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0. ABSTRACT 

In a modern office building, most occupied 
rooms are relatively isolated from the outdoor air 
climate conditions. To ensure acceptable indoor air 
quality (IAQ), ASHRAE 62 explains how to design 
and construct a space that has a proper quantity of 
ventilation air. Conference room presents a challenge 
to the designer due to its high ventilation requirement 
during occupancy. The minimum air flow rate set 
point for a conference room has to satisfy fresh air 
demand under the worst condition. At the same time, 
the minimum outside intake ratio for AHU side 
should be as low as possible to save energy. 

This study presents a smart logic to solve the 
confliction while improving thermal environment and 
saving energy consumption. The new control 
sequence is evaluated by simulation. The thermal 
performance and the energy consumption of 
conventional and improved control sequences are 
compared by analyzing the simulation results. 

 

 

 

1. INTRODUCTION 

 Space conditions are directly controlled by 
terminal boxes in variable air volume (VAV) air 
handling unit (AHU) systems. Terminal boxes 
control the amount of air supply to the individual 
zones and maintain the space temperature through the 
use of dampers or reheating coils.  

Current terminal box control for conference 
rooms presents a challenge to the designer. 
Characteristics of the conference rooms are a variable 
occupancy and high occupant densities once they are 
occupied. The ventilation rates during design 
occupancy condition require a high percentage of the 
supply air flow rate. The actual ventilation rates may 
be ether higher than the requirement during the low 
occupancy or lower than the requirement during the 
full occupancy. The rooms that are only partial load 

condition often happen to be overcooled, especially 
for interior conference rooms. Even so, the IAQ of 
conference room still often fluctuates up and down 
due to the confliction of the AHU side minimum 
outside air intake limit and the variable air flow. 

To solve this issue, several options are suggested. 
One option is a terminal box with a CO2 sensor to 
reset between the minimum and the design 
ventilation rate (California Energy Commission. 
2003). Another option is a terminal box with the 
lighting system occupant sensor to reduce the 
minimum during unoccupied conditions. The other 
option is a series fan-powered terminal box with a 
zero minimum airflow rate. These options still waste 
energy and need more mechanical system (Hydeman, 
M. et al. 2003). In ASHRAE systems and Equipment 
Handbook, some terminal boxes are arranged with a 
dual minimum flow, with one minimum being the 
capacity required for reheat capacity, and second 
minimum being either zero or the airflow required for 
minimum ventilation. All these methods are either 
too complicated which often lead to performance 
failure or too simple without considering dynamic 
conditions. Therefore, intelligent control sequence for 
a terminal box should be studied. 

This study proposes a new practical control 
method for typical conference rooms to improve the 
IAQ and save energy consumption. The control 
method changes the conventional design and 
operation principle. Steady state and dynamic models 
for the terminal box are conducted. The new control 
sequence is evaluated by simulation. The thermal 
performance and the energy consumption of 
conventional and improved control sequences are 
compared by analyzing the simulation results. 

 

2. METHODOLOGY 

In a modern office building, most occupied 
rooms are relatively isolated from the outdoor climate 
conditions. To ensure acceptable indoor air quality 
(IAQ), ASHRAE 62 explains how to design and 
construct a space that has an acceptable quantity of 



ventilation air. The appendix A states the calculation 
for the outdoor air intake airflow for single supply 
system, where all the ventilation air is a mixture of 
outdoor air and re-circulated air from a single 
location, e.g., reheat, single-duct VAV, single-fan 
dual-duct, and multi-zone.  

With regular design method and control logic, 
the maximum flow rate set points are determined by 
the design conditions and the minimum set points are 
determined from the minimum ventilation 
requirement. For conference room, the high demand 
on ventilation due to its high occupancy density leads 
to high minimum air flow rate set point and the fresh 
air ratio. This feature makes a conference room 
drastically over ventilate during the un-occupied or 
lightly-occupied periods, and also raises the outside 
air intake ratio of the whole included system although 
the ventilation requirement and the load vary very 
much based on the occupancy status. Another feature 
of a conference room is that its occupancy time 
schedule is relatively fixed and normally composes 
small percentage in the whole system operation time 
range.  

