Functional Testing Guidance
Demand-controlled Ventilation

This functional testing guidance is designed to aid in developing test procedures for a specific project by describing the steps involved in testing. The guidance should be adapted as necessary to address the control sequences, configuration, and performance requirements of the particular system being tested.  Additionally, codes may require specific testing procedures that may not be addressed in this document.  All tests based on this guidance should be reviewed carefully to ensure that they are complete and appropriate.

Test Procedure: Demand-Controlled Ventilation
Overview 

A demand-controlled ventilation (DCV) control strategy adjusts the quantity of outdoor ventilation air supplied to a zone by a central air handling unit based on the ventilation rate required to provide adequate indoor air quality.  A significant amount of heating and cooling energy can be saved by supplying just enough ventilation air to satisfy zone load requirements. The objective of testing the demand-controlled ventilation control strategy is to ensure that outdoor ventilation air is adjusted as necessary to meet zone loads as they vary with time.  The following procedures will assist with:

· Ensuring all system prefunctional checklists are complete prior to executing system tests

· Verifying demand-controlled ventilation control strategy operates as intended for both constant and variable air volume zones and air handling systems
· Verifying zone minimum ventilation air requirements are met under varying operating conditions

Verifying that zone demand-controlled ventilation control strategy interacts with zone terminal units and air handling units’ economizer control sequence correctly

Control Strategy Considerations
The amount of outdoor air that must be included in the supply air stream is generally determined by a combination of varying and non-varying factors.

Non-varying requirements:

· Make-up requirements for direct exhaust from the zone(s) served

· Design excess air for building pressurization

Amount of air necessary to dilute non-occupant sources of contaminants (i.e. glues, solvents, cleaning solutions, carpeting, fabrics and materials, office equipment, water vapor and other particulates)

Varying requirements:

· Amount of air necessary to dilute occupant-based contaminants like bio-effluents (i.e. body odors)
Non-Varying Outdoor Air Requirements

For most building types, the amount of outdoor air necessary for exhaust make-up and design excess air for building pressurization are fixed values that do not vary over time.  The off-gassing from materials like carpets, fabrics, adhesives, and furnishings will initially be very high when the building is new, but typically decrease to a much lower steady-state (i.e. fixed) emission rate over time as the building ages.  In addition, odors and contaminants from cleaning products and solvents, office equipment and materials, or off-gassing from new products (merchandise in a retail store for example), may not vary over time and require a constant volume of outdoor air to maintain adequate indoor air quality.  The sum of these three variables will set the base minimum ventilation requirement for the system.  Note however, if the quantity of direct exhaust air exceeds the design, non-occupant pollutant air flow rate, it will not be necessary to introduce any additional ventilation air into the supply air other than the amount needed to offset the air exhausted from the building.
Varying Outdoor Air Requirements

The amount of air necessary to dilute occupant-based contaminants varies with the number of occupants and their activity levels.  The total design minimum ventilation rate is the sum of the base minimum ventilation rate (described above) and the occupant-based ventilation requirements.  The base minimum ventilation rate is typically about 20% to 30% of total design minimum ventilation.  Most building codes and standards require that minimum ventilation flow rate be adequate to satisfy a design occupant load and typically refer to meeting ASHRAE Standard 62.1-2004 requirements.  However, design occupant load is rarely achieved under normal building operation.  Hence, buildings tend to be over-ventilated which wastes a significant amount of energy over time.  In response, DCV is becoming more widely accepted across the HVAC industry because it varies the amount of outdoor air provided depending on demand within the building.
Demand for Ventilation in Zones
It is exceedingly difficult, if not impossible, to directly measure the demand for outdoor air.  Some control strategies may vary ventilation air flow rate based on whether particular zones are occupied via occupancy sensors.  If various zones are unoccupied, the ventilation rate can be reduced.  Once the zone is occupied, the ventilation rate would most likely be increased to design ventilation air flow requirements regardless of whether the zone is at design occupancy.  This control strategy can be effective but it is not optimum since the ventilation air flow rate is not varied based on actual demand with the respective zones.

