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Executive summary: When dampers fail, occupants
suffer

A 56-story Class A office tower on Sheikh Zayed Road experienced severe indoor air
quality degradation affecting floors 23-24 when fresh air dampers failed in their closed
position. Within three hours of the failure, CO2 concentrations exceeded 1,800 ppm
while humidity climbed to 68%, triggering widespread occupant complaints of
headaches, drowsiness, and respiratory discomfort. The investigation revealed that a
combination of damper actuator failure and inadequate monitoring allowed the condition
to persist undetected for four days. Implementation of automated damper controls
with real-time airflow monitoring and building pressurization management
resolved the issue within 24 hours, reducing CO2 levels by 54% and achieving full
regulatory compliance. This case demonstrates the critical importance of fail-safe
damper systems and continuous IAQ monitoring in Dubai's extreme climate, where
sealed building envelopes and continuous HVAC operation create zero-tolerance
conditions for ventilation failures. The $180,000 retrofit investment delivered a 1.8-year
payback through energy savings while eliminating health and productivity risks affecting
450 daily occupants.

Background: A Sheikh Zayed Road tower faces
invisible threats

The subject building, Al Nakheel Tower (pseudonym), is a 56-story mixed-use
development completed in 2018 on Sheikh Zayed Road in Dubai's central business
district. The tower features a glass curtain wall facade with high-performance reflective
glazing, typical of Dubai's modern commercial architecture. Floors 23-24 house the
regional headquarters of a multinational consulting firm, occupying 3,200 square meters
with approximately 450 employees working in open-plan and private office
configurations.

Building characteristics:

Total height: 247 meters (810 feet)

Floor plate: 1,600 m? typical (17,200 sf)

Occupancy density: 7 persons per 100 m? (design)

HVAC system: Central chilled water with variable air volume (VAV) serving

multiple air handling units per floor

« Fresh air provision: Dedicated outdoor air system (DOAS) with one AHU per
two floors

o Climate zone: ASHRAE 1A (Very Hot - Humid)



The HVAC system was designed to maintain indoor conditions at 23-24°C and 45-55%
relative humidity year-round, despite Dubai's extreme outdoor conditions (40-48°C
summers with 60-90% humidity). The sealed building envelope relies entirely on
mechanical ventilation, with fresh air dampers controlled by pneumatic actuators
installed during original construction.

The problem: Silent deterioration of indoor air quality

On Monday, June 12, 2023, at approximately 10:00 AM, facility management received
multiple complaints from floors 23-24 regarding "stuffy air," headaches, and difficulty
concentrating. Initial investigation found no obvious HVAC malfunctions—supply fans
were operating, and thermostats indicated normal temperature setpoints. However,
occupant complaints intensified throughout the day, with 37 employees reporting
symptoms by 3:00 PM.

Immediate symptoms reported:

Headaches and drowsiness (82% of complainants)
Difficulty concentrating (68%)

Eye and throat irritation (45%)

Fatigue and lethargy (71%)

Perception of "stale" or "heavy" air (100%)

The building management company deployed portable IAQ monitors on Tuesday
morning, revealing alarming conditions that had developed over the previous four days.
The fresh air dampers serving floors 23-24 had failed in the fully closed position
on Friday, June 9, but the failure went undetected due to inadequate monitoring
and lack of airflow measurement at outdoor air intakes.

Root cause analysis
Investigation by the HVAC contractor identified multiple contributing factors:

Primary cause - Damper actuator failure: The pneumatic actuator controlling the

fresh air damper had developed an internal diaphragm leak, preventing the damper
from opening despite receiving control signals from the building automation system

(BAS). The BAS displayed "normal" damper position because it relied on the control
signal output rather than actual position feedback. With the damper fully closed, the
AHU recirculated 100% return air with zero outdoor air intake.

Contributing factors:
o No airflow measurement: The system lacked airflow stations to verify actual

outdoor air delivery versus design requirements (2,400 CFM per floor, 8 L/s per
person minimum per ASHRAE 62.1)



« Inadequate BAS monitoring: No differential pressure sensors across dampers
to detect stuck/closed conditions

« Maintenance gap: Pneumatic actuators were beyond their 10-year service life
without replacement

o Stack effect amplification: Dubai's summer conditions created reverse stack
effect (cool indoor air sinking), with the tower's 247-meter height generating
approximately 0.4 inches water column (100 Pa) pressure differential. This
pressure worked against proper damper operation when the actuator weakened

« Building pressurization loss: With outdoor air dampers closed, the building
shifted from designed +0.03 inches w.c. positive pressure to -0.02 inches w.c.
negative pressure, allowing uncontrolled infiltration of hot, humid outdoor air
through envelope leaks

Baseline monitoring data: Quantifying the crisis

Continuous IAQ monitoring was established from Tuesday, June 13 through Monday,
June 19, with intervention implemented on Friday, June 16. Measurements were taken
at 15-minute intervals using calibrated monitoring equipment (TSI Q-Trak Plus Model
8554 for CO2/temp/humidity, TSI DustTrak for PM2.5, Graywolf AdvancedSense Pro for
TVOC/formaldehyde).

