep the total number of occupants the 

same as that in the base case, the number of occupants in 

the other rooms was decreased to eight. To sum up, the 

internal load in the room was approximately 1.46 times 

larger than that in the other rooms. 

･Case 2: Unevenly distributed internal loads (in room 

202 with the smallest designed heat load) 

The purpose was the same as that in Case 1. In Case 2, 

room 202, with the smallest design maximum airflow rate 

of the VAV damper, was set to have 20 occupants. The 

number of occupants in the other rooms was set to eight, 

as in Case 1. 

･Case 3: Changing damper characteristics 

The performance curve of the VAV dampers (Figure 6, 

left), given in the base case from the specification, shows 

that the pressure loss increased by only approximately 8 

Pa even when the damper opening changed from 100% to 

80% at 1000 m3/h, the average airflow rate of each room. 

Hence, when the damper opening was high, the damper 

opening was required to change significantly to meet the 

required airflow rate. It potentially leads to instability in 

the behavior of other system components and shortens 

their lives. Therefore, the purpose of Case 3 was to 

examine the impacts on the behavior of the overall VAV 

system due to the change in the damper characteristics. 

The performance curve adapted in Case 3 (Figure 6, right) 

was a modified version of the actual performance curve, 

prepared by adjusting the pressure drop (note: which was 

not derived from an actual product). 

 

Figure 6: The specification of VAV dampers 

(Left: Base case / Right: Case 3) 

･Case 4: Changing the proper static pressure 

judgment range 

The purpose was the same as that in Case 3. The proper 

static pressure judgment range was determined by the 

appropriate damper opening range. Based on this range, 

the total static pressure state was judged, and the fan 

inverter frequency was feedback-controlled (see the right 

part of Figure 3). In Case 4, the lower limit of the damper 

opening range was lowered to 60%, from 85% in the base 

case. The upper limit of the range was left unchanged at 

95%. 

Results 

Testing 

We conducted a simulation evaluation test 

(ANSI/ASHRAE, 2011) along with a guideline (SHASE, 

2016) to verify the operation of the thermal calculations 

and the reliability of our simulation. The adapted case was 

the free-float test case 600FF, a heat load calculation test 

assuming a room with a small heat capacity. The input 

values and parameters were set to meet the specified 

conditions. Figure 7 shows that the natural temperature in 

the room calculated in our simulation program was 

generally consistent with that of several other simulation 

programs, thereby validating our simulation program. 

 

Figure 7: Results of natural temperature calculation 

in case 600FF 

Case study 

･Base case: 

It took approximately five minutes for the calculations. 

Figures 8 to 11 show the behavior of the temperature, 

damper opening, AHU outlet air temperature, and SA and 

EA fans, in the base case, respectively. Figure 8 shows 

that the temperature was maintained within almost ±0.2 

ºC band of the set temperature of 26 ºC (dead zone) 
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throughout the day. In the evening, the temperature 

fluctuated slightly; however, this was consistent with the 

implemented control logic. More specifically, Figures 8 

and 10 illustrate that when room 202 became colder than 

25.8 ºC around 16:00 and got in "Minimum Flow" control 

state, the AHU outlet air temperature was increased by 1.0 

ºC. They also show that the AHU outlet air temperature 

was lowered by 0.5 ºC when all the rooms got in "Adjust 

Cooling" control state (see the flow diagrams in Figures 3 

and 4). These cycles resulted in oscillations at the 

temperature and other equipment. From these results, we 

confirmed that the behaviors of the airflow rate, AHU, 

and dampers were following the implemented control 

logic of each component. 

･Case 1: Unevenly distributed internal loads (in room 

301 with the largest designed heat load) 

The VAV damper in room 301, which was below 0.5 in 

the base case, was more open to nearly 0.6 in Case 1. It 

allowed the airflow rate in the room to increase, while the 

temperature in the room was controlled by responding 

well to the increase in the internal load. The temperatures 

in all the rooms were stably maintained within the dead 

zone (Figure 12) because the supply flow rates were 

adjusted with the damper openings, and the supply air 

temperature was stably controlled at 15 ºC. 

As shown in Figure 13, the processing heat in the room 

was larger than that in the other rooms, and its total heat 

throughput was approximately 1.51 times as large as the 

average of that in the other rooms. 