The most common parameter used to estimate actual demand is the concentration of carbon dioxide (CO2) within respective zones.  CO2 is generated by humans at varying rates based on age, diet, and physical activity.  When the ventilation rate per occupant is low, the concentration of contaminant gases and particulates, as well as CO2, begin to build up within the space.  Although carbon dioxide is not considered a contaminant at the concentration levels typically found in most buildings, a high CO2 concentration indicates insufficient ventilation.  And since the concentration of CO2 gas is easily measured, it can be used to vary the ventilation rate to maintain acceptable indoor air quality.
Appropriate CO2 Setpoints

Building codes and standards typically require that a specific outdoor ventilation air flow rate (in CFM/person) be provided to a building based on the occupancy category of the zone(s) being served.  For example, ASHRAE Standard 62.1-2004 stipulates an overall ventilation rate of 17 CFM/person for an office environment in order to dilute both occupant-based human bio-effluents and non occupant-based contaminants generated within the space.  The mass balance method outlined in Appendix C of ASHRAE Standard 62.1-2004 demonstrates that a steady-state CO2 concentration of approximately 700 parts-per-million (PPM) above the concentration in the outdoor air (typically ranging between 300 PPM and 500 PPM), is equivalent to a ventilation rate of approximately 15 CFM/person.  To be conservative and account for variations among people and activity levels, maintaining an absolute CO2 concentration setpoint ranging between 900 PPM and 1100 PPM within the zones served by each air handling unit will provide adequate ventilation for the typical office.  Refer to Appendix C of ASHRAE Standard 62.1-2004 for a detailed derivation and rationale for minimum ventilation requirements based on CO2 concentration.  Additional analysis may be necessary to ensure adequate indoor air quality as well as satisfy applicable codes and standards if the activity level, ventilation rate, or outdoor CO2 concentration for a specific project is different than the mass balance calculation outlined in Appendix C of ASHRAE Standard 62.1-2004.

Constant Volume System Considerations
A demand-based ventilation control strategy can be applied to both constant volume and variable air volume air handling systems.  In a constant volume application, the outdoor air dampers are typically modulated between the base minimum and design minimum ventilation flow rates to maintain a CO2 concentration setpoint, which is a fairly simple control strategy to implement.

Note that the economizer control loop will interact with the demand-controlled ventilation control loop.  Whichever control loop is calling for the highest amount of outdoor air should take precedence.  For example if the economizer loop is driving the outdoor air dampers open to provide free cooling, the dampers should not close because zone CO2 concentrations are below setpoint.  In contrast, the outdoor air dampers should be driven toward the design minimum ventilation flow rate if any zone CO2 concentration exceeds setpoint even if free cooling is neither available nor needed (i.e. economizer is locked out or the economizer loop output signal is zero).  This control strategy is illustrated in Figure 1.
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Figure 1  Outdoor Air Damper Control with Demand-controlled Ventilation
Variable Air Volume System Considerations
In a variable air volume system, the minimum air flow rate delivered by an individual VAV box to its respective zone is typically based on providing adequate ventilation for the occupants within that zone.  The overall minimum outdoor air flow rate added to the supply air stream at the central air handling unit is determined by the ventilation requirements of all the zones served.  Hence as building occupancy varies within each zone, the individual VAV box damper as well as the central air handling unit outdoor air damper can be adjusted to satisfy ventilation requirements based on CO2 concentration.
VAV Box Control

When the CO2 concentration for an individual zone is below setpoint, the minimum ventilation flow rate setpoint for that VAV box is reset to its base minimum ventilation flow rate value.  As occupancy increases and the CO2 concentration within the zone begins to rise above setpoint, the minimum ventilation flow rate setpoint is reset upwards toward its design minimum ventilation flow rate value to satisfy the CO2 setpoint. 
Note that CO2 concentration only impacts the minimum ventilation flow rate setpoint for the VAV box.  Actual flow rate delivered by the VAV box to the zone will be controlled based on maintaining zone temperature setpoint.  Typical VAV box control is illustrated in Figure 2.  Also keep in mind that the base minimum ventilation flow rate value for a VAV box is dependent on the minimum flow rate to which the particular VAV box can be controlled, as well as any specific operating requirements.  For example, the minimum air flow rate necessary for an electric reheat element to become and remain enabled may exceed the minimum flow determined by the demand-controlled ventilation control loop.  In this case, the CO2 control loop output may be overridden if the zone is calling for heat.
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Figure 2  VAV Box Control with Demand-controlled Ventilation
AHU Outside Air Damper Control
Control of the outdoor air damper in a variable air volume system is very similar to that of a constant volume system.  The outdoor minimum ventilation setpoint is at the base minimum ventilation flow rate value until one VAV box is at its design minimum ventilation flow rate value and zone CO2 concentration continues to rise.  At this point, the outdoor air ventilation setpoint will be reset upwards towards the design minimum ventilation flow rate value and the outdoor air damper will modulate open.