Pre-intervention conditions (Days 1-4: June 13-16, Problem State)

Monday, June 13 - Typical Problem Day:

Time CO2 TVOC HCHO PM2.5 Temp RH Pressure
(ppm)  (ug/m?) (ug/m?) (ug/m?) °C) (%) (Pa)

08:00 920 485 195 32 23.8 56 -5

10:00 1,350 625 228 38 24.5 61 -8

12:00 1,720 785 265 45 25.2 65 -10

14:00 1,950 920 298 53 25.8 68 -12

16:00 2,140 1,085 335 62 26.3 70 -14

18:00 1,680 825 285 48 25.6 66 -9

22:00 620 420 175 28 23.5 54 -3

Peak problematic readings (Thursday, June 15, 2:00 PM):

CO2: 2,285 ppm (186% above ASHRAE limit)

TVOC: 1,240 ug/m?® (313% above Dubai Municipality standard)
Formaldehyde: 365 pg/m? (74% above 8-hour limit)

PM2.5: 68 pg/m?® (94% above Dubai 24-hour standard)
Temperature: 26.8°C (1.3°C above design maximum)

Relative Humidity: 72% (17% above Dubai Municipality maximum)
Building pressure: -15 Pa (negative pressurization)



Critical observations: CO2 concentrations accumulated at approximately 180-220
ppm per hour during occupied periods, consistent with 450 occupants generating
metabolic CO2 at 0.0052 L/s per person in a sealed 9,600 m?® space (3,200 m? x 3m
ceiling). The exponential rise pattern followed the single-zone mass balance equation,
indicating near-zero outdoor air exchange. Humidity rose concurrently at 2.5-3.5% per
hour, demonstrating the strong correlation (R? = 0.94) between CO2 and moisture
accumulation when ventilation fails.

TVOC concentrations elevated due to occupant-generated compounds (personal care
products, office equipment emissions) plus reduced dilution ventilation. PM2.5 levels
exceeded healthy ranges despite the building's sealed envelope, attributed to outdoor
air infiltration through envelope leaks under negative pressure conditions combined with
internal sources (printing, cooking from break room).

Comparison to regulatory standards

Dubai Municipality Technical Guidelines (DM-HSD-GU119-IAQ V3) Compliance:

Parameter Dubai Limit (8-hr) Peak Measured Compliance Status

CcO2 800 ppm 2,285 ppm X 186% exceedance
TVOC 600 pg/m?3 1,240 pg/m? X 107% exceedance
HCHO 210 yg/m?3 365 pug/m? X 74% exceedance
PM2.5 35 ug/m?® (24-hr) 68 ug/m? X 94% exceedance
Temperature 22.5-25.5°C 26.8°C X Out of range

RH 20-60% 72% X 20% exceedance

ASHRAE Standard 62.1-2022 Compliance:

e Minimum outdoor air requirement: 2,400 CFM per floor (8 L/s x 450 people)
e Measured outdoor air delivery: 0 CFM (dampers closed)
« Compliance status: Complete failure

Health impact assessment: Based on EPA BASE Study correlations and Harvard
decision-making research, the measured CO2 concentrations (1,700-2,300 ppm
sustained for 6+ hours daily) created conditions associated with:

e 40-50% reduction in cognitive function test scores

e Increased odds ratios for sick building syndrome symptoms: throat irritation (OR
1.8), nose/sinus symptoms (OR 1.6), wheezing (OR 1.5)

o Productivity losses estimated at 8-15% based on attention and decision-making
impairment

Technical analysis: Understanding the failure cascade



Stack effect in Dubai's summer climate

Dubai's extreme summer conditions create unique challenges for tall building HVAC
systems. The tower's 247-meter height combined with indoor-outdoor temperature
differentials generates significant stack pressures following the equation:

APs =0.0000274 x H x AT
Where:

e H =247 meters (810 feet)
e AT = Temperature differential (indoor - outdoor in °F)

Summer stack effect calculation:

e Outdoor temperature: 45°C (113°F)

e Indoor temperature: 24°C (75°F)

o Temperature differential: -21°C (-38°F, indoor cooler)

« Reverse stack pressure: -0.42 inches w.c. (-105 Pa)

This reverse stack effect creates depressurization at upper floors (where floors 23-24
are located), making it difficult for fresh air systems to overcome the natural pressure
gradient. When the actuator weakened, it lacked sufficient force to open the damper

against this combined pressure (stack effect + duct static pressure).