･Case 2: Unevenly distributed internal loads (in room 

202 with the smallest designed heat load) 

Figure 14 shows the temperature in room 202 rose to a 

maximum of 26.7 ºC, above the upper limit of the dead 

zone. It was because the system's cooling capability was 

overwhelmed (the AHU outlet air temperature was set to 

the lowest, and the maximum airflow rate was supplied to 

the room). The closer analysis also revealed that the 

required airflow rate in the room had little margin for an 

increase from the base case (see Qreq, in Figure 20 below). 

On the other hand, the other rooms' temperatures were 

more stabilized than those in the base case, using the more 

closing dampers. 

Because the temperature in the room was not properly 

lowered, the total heat throughput in the room was only 

  

Figure 8: Temperature (Base case) Figure 9: Damper opening (Base case) 

  

Figure 10: AHU outlet air temperature (Base case) Figure 11: Fan power and inverter frequency (Base case) 

  

Figure 12: Temperature (Case 1) Figure 13: Processing heat (Case 1) 

  

Figure 14: Temperature (Case 2) Figure 15: Processing heat (Case 2) 
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approximately 1.25 times as large as the average of that 

in the other rooms, which was not sufficient (Figure 15). 

･Case 3: Changing damper characteristics 

Figure 16 shows that the amplitude of each damper 

opening became smaller compared to Figure 9. Although 

the damper openings oscillated slightly, they were 

mostly within the same static pressure judgment range 

(from 85% to 95%). Consequently, the inverter 

correction of the SA fan seen in the base case was no 

longer made, and the slight vibration was eliminated 

(Figure 17). The temperatures were maintained within the 

dead zone. 

･Case 4: Changing the proper static pressure 

judgment range 

Figure 18 shows that the oscillation became less frequent, 

although the amplitude of the damper opening remained 

as large as that in the base case (Figure 9). However, 

owing to the change in the proper static pressure range, 

the amplitude was mostly within the same range (from 

60% to 95%) in Case 4. Thus, the frequency of the SA fan 

became more stable than that in the base case (Figure 11), 

as shown in Figure 19. The temperatures were maintained 

within the dead zone as well. 

Comparison among cases 

Figure 20 compares the integral term in equation (1) and 

the required airflow rate of room 202 in the base case, 

Case 1, and Case 2. The integral term is shown as solid 

lines on the first axis, and the required airflow rate is 

shown as dotted lines on the second axis. The room was 

extracted because it had a large impact on the overall 

system, thus making the results different.  

 In the base case, the temperature in the room was kept 

higher than 26 ºC, and the integral term in equation (1) 

increased from 12:00 to 15:00. Thus, the required airflow 

rate of the room did not drop from the maximum airflow 

rate of 850 m3/h until after 17:00. Consequently, it caused 

the temperature to drop below 25.8 ºC. In Case 1, the 

number of occupants in the room was reduced to eight. 

However, the temperature in the room did not drop below 

25.8 ºC. It was because the integral term of the required 

airflow rate was smaller than that of the base case, and it 

started to drop appropriately around 15:00. It stabilized 

the temperatures in all the rooms within the dead zone 

throughout the day, which reduced the total required 

airflow rate and the SA fan energy consumption in the 

evening. In Case 2, the integral term continued to increase 

throughout the day, such that the required airflow rate of 

the room was stuck to the maximum after 10:00. 

Figure 21 shows the evaluation of temperature 

controllability. The x-axis shows the percentage of the air-

conditioning hours in which the temperatures in all the 

rooms were maintained within the dead zone (the larger, 

the better). The y-axis shows the temperature violation in 

terms of Kelvin-minutes (Kmin) which is the time integral 

of the temperature dead zone violations (the smaller, the 

better). In Case 2, only 20% of the air-conditioning hours 

could be maintained within the dead zone. Besides, the 

temperature deviation from the dead zone was large. 

Meanwhile, the controllability was improved in Case 1, 

where the design heat loads were properly estimated, and 

in Cases 3 and 4, where the conditions were tailored to the 

damper characteristics.  

Figure 22 shows the evaluation of the system COP (the 

larger, the better) and the total energy consumption (the 

smaller, the better). Note that the large-small relationship 

was stressed to understand though these change rates from 

the base case were only ±1% in all the cases. In Cases 3 

and 4, the energy consumption increased slightly, but the 

COP also increased. The energy consumption in Case 2 

  

Figure 16: Damper opening (Case 3) Figure 17: Fan power and inverter frequency (Case 3) 

  

Figure 18: Damper opening (Case 4) Figure 19: Fan power and inverter frequency (Case 4) 

 

Figure 20: SIG (The integral value of the difference 

between Troom and Tset) and Qreq in room 202 
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decreased; however, it is necessary to pay attention to the 

fact the heat load in room 202 was not completely treated. 