As with a constant volume system, CO2 concentration only impacts the minimum ventilation flow rate.  The economizer control loop takes precedence over the demand-controlled ventilation control loop (refer to Figure 1).  However, resetting the minimum damper position in a variable air volume system is significantly more complicated than in a constant volume system depending on the actual control strategy employed to regulate outdoor air intake (common control strategies include fan tracking, flow tracking, direct flow measurement, mixed plenum pressure, injection fan, and energy balance method).  Due to the increased complexity of the control sequences, some designers may opt for just controlling the VAV box and leave the minimum ventilation setpoint for the air handler fixed at the design minimum value.
An example operating sequence for controlling both the VAV box and outdoor air damper in a variable air volume system is illustrated below.
· The minimum ventilation flow rate setpoint for each VAV box is at its respective VAV base minimum ventilation flow rate value when zone CO2 concentration is below setpoint.  The minimum outdoor ventilation flow rate setpoint for the central air handling unit is at the AHU base minimum ventilation flow rate value when ALL zone CO2 concentrations are below setpoint.  As an individual zone CO2 concentration increases above setpoint, the minimum ventilation flow rate setpoint for that VAV box is reset linearly from the VAV base minimum to VAV design minimum ventilation flow rate value as the CO2 control loop output value ranges between 0% and 50%.  The minimum outdoor ventilation flow rate setpoint at the central air handling unit remains at the AHU base minimum ventilation flow rate value.  If the CO2 control loop output value for ANY zone exceeds 50%, the minimum outdoor ventilation flow rate setpoint is reset linearly from the AHU base minimum to AHU design minimum ventilation flow rate value as the CO2 control loop output value ranges between 50% and 100%.
The control strategy is graphically represented in Figure 3.
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Figure 3  VAV Box and AHU Outdoor Air Damper Control
Sensor Location

Regardless of system type, location of the CO2 sensor can significantly impact overall control and system performance.  Examples of the common locations are provided below.

· Return Air CO2 Measurement.  A common strategy is to install a single CO2 sensor in the return air stream of the air handling unit.  This method can be effective if the unit is serving large open spaces where concentration levels are uniform across the entire zone – for example large office spaces, theaters, lecture halls, classrooms, or churches.  It will be less effective if the unit serves multiple spaces, especially if some are enclosed with the potential for temporary high occupancy loads (i.e. conference rooms, lunch rooms, assembly areas, etc.).  The reason is that transient CO2 concentration in these zones may exceed safe limits, but the ventilation rate might not be adjusted if total return air concentration is below setpoint (due to dilution from other over-ventilated zones).  This method is also ineffective at controlling minimum ventilation rates at the zone level in variable air volume applications.
· Critical Zone(s) CO2 Measurement.  An alternate method is to install CO2 sensors in all of the critical zones served by the central air handling unit.  The critical zone(s) can be any enclosed space with the potential for temporary high occupancy loads.  The local sensor(s) will ensure that the ventilation rate is adjusted as necessary to meet the requirements of the zone with the highest concentration, and the general return air sensor can be used to set overall minimum ventilation rates or control VAV boxes serving “open areas,” especially if the building is in partial use during unoccupied periods.  This method will be more expensive since additional sensors, wiring, and control points must be installed.  In addition, the control sequences will require additional programming, but will yield better indoor air quality.  This is the recommended control option for multi-zone constant volume systems and variable air volume air handling systems.
Test Conditions

The test can be performed under any condition.  Care should be taken when verifying economizer interaction if the outdoor air temperature is below freezing.  Ensure the freezestat or similar safety/interlock is functioning correctly to protect the air handling unit during the test.  The test can be performed regardless of building occupancy.
Test Equipment

The following equipment may be necessary to conduct this test procedure. 