Pressure cascade and IAQ degradation
Normal operation pressure balance:

o Design outdoor air intake: 2,400 CFM
o Design exhaust/relief air: 2,160 CFM
e Net building pressurization: +240 CFM = +0.03 in. w.c. (+7.5 Pa)

Failure condition pressure balance:

e Actual outdoor air intake: 0 CFM (dampers closed)
e Actual exhaust: 2,160 CFM (continued operation)
e Net building depressurization: -2,160 CFM = -0.06 in. w.c. (-15 Pa)

This negative pressurization had cascading effects. Uncontrolled infiltration occurred
through envelope penetrations, elevator shafts, and stairwell doors, introducing hot
(45°C), humid (80% RH) outdoor air. The infiltration air contained elevated PM2.5 from
Dubai's desert environment (outdoor concentrations 65-80 pg/m?® during monitoring
period). However, infiltration rates remained insufficient to meet ventilation
requirements, delivering an estimated 800 CFM versus the required 2,400 CFM.



CO2 and humidity correlation mechanics

The strong correlation between CO2 and humidity (R? = 0.94) during the failure period
illustrates fundamental building science principles. Human occupants simultaneously
generate both contaminants:

o CO2 generation: 0.0052 L/s per person (office work at 1.2 metabolic equivalents)
o Moisture generation: 40-50 grams per hour per person (respiration and
perspiration)

In a sealed space with 450 occupants and negligible outdoor air:

e« CO2 accumulation rate: 180-220 ppm/hour
e Moisture accumulation rate: 2.5-3.5% RH/hour

This synchronized accumulation creates the diagnostic signature of ventilation failure—
when both parameters rise together in step, it indicates inadequate outdoor air delivery
rather than localized sources.

Dubai-specific exacerbating factors

Sealed envelope dependency: Modern Dubai towers use continuous mechanical
ventilation with no operable windows, a necessity given outdoor conditions (45°C, 80%
RH) that make natural ventilation impossible. This creates zero redundancy—when
mechanical systems fail, no alternative ventilation pathway exists.

Elevated outdoor pollutants: Dubai's desert environment and construction activity
result in elevated baseline outdoor PM2.5 (55-70 ug/m? typical) and PM10 (80-120
pug/m?3). Properly filtered outdoor air (MERV 13+) reduces these levels to acceptable
ranges (20-35 pg/m?3). However, uncontrolled infiltration through envelope leaks
bypasses filtration, introducing dust directly into occupied spaces.

Continuous cooling loads: Dubai's climate requires year-round cooling from April
through October, with HVAC systems operating 6+ months continuously. This extended
operation cycle accelerates equipment wear, particularly on actuators and dampers that
modulate frequently. The harsh environment (heat, humidity, sand infiltration) degrades
pneumatic seals and mechanical components faster than in temperate climates.

Moisture management challenges: Maintaining 45-55% indoor RH in Dubai requires
continuous dehumidification. When the system failed and hot, humid outdoor air

infiltrated, the cooling coils worked overtime to remove moisture, but without adequate
outdoor air delivery, the space humidity still rose. The cooling system's latent capacity
was overwhelmed by infiltration loads while starved of proper ventilation air for dilution.

Solution implementation: Restoring healthy indoor air



The engineering team developed a comprehensive three-phase solution addressing
immediate occupant relief, root cause correction, and long-term system resilience.

Phase 1: Emergency intervention (Day 4, June 16, 10:00 AM)

Immediate actions: The failed pneumatic actuator was bypassed using manual
damper positioning. Maintenance technicians physically cranked the damper to 100%
open position using the emergency hand crank, immediately restoring outdoor air
delivery. Supply fan speeds were increased by 15% to overcome the increased static
pressure from the fully open damper (which was oversized for fail-safe operation).

Results within 2 hours:

e CO2 decreased from 1,850 ppm to 1,120 ppm (39% reduction)
e Temperature stabilized at 24.2°C

o Relative humidity began declining from 67% to 61%

o Building pressure recovered to +0.01 in. w.c. (+2.5 Pa)

Results within 6 hours (end of workday):

e« CO2 reached 780 ppm (58% reduction from peak)

« TVOC decreased to 485 pg/m?® (61% reduction)

o PM2.5 declined to 28 pg/m?® as outdoor air filtration resumed

e Occupant complaints ceased; no further symptom reports

The rapid improvement validated the root cause diagnosis and demonstrated the
effectiveness of proper outdoor air delivery.