The smart control algorithm aims on the two 
features from a system perspective and changes the 
conventional design and operation principle. Both the 
maximum air flow rate set point and the minimum air 
flow rate set point are to be changed for better energy 
saving on the whole system while ensuring 
acceptable IAQ with more fresh air. The 
methodology is mainly based on the outside air 
temperature, and the occupancy status as well as the 
fresh air intake ratio of the conference room. The 
implementation of the smart operation logic requires 
Direct Digital Control (DDC) system and an 
occupancy sensor for the conference room. Figure 1 
graphically illustrates how the smart logic links the 
AHU system outside air intake ratio and the terminal 
box operation in the conference room. The detailed 
calculation example for the parameters and the 
energy saving performance analysis based on air 
modeling are given in the other paper (Yuebin Yu, et 
al. 2007). The main principles of the operation logic 
are stated as follows: 

1. Summer occupancy scenario: 

Whenever the conference room is occupied in 
summer, the control is overridden to �Summer 
Occupancy� status. The primary air damper 
modulates to provide 1.5 (adjustable) times 
maximum conditioned air to the room. The reheat 
valve modulates to maintain the room temperature; 

2. Summer/Economizer un-occupied scenario: 

Deactivate the terminal reheat, set minimum air 
flow to 0 cfm; 

3. Winter/Economizer occupancy scenario: 

Whenever the conference room is occupied in 
winter/economizer season, the control is overridden 
to �Free Cooling Occupancy� status. The controller 
reset the minimum flow set point according to the 
outside air intake ratio range and modulates no less 
than this amount air to the room.  The reheat valve 
modulates to maintain the room temperature when 
the air flow hits the minimum set point; 

4. Winter un-occupied scenario: 

Treat this scenario the same with off hour 
scenario, set calculated minimum air flow as the flow 
set point.  

 

L

Figure 1: Schematic Overview of a Smart 
Algorithm  

Although the specific operations, like the room 
temperature being maintained or not, in un-occupied 
scenarios will also influence the conference room 
performance, the impact is limited in the dedicate 
room and not systematic. Using a fixed room 
temperature set point, applying a kind of set back, or 
treating it the way as off hour with cold/hot event-
driven functions are acceptable in reality. 

 

3. DYNAMIC MODEL 

To study the system response of the new smart 
control terminal box in a conference room under 
different circumstances, especially when the room is 
changed suddenly from un-occupancy to occupancy, 
a compact dynamic model is constructed based on the 
energy balance of the room system. 
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Figure 2 shows a schematic of the conference 
room with physical variables. The simulation model 
consists of a conference room, a reheat coil, air and 
water flow and a set of control and modulating 
components. Parameters of those elements are 
adjusted in the simulation study to get the full picture 
of the system dynamic characteristics. The details for 
each of the elements are given in the following 
sections. 
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Figure 3: Construction Element in R-C Circuit 

According to the first thermal law energy 
balance, the governing equations for the wall can be 
obtained: 
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3.3 Solar Radiation and Window 

The algorithm proposed by Skartveit & Olseth 
(1987) based on the sky clearness index is used to 
divide the hourly global horizontal solar radiation 
into direct beam and diffuse parts. 

Figure 2: Schematic Drawing of Conference Room 
System 

3.1 Room Air 

Based on energy balance law, the sum of all 
energies entering and leaving the conference room is 
equal to the rate of change of stored energy. Equation 
1 provides the general description for the system: 

Normal solar radiation is corrected into the plane 
of building surface at any azimuth and tilt angles with 
the method established by Liu & Jordan (1963). 

The total solar radiation is corrected to the 
window surface with equation: 

dt
dQQQ outin =−                                            (1) 

surfrggr qAq −= τ                                             (5) 
For this dedicated conference room, the entering 

energies include that from occupants, electric 
equipments, envelopes, fenestrations, and HVAC 
mechanical system. The leaving energies are mainly 
from the exhaust air, which is considered as zero here 
due to its same temperature with the room air. 