 

Figure 21: Comparison of temperature controllability 

 

Figure 22: Comparison of energy efficiency 

Discussion 

• In the base case, the supply airflow rate's behavior and 

the temperature were following the control logic. 

However, because the required airflow rate in room 

202 did not drop until after the evening, The 

temperatures oscillated in all the rooms once the 

temperature in the room got lower than 25.8 ºC (set 

temperature -0.2 ºC). Although it was not significant 

enough to negatively influence thermal comfort, it 

slightly increased the energy consumption and the 

load on the system components. In this case, the 

following measures regarding control logic and 

parameters in equation (1) can be taken to compute the 

required airflow rate more appropriately: (1) increase 

TI only while the temperature is maintained in the dead 

zone; (2) introduce control logic that resets the integral 

term at regular intervals only while the temperature is 

maintained within the dead zone. 

• Given the form of VAV dampers, increasing the 

pressure loss significantly, such as in Case 3, is 

difficult when damper opening is in the high range. 

Thus, adjusting the proper static pressure range, such 

as in Case 4, was considered a more practical way to 

stabilize equipment behavior. 

• Systems that enable the airflow rates to be properly 

distributed to rooms typically with small heat loads 

and occasionally with large loads (e.g., conference 

rooms) must be designed. Two methods can be taken 

as follows: (1) adjust the control logic so that the 

competence of equipment, such as dampers, would 

match a system, as in Cases 3 and 4; (2) allow a margin 

in the design maximum airflow rate for rooms. 

Especially, control logic that relaxes the upper limit of 

the maximum airflow, only when a large load is 

constantly generated over a certain period, would be 

more appropriate. This is to prevent sudden 

overheating or overcooling during normal operation. 

• In Case 2, the temperature in room 202, which had a 

small design heat load, could not be controlled when 

the internal load was unevenly distributed in the room. 

Moreover, even if it was controlled, the energy 

consumption was estimated to be large. It is because 

the inverter frequency of the fans and pumps had to be 

increased while closing the damper opening in the 

other rooms. Additionally, suppose the temperature in 

the room was still not sufficiently cooled, despite the 

dampers of other rooms reaching a minimum closed. 

In that case, there is a concern about overcooling in 

these rooms. To avoid this, it would be effective to 

divide zones or AHUs appropriately through a case 

study using a simulation. 

• In all the cases, the total energy consumption and 

system COP change rates were within 1%. However, 

differences were observed in the controllability of 

both temperature and equipment. We found that the 

adjustments in control logic and parameters have 

complex impacts on the overall system and that the 

scope and the level of these impacts were difficult to 

predict. Thus, detailed studies using an integrated 

simulation in the design phase were meaningful. 

• Meanwhile, the case study did not cover all the 

possible problems that VAV control could face. 

Moreover, to avoid computational complexity, the 

simulation program assumed uniform instantaneous 

diffusion of indoor air. This assumption could affect 

the performance of the VAV control, which employs 

feedback control. Thus, more case studies and further 

validation of the simulation model by comparing 

calculated values with measured values are future 

tasks. 

Conclusion 

1. We examined the usefulness of an integrated 

simulation in the design phase for detailed studies of 

VAV control, including adjustments in control logic 

and parameters. 

2. The adjustments were studied for two cases: one 

assuming unevenly distributed internal loads 

operation conditions and the other considering the 

damper characteristics. The results suggested that 

these adjustments could improve the temperature 

controllability and extend the equipment life with 

almost no negative impacts on the energy aspects. 

3. Therefore, we demonstrated the importance of a 

comprehensive design of control logic, parameters, 

equipment selection, and zoning based on evidence 

from an integrated simulation. 
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Nomenclature 

Symbols 

AHU Air handling unit 

COP Coefficient of performance 

EA Exhaust air 

INV Inverter frequency 

RA Recirculated air 

SA Supply air 

E Specific enthalpy [kJ/kg(DA)] 

H Processing heat throughput [kWh] 

I Energy consumption [kWh] 

Q Flow rate [m3/h] 

T Temperature [ºC] 

Greek symbols 

ρ Density of dry air [kg/m3] 

Subscripts 

max maximum 

min minimum 

req required air 

set setting AHU outlet air 

sup supply air 
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