Phase 2: Permanent actuator replacement (Days 5-6, June 17-18)
Equipment specifications:

o New actuator: Belimo LMB24-SR-T spring-return electric actuator (replacing
pneumatic)

o Torque rating: 133 Ib-in (15 Nm), sufficient to overcome Dubai's stack effect
pressures

e Control signal: 0-10V DC modulating with 2-10V position feedback

« Fail-safe position: Spring-return to minimum ventilation position (30% open,
field-adjustable)

e Operating time: 90 seconds for 95° rotation

o Environmental rating: IP54 (dust and moisture resistant)

Control integration: The new electric actuator integrated with the existing building
automation system (Siemens Desigo) via BACnet communication protocol.
Programming included:



Proportional-integral (P1) control loop for precise modulation

Minimum position enforcement: Never less than 30% open during occupied
mode (ensures 2,600 CFM minimum)

Position feedback verification: Alarm generated if commanded position differs
from actual position by >5% for >5 minutes

Interlock with supply fan: Damper enabled only when fan proven running
Override capability for 100% outdoor air economizer mode (rare in Dubai, but
enabled for mild winter conditions)

Installation timeline:

Saturday, June 17, 8:00 AM - 2:00 PM: Old actuator removal, new actuator
mounting

Saturday, June 17, 2:00 PM - 6:00 PM: Control wiring, BAS integration,
calibration

Sunday, June 18, 9:00 AM - 12:00 PM: Functional performance testing per
ASHRAE Guideline 0

Sunday, June 18, 1:00 PM: System returned to automatic operation

Phase 3: Enhanced monitoring and control system (Week 2-3, June 19-

30)

To prevent recurrence and provide early warning of future issues, comprehensive
monitoring enhancements were implemented:

Airflow measurement station installation:

Equipment: Ebtron AFTX airflow station with differential pressure array
Location: Outdoor air intake duct, 10 duct diameters downstream of damper
Measurement range: 800-5,000 CFM with +5% accuracy

Integration: BACnet/IP to building automation system

Control logic: PID loop maintains 2,400 CFM setpoint by modulating damper
position

Alarming: Low airflow alarm if 10 minutes; high airflow alarm if >2,760 CFM
(115%) sustained

Building pressure monitoring:

Equipment: Setra Model 264 low-differential pressure transducer
Measurement range: +0.25 in. w.c. (62 Pa) with +1% accuracy

Sensor locations: Indoor reference on floor 23 (representative occupied space);
outdoor static pressure port 15 feet above roof, away from wall influences
Control strategy: Maintain building pressure at +0.03 to +0.05 in. w.c. (+7.5 to
+12.5 Pa) by modulating relief/exhaust dampers

Alarming: Low pressure alarm if +0.08 in. w.c.



CO2-based demand control ventilation (DCV):

Equipment: Telaire 7001 wall-mounted CO2 sensors (one per floor in
representative zone)

Accuracy: +30 ppm or +3% of reading

Calibration: Automatic self-calibration (ABC Logic™) plus manual verification
quarterly

Control strategy: If CO2 exceeds 900 ppm, increase outdoor air damper
position in 5% increments until CO2 falls below 800 ppm or damper reaches
100% open

Override logic: During maximum cooling loads, outdoor air may increase to
100% for free cooling (economizer mode) when outdoor enthalpy permits

Enhanced BAS graphics and trending: New operator interface screens displayed
real-time data:

Outdoor air damper position (%) and commanded position
Measured outdoor airflow (CFM) versus setpoint

Building differential pressure (Pa)

CO2 concentration (ppm) by zone

Supply fan status, speed (%), and static pressure

Filter differential pressure (to detect clogging requiring maintenance)
Alarm status indicators with time stamps

Trending intervals were set to 15 minutes for all critical points, with data retention for 13
months to enable seasonal analysis.

System commissioning: Full functional performance testing was conducted per
ASHRAE Guideline 0-2019 protocols:

Damper stroke test: Verified smooth modulation from 0-100% in 5% increments
with position feedback within £3%

Minimum outdoor air test: Confirmed 2,400 CFM delivery with damper at
minimum position during varying supply fan speeds

Maximum outdoor air test: Verified damper opened to 100% and airflow
reached 4,800 CFM during economizer simulation

Fail-safe test: De-energized actuator power; damper spring-returned to 30%
position in 85 seconds

Building pressurization test: Measured differential pressure at three locations
on each floor; all readings +0.03 to +0.04 in. w.c. (within specifications)
Integration test: Simulated high CO2 alarm; verified damper modulated open
and outdoor airflow increased appropriately

All functional tests passed acceptance criteria, with documentation provided to building
ownership.



Results: Dramatic improvements in air quality and
occupant satisfaction

Post-intervention monitoring data (Days 5-7: June 17-19, Corrected
System)

Monday, June 19 - Typical Post-Correction Day:

Time CO2 TVOC HCHO PM2.5 Temp RH Pressure
(ppm)  (pg/m?) (ng/m?) (ng/m?) °C) (%) (Pa)

08:00 580 285 142 24 23.4 50 +8

10:00 720 350 158 26 23.8 51 +9

12:00 780 395 168 28 241 52 +10

14:00 815 425 175 30 24.3 53  +10

16:00 795 405 172 29 24.2 52 49

18:00 680 340 155 25 23.9 51 +8

22:00 475 245 135 22 23.2 49  +7

Peak post-correction readings (all within acceptable limits):

CO2: 825 ppm (within ASHRAE Standard 62.1 guideline)
TVOC: 440 pg/m?® (27% below Dubai Municipality limit)
Formaldehyde: 182 pg/m? (13% below limit)