The room air surfaces are treated as uniform 
opaque surfaces which absorb the radiant flux evenly. 

3.4 Heating Coil 

NTU-ε method is used to describe the heat 
exchange between the unmixed air and hot water. It 
is simple and can provide reasonable accuracy in 
simulating the reheat coil features. The equations and 
parameters stated in ASHRAE 2005 Fundamentals 
for cross-flow single phase fluids are employed: 

The stored energy of the room air can be defined 
by the following equation: 
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A two-layer lumped capacitance approach is 
applied to model the heat transfer through the 
construction elements and obtain the surface 
temperature. The equivalent electric circuit is given 
in Figure 3: 

max

min

C
Ccr =                                                        (7) 



),min(min wa CCC =                                      (8) 

),max(max wa CCC =                                    (9) 

Where, , C        apaa CmC ,⋅= & wpww Cm ,⋅= &

}]1){exp(exp[1 78.0
22.0

−⋅−⋅−= NTUc
c

NTU
r

r

ε

(10) 

a

iaiw
iaoa C

TTC
TT

)( ,,min
,,

−⋅⋅
+=
ε

 

(11) 

Setting 
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3.5 Damper and Actuator 

The most common damper in VAV terminal box 
applications is a circular butterfly damper rotated by 
an actuator. The amount of air supplied into the room 
depends on the angle at which the damper is 
positioned and the influence normally happens more 
or less instantaneously when the duct upstream 
pressure is considered stable. Although a higher order 
polynomial can better approach the nonlinear 
characteristics of the damper, a lookup table can 
simplify the simulation while capture the general 
dynamics of the damper. The assumed relationship 
between the damper and the flow rate is defined as:  
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Figure 4: Butterfly Damper Flow Characteristics 

Floating point actuators are widely used on VAV 
terminal box dampers due to the lower cost. The 

controlled device has a continuous operating range, 
but the actuators that move it only turn on and off. 
Pulse width modulator generates a series of pulse 
signals by estimating current damper�s position. The 
stroke time represents the time delay characteristics 
of the actuator. The control algorithm is described as: 
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Since the estimated damper position error may 
accumulate to a high level and cause control problem, 
an overdrive function is used to re-calibrate the 
damper whenever the current damper position is near 
0% or 100%. 

3.6 Valve and Actuator 

For systems with low water side temperature 
difference, a linear valve is recommended to obtain a 
better combined control over the heat exchange of 
coil. The inherent characteristics and installed 
characteristics are given as: 
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A constant slew rate actuator serves the valve 
and its position can be calculated from: 
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A hysteresis error in the linkage is considered 
between the actuator and the valve plug. 

3.7 PID Controller and Sensor 

Feedback PID control algorithm is widely used 
in building automation and HVAC system. The room 
temperature and the set point produce the control 
error fed back to the controller which then governs 
heating and cooling system output. The general 
expression is given as: 
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A first-order model with a time constant which 
exhibits exponential feature is employed to describe 
the room temperature sensor: 
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4. SIMULATION ANALYSIS  

Based on the model described in last section, the 
simulation is implemented in commercial simulation 
software. A real conference room in Omaha, NE is 
studied as the prototype. The geometry dimensions Equipments 
are given in Figure 5: 
The reset max air flow rate of the smart logic for 

summer occupancy scenario is 2400 cfm. The real 
time outside air and solar data in January and August 
of Omaha are used as the external inputs. A 24/7 
HVAC system running time is assumed and the 
conference room is always maintained the room 
temperature set point. The conference room is 
occupied between 9:00am to 11:00am. The 
differences between the base case and the improved 
case are listed in Table 2. 

 

 

 

 

 

 

 With reheat disabled and assuming there is no 
limitation on the outside intake for the conference 
room, the simulation results in Figure 6 show the 
primary air modulates between 0 cfm and 1500 cfm.  
The indoor air temperature can be kept no lower than 
70ºF for the whole August. About 48% time of the 
month there is no need for any conditioned air to 
maintain the room temperature. 