· Cylinder with a known concentration of CO2  to calibrate sensor
· Air flow measurement device (Shortridge, anemometer, etc.)
Digital temperature measurement device
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Preparation
1.1
Create a test form. Testing will be easier if the test procedure is thought through and documented before conducting the test.   Developing a test form will assist in data collection and subsequent evaluation, as well as allow less experienced staff to execute the test.
1.2
Determine acceptance criteria.  In a constant volume system, the outdoor air minimum ventilation setpoint should be reset between the base minimum and design minimum ventilation flow rate values in order to maintain CO2 concentration setpoint.   For variable air volume systems, each VAV box minimum ventilation setpoint should be reset between its respective base minimum and design minimum ventilation flow rate values in order to maintain zone CO2 concentration setpoint.  In addition, the outdoor air minimum ventilation setpoint may also be reset between the base minimum and design minimum ventilation flow rate values based on the zone with the highest CO2 concentration.  All measured flow rates should be within ±10%
 of setpoint.  Flow measurements can be made by many methods including but not limited to duct traverse, measuring air velocity across intake, reading measurements from installed flow meters (if factory or field calibrated), or using a hand-held flow device like a hot-wire anemometer.
1.3
Provide instructions/precautions.  If performing the test during subfreezing atmospheric conditions, ensure proper care is taken to prevent freezing of the coil(s) when verifying economizer interaction.  Be sure to have an emergency “exit” strategy in place should the test need to be aborted prior to completion.  If a test fails, the source of the failure should be identified and conveyed to the proper authority.  The system should be retested once the repairs are complete. 

1.4
Specify participants and roles/responsibilities.  The testing guidance provided in this document can assist in verifying proper system performance in both new construction and existing building applications.  At a minimum, the following people should participate in the testing process.  Refer to the Functional Testing Basics section of the Functional Test Guide for a description of the general role and responsibility of the respective participant throughout the testing process.  The roles and responsibilities should be customized based on actual project requirements.

	New Construction Project
	Existing Building Project

	Commissioning Provider
	Commissioning Provider

	Mechanical Contractor
	Building Operating Staff

	Control Contractor
	Controls Contractor


2.
General System Inspection
2.1
Review all prefunctional checklists for completeness.  Prior to performing any functional tests, the commissioning pre-start, start-up, and prefunctional checklists should be completed, as well as applicable manufacturer's pre-start and start-up recommendations.
Prefunctional checklists include, but are not limited to, the following:
CO2 sensor(s) has either calibration certificate from the manufacturer or is field calibrated

Sensor(s) is installed per the location specified on the plans

All air handling unit(s) being tested have been functionally tested and are capable of serving normal operating loads
All terminal unit(s) being tested have been functionally tested and are capable of serving normal operating loads
Air system has been balanced per design
All safeties and interlocks have been tested and are operational
All sequence of operations are programmed per design
3.
DCV Test Procedures – Constant Volume Systems
3.1
Verify base minimum outdoor air ventilation flow rate.  Prior to performing the test, disable the economizer control loop to prevent unwanted interaction.  Simulate a low CO2 concentration by raising the setpoint for all CO2 sensors significantly above the zone CO2 level.
Check the following:
3.1.1
The outdoor air damper modulates to the base minimum damper position as determined when the air handling system was balanced.

3.1.2
The measured outdoor air ventilation rate is within ±10% of the specified value.
3.2
Verify design minimum outdoor air ventilation flow rate.  Continuing from step 3.1, leave the economizer control loop disabled.  Simulate a high CO2 concentration by lowering the setpoint for one of the CO2 sensors significantly below the zone CO2 level.
Check the following:

3.2.1
The outdoor air damper modulates to the design minimum damper position as determined when the air handling system was balanced.
3.2.2
The measured outdoor air ventilation rate is within ±10% of the specified value.
3.3
Verify economizer interaction.  Simulate a low CO2 concentration by raising the setpoint for all carbon dioxide sensors installed well above the zone CO2 level.  Re-enable the economizer control loop and adjust the economizer lockout setpoint as necessary depending on the control strategy used so that the economizer will not become disabled during the test.  For dry-bulb or enthalpy single-point changeover strategy, raise the economizer lockout setpoint significantly above current outdoor air conditions.  For dry-bulb or enthalpy differential changeover strategy, raise the measured return air condition value significantly above current outdoor air conditions.  Simulate a call for cooling by lowering the cooling control loop setpoint (typically discharge air temperature) or, if applicable, the independent economizer control loop setpoint (which is typically based on mixed air temperature) to 50(F.
Check the following:

3.3.1
The outdoor air damper starts from the base minimum damper position as determined when the air handling system was balanced.
3.3.2
The outdoor air damper modulates toward a full open position (refer to Figure 1).
3.4
Return system to normal.  Once all tests are complete, return all control parameters back to original setpoints and conditions per the design sequence of operations.