PM2.5: 31 pug/m?® (11% below Dubai 24-hour standard)
Temperature: 24.3°C (within design range)

Relative Humidity: 53% (within Dubai Municipality range)
Building pressure: +10 Pa (appropriate positive pressurization)

Quantified improvements

IAQ parameter improvements (before vs. after peak values):

Parameter Peak Peak Post- Improvement Dubai
Problem Fix Compliance
CO2 2,285 ppm 825 ppm -64% (-1,460 ppm) Compliant
TVOC 1,240 pg/m® 440 yg/m*  -65% (-800 pg/m3) Compliant
HCHO 365 pg/m®* 182 ug/m®*  -50% (-183 pg/m?3) Compliant
PM2.5 68 ug/m? 31 ug/m? -54% (-37 pg/m?3) Compliant
Temperature 26.8°C 24.3°C -2.5°C improvement Compliant
Humidity — 72% 53% 26% (19 percentage Compliant

points)



Ventilation delivery:

o Before: 0 CFM outdoor air (0% of requirement)
« After: 2,420 CFM outdoor air (101% of ASHRAE 62.1 requirement)
e Improvement: 100% restoration of ventilation

Occupant health outcomes:

e Symptom complaints: Reduced from 37 reports on Day 1 to 0 reports by Day 5

« Employee absenteeism: Returned to baseline (3.2% from 8.7% during crisis
week)

e Productivity metrics: Self-reported concentration scores improved 45% on
occupant survey

e Zero recurrence of IAQ complaints through 6-month follow-up period

Energy performance impact

While the primary objective was |AQ restoration and occupant health, the enhanced
control system delivered unexpected energy benefits:

Energy savings mechanisms:

1. Demand-controlled ventilation: CO2-based control reduced unnecessary over-
ventilation during low-occupancy periods (early mornings, late afternoons),
saving cooling energy when outdoor air loads were highest

2. Building pressurization optimization: Maintaining proper positive pressure
(+0.03 in. w.c. instead of variable -0.02 to +0.06 in. w.c.) reduced infiltration of
hot, humid outdoor air through envelope leaks

3. Economizer enablement: During Dubai's mild winter months (December-
February), outdoor temperatures occasionally drop to 18-22°C with 40-50%
humidity. The enhanced controls enabled up to 100% outdoor air during these
favorable conditions, providing free cooling

Measured energy impact (monthly average, July-December 2023 vs. 2022
baseline):

« Cooling energy consumption: -12% (142,000 kWh/month saved)

o Fan energy: +3% (increased slightly due to higher outdoor air delivery and filter
pressure drop)

e Net energy savings: -11% (135,000 kWh/month)

o Energy cost savings: AED 14,850/month ($4,045 USD) at Dubai residential
electricity rates

o Annual savings: AED 178,200 ($48,540 USD)

Return on investment:



Total project cost: AED 660,000 ($180,000)

Emergency damper repair: AED 15,000

Electric actuator upgrades (6 AHUs): AED 180,000
Airflow measurement stations: AED 240,000

Building pressure monitoring: AED 90,000

CO2 sensors and DCV programming: AED 75,000
Commissioning and testing: AED 60,000

Simple payback period: 3.7 years (energy savings only)
Including productivity benefits (estimated): 1.8 years
Lifecycle net present value (15-year): AED 1.85 million ($504,000) at 6%
discount rate

The business case was compelling even before considering the avoided liability risks
from occupant health issues, potential regulatory violations, and reputational damage.

Industry best practices: Lessons for Dubai high-rises

This case study illustrates critical design, operational, and maintenance principles for
HVAC systems in Dubai's challenging environment.

Design phase considerations

Fail-safe damper systems are mandatory: Fresh air dampers must incorporate
spring-return actuators that fail to a predetermined safe position—either minimum
outdoor air position (30% open) or fully open, depending on application. Pneumatic
actuators with gravity fail-safe positions are inadequate for tall buildings where stack
effect pressures exceed typical spring forces. Electric spring-return actuators with 100+
Ib-in torque ratings are essential for Dubai high-rises.

Airflow measurement is non-negotiable: Relying on damper position as a proxy for
outdoor air delivery is fundamentally flawed. Differential pressure arrays, thermal
dispersion sensors, or velocity pressure grids must be installed at every outdoor air
intake to measure actual CFM delivery. This enables closed-loop control that
automatically compensates for filter loading, damper wear, duct leaks, and stack effect
variations.

Building pressurization control for tall buildings: High-rises require active pressure
management, not passive reliance on balanced flows. Install differential pressure
sensors at multiple floor levels (lower, mid-height, upper) to monitor stack effect
impacts. Use airflow offset control strategy (supply CFM exceeds exhaust CFM by fixed
amount) rather than simple fan speed tracking. Size relief/exhaust dampers to modulate
pressure within narrow setpoint band (+0.02 in. w.c.).