 

Figure 5: Geometry Dimensions of the Conference 
Room 
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Ceiling Internal Wall
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It is a room with one exterior wall facing the 
south. The other walls, floor and ceiling are adjacent 
to air-conditioned area. The window composes 50% 
surface area of the exterior wall. The critical 
parameters are given in Table 1. Simulation results also show, for the basic case, 

the reheat has to be on for almost all the August. This 
minimum air flow set point is limited to 800 cfm due 
to the IAQ requirement and the AHU out side air 
intake ratio. To reduce outside air intake and energy 
consumption, AHU side should take as less as 
possible outside air. A common measure is lowering 
the minimum set point but this is at the price of 
lowering IAQ of the conference room. The 
confliction between the two can be well handled with 

The conference room fresh air requirement is set 
as 400 cfm while the original design max and min air 
flow rates are 1600 cfm and 800 cfm respectively. It 
is easy to tell the actual fresh air intake of this 
conference room fluctuates and the IAQ could hardly 
be satisfied when the load varies. The situation might 
be worse when the AHU side OA intake ratio keeps 
at minimum in hot summer. 
Table 2: Operation Difference between Two Cases 
Summer Winter 

Occupancy Un-occupied Occupancy Un-Occupied 
 
Case # 

Primary 
Air (cfm) 

Reheat Primary 
Air (cfm) 

Reheat Primary Air (cfm) Reheat Primary 
Air (cfm) 

Reheat 

Base Case 800 -1600 0-100% 800 -1600  0-100%, 1ºF 
deadband 

Minimum, 800 0-100% Minimum, 
800 

0-100%, 1ºF 
deadband 

Improved 2400 0-100% 0-2400 Disable Reset based on 0-100% Minimum, 0-100% 

Case 
Table 1: Room Model Parameters 

Components Description 
Thermal Capacity 
(Btu/ft2 ºF) 

Thermal Resistance 
(ft2 h ºF/Btu)   

 

External Wall 
14.76 12.22 

Internal Wall 5.08 3.18 

Floor/Ceiling 20 3.1 

Glass 
Transmissivity 

Glass U-Value 
 (Btu/ ft2 h ºF) 

Window 

0.6 0.96 

Occupants 30 people at most, 250 Btu/h per capita 

Lights & 16 set, 306 Btu/h per set 
system OA intake 400 
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the improved smart logic. Figure 7 illustrates the 
cooling and reheating consumption of the basic case 
in the August. 

The reheating valve and coil modulate to 
maintain the room temperature by changing the 
discharge air temperature. Figure 8 gives the 
simulation result and shows the discharge air and 
room air temperature. The discharge air temperature 
varies from 55 ºF to 80ºF. 
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Figure 7: Energy Consumption of Basic Case 

 In August 

It is also shown the conference room is over 
cooled for most of the time when the room is not 
occupied. The reheating valve works to maintain the 
room temperature at 73ºF in the summer. The 
simultaneous heating-cooling causes energy waste. 

Figure 9 shows how the system is running with 
smart logic. The room temperature is well maintained 
and when the room is occupied, the discharge air is 
reheated to a higher temperature to satisfy the load 
due to more primary intake. Simulation shows the 
room temperature will not fluctuate much with well 
tuned control system. The difference of about 1  ºF 
difference will gradually be offset in 8 minutes. 
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Comparing the energy consumption of the two 
cases from Figure 10 and 8, it is easy to see the smart 
logic uses only about 40% cooling consumption of 
the basic case. The reheat consumption of smart case 
is only about 16% that of basic case. 