4.
DCV Test Procedures – Variable Air Volume Systems

4.1
Verify base minimum VAV box ventilation flow rate.  Simulate a low CO2 concentration by raising the setpoint for each CO2 sensors significantly above the zone CO2 level.  To simulate a low cooling load without enabling reheat, adjust zone cooling temperature setpoint 5(F above current space temperature and zone heating temperature setpoint (if applicable) 5(F below current space temperature.  
Keep in mind that each VAV box must be tested individually.  Hence, this step must be repeated until all VAV boxes that are employing DCV have been tested.
Check the following:

4.1.1
The VAV box damper modulates to the base minimum damper position as determined when the air handling system was balanced.
4.1.2
The measured VAV box flow rate is within ±10% of the specified value.
4.2
Verify design minimum VAV box ventilation flow rate.  Continuing from step 4.1, keep the zone cooling temperature setpoint 5(F above and zone heating temperature setpoint (if applicable) 5(F below current space temperature.  Simulate a high CO2 concentration by lowering the setpoint for each CO2 sensors significantly below the zone CO2 level.  Again, this step must be repeated until all VAV boxes that are being controlled have been tested.
Check the following:

4.2.1
The VAV box damper modulates to the design minimum damper position as determined when the air handling system was balanced.
4.2.2
The measured VAV box flow rate is within ±10% of the specified value.
4.3
Verify base minimum AHU outdoor air ventilation flow rate at reduced supply fan speed.  Release all of the zone temperature setpoint changes.  Command all VAV box dampers being controlled by CO2 to their respective base minimum ventilation flow setpoints and command all non-controlled VAV boxes to their respective minimum damper positions.  This should simulate a low cooling load and allow the supply fan speed to slow down.  Simulate a low CO2 concentration by raising the setpoint for all CO2 sensors significantly above the zone CO2 level.
Check the following:

4.3.1
Supply fan speed slows down towards minimum speed.

4.3.2
The measured outdoor air ventilation rate is within ±10% of the specified base minimum ventilation flow rate value.
4.4
Verify base minimum AHU outdoor air ventilation flow rate at full supply fan speed.  Continuing from step 4.3, leave CO2 setpoint significantly above the zone CO2 level.  Command all VAV box dampers (those controlled and not controlled by CO2) to their respective maximum ventilation flow setpoints.  This should simulate a full cooling load and allow the supply fan speed to increase.

Check the following:

4.4.1
Supply fan speed increases to full speed.

4.4.2
The measured outdoor air ventilation rate is within ±10% of the specified base minimum ventilation flow rate value.
4.5
Verify design minimum AHU outdoor air ventilation flow rate at reduced supply fan speed.  Command all VAV box dampers being controlled by CO2 to their respective design minimum ventilation flow setpoints and command all non-controlled VAV boxes to their respective minimum damper positions.  This should simulate a low cooling load and allow the supply fan speed to slow down.  Simulate a high CO2 concentration in one zone by lowering the respective CO2 setpoint significantly below the zone CO2 level.
Check the following:

4.5.1
Supply fan speed slows down towards minimum speed.
4.5.2
The measured outdoor air ventilation rate is within ±10% of the specified design minimum ventilation flow rate value.
4.6
Verify design minimum AHU outdoor air ventilation flow rate at full supply fan speed.  Continuing from step 4.5, leave CO2 setpoint for the selected zone significantly below the zone CO2 level to simulate a high CO2 concentration.  Command all VAV box dampers (those controlled and not controlled by CO2 to their respective maximum ventilation flow setpoints.  This should simulate a full cooling load and allow the supply fan speed to increase.

Check the following:

4.6.1
Supply fan speed increases to full speed.

4.6.2
The measured outdoor air ventilation rate is within ±10% of the specified design minimum ventilation flow rate value.

4.7
Verify economizer interaction.  Simulate a low CO2 concentration by raising the setpoint for all CO2 sensors significantly above the zone CO2 level.  Re-enable the economizer control loop and adjust the economizer lockout setpoint as necessary depending on the control strategy used so that the economizer will not become disabled during the test.  For dry-bulb or enthalpy single-point changeover strategy, raise the economizer lockout setpoint significantly above current outdoor air conditions.  For dry-bulb or enthalpy differential changeover strategy, raise the measured return air condition value significantly above current outdoor air conditions.  Simulate a call for cooling by lowering the cooling control loop setpoint (typically discharge air temperature) or, if applicable, the independent economizer control loop setpoint (which is typically based on mixed air temperature) to 50(F.
Check the following:

4.7.1
The outdoor air damper starts from the base minimum damper position as determined when the air handling system was balanced.
4.7.2
The outdoor air damper modulates toward a full open position (refer to Figure 1).
4.8
Return system to normal.  Once all tests are complete, return all control parameters back to original setpoints and conditions per the design sequence of operations.

� note the 10% value is from California Title 24 acceptance testing requirements
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