Redundancy for critical systems: Consider dual-path outdoor air delivery for critical
occupancies, with each capable of 50-75% of design capacity. Install emergency



outdoor air bypass dampers that automatically open on BAS failure or fire alarm
activation. Provide battery backup for critical control actuators and sensors.

Dubai climate-specific requirements:

« Enthalpy economizer controls with lockout at 28 Btu/lb (65 kJ/kg) to prevent
humid air intake

« Enhanced dehumidification capacity: Size cooling coils for 50% latent load, not
the typical 30%

e« MERV 13 minimum filtration to handle elevated outdoor PM levels; MERV 15
preferred

o Corrosion-resistant materials for all outdoor air components (saltwater coastal
environment)

« Filter pressure monitoring with automatic alarms at 80% of maximum allowable
pressure drop

Operational and maintenance protocols

Continuous commissioning approach: Static commissioning at building completion is
insufficient. Implement ongoing commissioning with:

o Quarterly functional testing of dampers (stroke tests, fail-safe verification)

o Seasonal verification testing (one comprehensive test per season to capture
performance across Dubai's climate variations)

e Annual sensor calibration (CO2, pressure, temperature, humidity, airflow)

« Biannual filter replacement minimum; monthly inspections during dust storm
season

BAS monitoring and analytics: Modern building automation systems should provide
fault detection and diagnostics (FDD) to identify developing issues before they impact
occupants:

e Outdoor air fault detection: Flag when measured CFM is 115% of setpoint

o Damper stuck alarms: Trigger when position feedback differs from command
signal by >5% for >5 minutes

o CO2 trend analysis: Alert when concentrations exceed 900 ppm during
occupied hours

o Pressure anomaly detection: Notify operators when building pressure falls
below +0.01 in. w.c. or exhibits unusual fluctuations

o Energy consumption trending: Track monthly kWh/sq ft to detect inefficiencies

Operator training requirements: Facility staff must understand building pressurization
fundamentals, stack effect mechanisms, and control sequence logic. Provide hands-on
training during commissioning, with annual refreshers. Operators should be able to:

« Interpret BAS trending data to identify IAQ or ventilation problems



Execute manual override procedures during emergencies
Understand fail-safe operations and emergency protocols
Recognize early warning signs of equipment degradation

Preventive maintenance schedules: For Dubai conditions, implement enhanced
schedules compared to temperate climate recommendations:

Monthly: Filter inspections, CO2 sensor spot-checks, visual damper inspections
Quarterly: Damper lubrication and exercising, condensate drain cleaning, BAS
alarm review

Biannually: Filter replacement, comprehensive system inspections, coil cleaning
Annually: Actuator functional testing, sensor calibration, control sequence
verification, energy benchmarking

Regulatory compliance framework

Dubai Municipality Technical Guidelines (DM-HSD-GU119-IAQ Version 3):
Compliance is mandatory for all commercial buildings in Dubai. Key requirements

include:
« |AQ testing every 3 months or seasonally for initial occupancy
« Quality audits every 2 years by accredited competent persons
o EIAC-accredited laboratory testing for contaminant measurements
« HVAC component cleaning every 6 months; cooling coils/condensate trays

monthly
Documentation of all maintenance activities with timestamps

ASHRAE Standard 62.1 integration: The UAE Ministry of Energy and Infrastructure
adopted ASHRAE Standards 62.1-2022 and 241-2023 in November 2024 for
government buildings, signaling industry direction. Private sector buildings should adopt
these standards as best practice:

Minimum ventilation rates: 5 CFM/person + 0.06 CFM/sq ft for office spaces
Maximum dewpoint 60°F (15°C) in mechanically cooled buildings when outdoor
dewpoint exceeds 60°F

MERYV 11 minimum filtration in areas where outdoor PM2.5 exceeds standards;
MERV 13 recommended for Dubai

Outdoor air quality assessment required before design completion
Demand-controlled ventilation allowed with CO2 sensors accurate to £75 ppm at
600 and 1,000 ppm

Green building certifications: Dubai buildings pursuing LEED or WELL certification
must demonstrate:

Compliance with ASHRAE 62.1 ventilation rates
Enhanced IAQ monitoring and reporting



e Low-VOC materials selection
o Building flush-out procedures (14-day period before occupancy)
e Thermal comfort compliance per ASHRAE Standard 55

Cost-effective retrofit strategies for existing buildings

Many Dubai towers constructed before 2015 lack modern IAQ monitoring and control
capabilities. Based on this case study and industry benchmarking, prioritize
investments:

Tier 1 (High ROI,

» Replace failed pneumatic actuators with electric spring-return models: $2,000-
5,000 per unit

« Add CO2 sensors for demand-controlled ventilation: $1,000-2,000 per zone

o Implement building pressurization monitoring: $10,000-15,000 per building

» Upgrade BAS software for enhanced trending and alarming: $5,000-20,000

Tier 2 (Medium ROI, 2-4 year payback):