For the winter season, the smart logic reset the 
minimum air flow rate during the occupancy based 
on the AHU side fresh air intake ratio. When the 
outside air intake ratio is high, the minimum flow 
rate is low for the conference room. The IAQ is 
always the priority while keeping the energy saving. 
When the room is not occupied, the minimum air 
flow is reset to ensure the work of reheat. Actually, if 
the conference room is located in interior zone, this 
value can be set as 0 cfm. Due to IAQ consideration, 
the basic case uses 800 cfm as the year round 
minimum set point. For the two cases, they are all 
constant volume operation in winter while the smart 
case uses a kind of dynamic constant air volume logic. 
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Figure 10: Energy Consumption of Smart 
Logic in August 

Figure 11 shows the operation for one week in 
January. When it is occupied, the primary air stages 
to maintain the fresh amount and the conference 
room IAQ.  

The energy consumption of reheat for the two 
cases is illustrated in Figure 12. Since the outside air 
in January is cold, there is no cooling energy 
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consumption for the two cases. The improved case 
consumes about 70% reheating energy of the basic 
case with reset logic. The saving might be higher if 
the minimum airflow rate can be further reset based 
on outside air temperature. 

Heating load ratio hβ  can be determined by 
equation. 

gdeh
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=β                                                    (23) 

Omaha Bin data is provided to do the steady-
state energy calculation. The detailed Bin data 
information and calculated load ratio is shown in 
Table 3. 

5.3 Energy Consumption for Basic Case 

Minimum airflow ratio α is defined as 
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5.3.1 Cooling mode 

When αβ > , the cooling energy consumption 
is 
0

2

4

6

8

10

12

14

16

0 1 2 3 4

Time (Week)

A
cc

um
ul

at
ed

 E
ne

rg
y 

C
on

su
m

pt
io

n
(M

M
B

TU
)

Improve Case Total Reheat Basic Case Total Reheat

Figure 12: Energy consumption Comparison of 
the Two Cases 
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5. STEADY STATE MODEL 

When αβ ≤ , the cooling energy consumption 
is calculated by 

To easily calculate the energy use under existing 
control logic and improved logic year around, a 
steady state model is built and BIN data are used for 
the engineering analysis.  

cdesign

dischardesignpbcooling

Q

TTVCE

,

,, )(60

α

αρ

=

−=                 (26) 

5.1 Balance Point Temperature 
The reheating energy to compensate the 

excessive cooling is Assume the conference room temperature set 
point is 72°F whole year around and there is no 
internal heat gain when the room is unoccupied. Thus 
the balance point temperature for the occupied time 
can be calculated by equation 14. 
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Reheating energy consumption in heating mode 
can be calculated by For this conference room, the balance point 

temperature is 40°F in occupied time and 72°F in 
unoccupied time. )(60 supmin,, TTVCE dischpbhreheating −= ρ    (28)                           

Due to the heat balance, we have 5.2 BIN Data and Load Ratio 

hdesignardischp QTTVC ,,min )(60 βρ =−          (29) 
Cooling load ratio cβ can be calculated by 

equation. 
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Table 3: Omaha BIN data and load ratio 
Load ratio 

Cooling Heating Temp (°F) Total hours Occupied 
hours 

Unoccupied 
hours 

Occupied Unoccupied Occupied Unoccupied 
97 19 1.9 17.1 1.000 0.437 
92 130 13.0 117.0 0.913 0.350 
87 314 31.4 282.6 0.825 0.262 
82 415 41.5 373.5 0.738 0.175 
77 616 61.6 554.4 0.650 0.087 

N/A 

72 678 67.8 610.2 0.563 0.000 
67 786 78.6 707.4 0.475 0.068 
62 608 60.8 547.2 0.388 0.136 
57 572 57.2 514.8 0.300 0.204 
52 585 58.5 526.5 0.213 0.272 
47 513 51.3 461.7 0.125 0.340 
42 534 53.4 480.6 0.038 

N/A 

0.408 
37 639 63.9 575.1 0.039 0.476 
32 776 77.6 698.4 0.107 0.544 
27 537 53.7 483.3 0.175 0.612 
22 391 39.1 351.9 0.243 0.680 
17 269 26.9 242.1 0.311 0.748 
12 187 18.7 168.3 0.379 0.816 
7 100 10.0 90.0 0.447 0.884 
2 80 8.0 72.0 0.515 0.952 
-3 11 1.1 9.9 