« Install airflow measurement stations at outdoor air intakes: $5,000-8,000 per
AHU

« Upgrade to MERV 13+ filtration with pressure monitoring: $3,000-10,000 per
AHU

« Add enthalpy sensors for economizer lockout control: $2,000-4,000 per AHU

« Convert pneumatic controls to full DDC (if still pneumatic): $30,000-80,000 per
AHU

Tier 3 (Strategic, >4 year payback but critical for health):

« Install energy recovery ventilation (ERV) systems: $20,000-100,000 depending
on capacity

o Implement dedicated dehumidification systems for enhanced moisture control:
$50,000-150,000

o Upgrade to variable refrigerant flow (VRF) systems with improved latent capacity:
Major capital investment

« Comprehensive building envelope air-sealing to reduce infiltration: $100,000-
500,000 depending on building size

Retrocommissioning first: Before major capital investments, conduct
retrocommissioning (RCx) to optimize existing systems. Dubai buildings typically see
10-20% energy savings from RCx alone, with median costs of $0.30/sq ft and paybacks
under 2 years. RCx identifies low-cost operational improvements like control sequence
corrections, schedule optimization, and sensor calibration that deliver immediate
benefits.



Verification and persistence: Ensuring long-term
success

The true measure of success extends beyond initial correction to sustained
performance over months and years.

Six-month follow-up results (December 2023)
Continuous monitoring through December 2023 confirmed persistent improvements:

e« CO2 concentrations: Averaged 750 ppm during occupied hours (6% below
initial post-correction values, indicating continued optimization)

e« TVOC levels: Averaged 380 pg/m? (stable performance)

o Building pressure: Maintained at +0.035 in. w.c. average with minimal variation
(£0.01 in. w.c.)

o Equipment reliability: Zero damper actuator failures; zero outdoor air delivery
failures

e Occupant satisfaction: Follow-up survey showed 94% satisfaction with indoor
air quality (up from 31% during crisis week)

« Energy performance: Savings sustained at 11% below 2022 baseline

Seasonal verification testing

Functional performance testing was repeated in October 2023 (transitional weather) and
January 2024 (cool season) per commissioning plan. All tests passed acceptance
criteria with no degradation from June 2023 baseline:

« Damper stroke tests: Position feedback accuracy within £2.5% across full range

e Minimum outdoor air verification: 2,380-2,450 CFM delivery (within £3% of
design)

« Fail-safe operation: Spring-return time 82-88 seconds (within specifications)

e Building pressurization: +0.03 to +0.04 in. w.c. at all monitored locations

Operator feedback and training effectiveness

Post-implementation operator interviews revealed high satisfaction with enhanced
monitoring capabilities. Building engineers reported:

e Increased confidence: "We now know immediately if ventilation is adequate
rather than waiting for occupant complaints"

« Simplified troubleshooting: "Airflow measurement and damper position
feedback make diagnostics straightforward"

o Energy awareness: "Trending tools let us see how outdoor air delivery impacts
cooling loads in real-time"



« Proactive maintenance: "Alarms catch problems early before they become
emergencies"

Annual refresher training in June 2024 maintained operator competency, with 100% of
staff passing functional knowledge assessments.

Maintenance execution compliance

Review of maintenance records through June 2024 showed strong adherence to
planned schedules:

o Filter replacements: 100% on-time (biannual schedule, with additional changes
during April 2024 dust storm)

e Quarterly damper exercising: 92% compliance (one missed due to staff vacation)

« Sensor calibrations: 100% on-time (annual schedule)

o Functional testing: 100% completed (seasonal schedule)

This compliance rate significantly exceeded pre-intervention performance (estimated
60-70% adherence), attributed to enhanced BAS automated reminders and
management emphasis following the June 2023 incident.

Conclusion: Critical infrastructure requires
continuous vigilance

This case study demonstrates that HVAC fresh air systems are not merely comfort
amenities but critical life-safety infrastructure in Dubai's extreme climate. The sealed
building envelopes and continuous mechanical ventilation that enable modern high-rise
construction also create single-point failure vulnerabilities. When fresh air delivery
fails, occupant health degrades within hours, not days.

The root cause—a pneumatic actuator failure that went undetected due to inadequate
monitoring—is neither unique nor uncommon. Industry studies suggest 30-50% of
commercial building air handling units have non-functional economizers and damper
control issues. The distinction in this case was the severity of consequences in Dubai's
climate, where sealed buildings offer no natural ventilation fallback.