N/A 

N/A 

0.583 1.020 
 

During unoccupied time, the reheating energy 
use is 
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            (36) 5.4 Energy Consumption for Improved Case 

5.4.1 Cooling mode 5.5 Energy Saving Calculation 
During occupied time, the cooling energy use is Total energy consumption for the basic case is 

cdesignimpocccooling QE ,,, 5.1=                           (32) 
breheatingbcoolingb EEE ,, +=                          (37) 

The reheating energy use is 
Total energy use of the improved case is 

cdesignimpcoccreheating QE ,,,, )5.1( α−=            (33) 

ireheatingimpcoolingimp EEE ,, +=                       (38) During unoccupied time, the cooling energy use 
is 

Energy saving ratioη  is 
cdesignimpunocccooling QE ,,, β=                           (34) 
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During occupied time, the reheating energy use 
is 5.6 Results 
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         (35) Based on the steady state model mentioned 

above, the cooling and reheating energy consumption 
throughout of the year for the basic case and 
improved case can be calculated. 



Figure 13 compares the cooling energy 
consumption between basic case and improved case. 
From Figure13, we can not see much mechanical 
cooling energy saving in quantity although the 
percentage is about 20%. The reason is free cooling 
consumption is not treated as part of energy 
consumption based on BIN data. But the excessive 
cooling air does consume more reheat energy. Figure 
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Figure 13: Cooling Energy Consumption

14 shows that the reheating energy consumption of 
basic case is far higher than that of the improved case. 
The reheating energy saving is 27%. 

By adding the cooling energy and reheating 
energy, the annual energy consumption can be 
obtained. Figure15 demonstrates the annual energy 
consumption of two cases. 

Based on Figure 15, the annual energy saving 
from the improve case can still be 25.7% while the 
fresh air amount to the conference room is always 
fully satisfied. 

 

6. CONCLUSION 

With regular design method and control logic, 
the maximum and minimum flow rate set points are 
determined by the design conditions and also the 
minimum ventilation requirement. Due to the 
confliction of IAQ requirement from conference 
room side and energy saving from AHU side, 
conference room always presents a challenge to the 
designer. 

With the smart logic proposed in this study, the 
dilemma can be solved with the improvement of both 
IAQ and energy saving. The logic is easy to 
implements with DDC system and occupancy sensor. 
Without considering the benefit to the AHU, the 
annual energy saving from the terminal box of the 
conference room is already about 25.7%. Meanwhile, 

the ventilation status of the conference room with the 
smart logic is fully satisfied. 

The dynamic modeling illustrates the feasibility 
of the smart logic and how the room is controlled 
under different scenarios. Outside air intake during 
the occupancy of the conference room is always 
ensured for IAQ consideration.  Room temperature 
can be well maintained with right terminal box 
selection. The steady state energy saving analysis 
based on BIN data supports the logic from 
engineering view. This smart algorithm can be 
applied to the HVAC system with critical fresh air 
intake requirement zone. 
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disch= discharge air 

sup= supply air 

b= basic case  
imp= improved case 8. NOMENCLATURE 
bal = balance Q = energy, Btu/h 
int= internal 

t , τ = time, s win , wall = window and wall respectively 

c , = cooling and reheating respectively hC = thermal capacity , Btu/ft2 ºF or specific heat, 
Btu/lb ºF design = design condition 

occ= occupy scenario R = thermal resistance, ft2 ºF h/Btu 
unocc= unoccupied scenario 

q = solar radiation, Btu/ft2 h 

p = position or distance, ft 

r = slew rate, ft/m 

T = temperature, °F 

K = gain 

E = energy consumption, Btu 

ρ = density, lb/ft3 

U = U-value, Btu/ ft2 h ºF 

A = area, ft2 

minV = minimum volumetric flow rate set point,  
cfm 

designV = design volumetric flow rate,  cfm 

 

Unclaimed subscripts: 

i, o, a, w = inside air, outdoor air, air and water 
respectively 
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