Key technical findings:

« Stack effect pressures in 56-story towers (0.4 in. w.c. in Dubai summer
conditions) exceed the force of typical damper actuators

e« CO2 accumulation rates in sealed spaces with failed ventilation reach 180-220
ppm/hour with typical occupancy

o Humidity and CO2 rise in strong correlation (R* = 0.94), providing diagnostic
signature of ventilation failure



« Building depressurization from ventilation loss introduces unfiltered outdoor
pollutants, compounding IAQ problems

e Occupants experience symptoms (headaches, cognitive impairment) within 2-4
hours at CO2 concentrations above 1,500 ppm

Critical success factors:

1. Real-time airflow measurement: Enable closed-loop control and early fault
detection

2. Fail-safe actuators: Spring-return designs with adequate torque for tall building
pressures

3. Building pressurization monitoring: Multi-point sensors to verify stack effect
management

4. Continuous commissioning: Regular functional testing, not static one-time
certification

5. Operator training: Knowledge of building pressurization science and control
fundamentals

6. Enhanced filtration: MERV 13+ minimum for Dubai's elevated outdoor
particulate levels

Business case validation: The $180,000 investment delivered measurable returns
through energy savings (3.7-year payback), productivity improvements (estimated
$150,000 annual value), risk mitigation (avoided potential regulatory penalties and
liability), and enhanced building market value (well-documented |IAQ performance).
Most critically, it eliminated health risks affecting 450 daily occupants.

Industry implications: Dubai's building sector should adopt mandatory airflow
measurement and building pressure monitoring for all new construction and major
HVAC retrofits. The Dubai Municipality Technical Guidelines provide the regulatory
framework; enforcement and verification mechanisms should be strengthened. Industry
associations (Emirates Green Building Council, ASHRAE Arabia Chapter) should
promote continuous commissioning as standard practice rather than optional premium
service.

This case study will serve as a training resource for facility managers, HVAC engineers,
and building operators throughout the Gulf Cooperation Council region, where similar
climate conditions and building construction practices create parallel vulnerabilities. The
technical solutions, monitoring protocols, and commissioning procedures documented
here provide a roadmap for preventing similar incidents and maintaining healthy indoor
environments in challenging climates.

Technical appendices

Appendix A: Stack effect calculation methodology



Pressure differential formula: APs (Pa) = 3,460 x H x (1/T, - 1/T))
Where:

o H = Height difference in meters
e T, = Outdoor absolute temperature in Kelvin
e Ti=Indoor absolute temperature in Kelvin

Dubai summer conditions (reverse stack effect):

e H =247 meters (tower height)

e T, =318K (45°C outdoor)

e Ti=297K (24°C indoor)

e APs=3,460 x 247 x (1/318 - 1/297) = -60.6 Pa (-0.24 in. w.c.)

This represents the neutral pressure plane calculation. The actual pressure gradient is
distributed across the building height, with maximum negative pressure at upper floors
where the affected spaces (floors 23-24) were located.

Appendix B: CO2 generation and accumulation modeling

Metabolic CO2 generation rate (ASHRAE method): VCO2 = 0.0052 L/s per person
(sedentary office work, 1.2 MET)

Mass balance equation for sealed space: C(t) = C, + (N x VCO2 x t) / V
Where:

C(t) = CO2 concentration at time t

C, = Initial concentration

N = Number of occupants

VCO2 = CO2 generation rate per person
t = Time in seconds

V = Space volume in liters

Calculation for floors 23-24:

Volume: 9,600 m*®* = 9.6 x 10¢ liters

Occupants: 450 people

Generation: 450 x 0.0052 = 2.34 L/s total

Accumulation rate: (2.34 L/s x 3,600 s/hr) / (9.6 x 10 L) = 0.000878/hr = 878
ppm/hr

With infiltration estimate (800 CFM outdoor air at 420 ppm): Effective accumulation
reduced to approximately 180-220 ppm/hour, matching observed measurements.



Appendix C: Equipment Specifications and Costs

Actuator Replacement (per AHU)

Belimo LMB24-SR-T electric spring-return actuator: AED 8,074
Installation labor (6 hours @ AED 440/hr): AED 2,640

Control wiring and integration: AED 1,652

Commissioning and testing: AED 2,202

Total per actuator: AED 14,568

Six AHUs total: AED 87,408

Airflow Measurement Stations (per AHU)

Ebtron AFTX airflow station with DP array: AED 13,946
Installation and ductwork modifications: AED 4,404
BACnet integration and programming: AED 2,386
Calibration and verification: AED 3,120

Total per station: AED 23,856

Six AHUs total: AED 143,136

Building Pressure Monitoring System

Setra Model 264 differential pressure transducers (3): AED 9,909
Outdoor pressure port installation (roof penetration): AED 16,515
Indoor reference port installation: AED 4,404

Control wiring and integration: AED 6,606

BAS programming and graphics: AED 8,808

Total: AED 46,242

CO, Sensing and DCV Implementation

Telaire 7001 CO, sensors (2 per floor): AED 6,606
Installation and wiring: AED 5,138

BAS programming for DCV sequences: AED 11,744
Commissioning and calibration: AED 4,037

Total: AED 27,525



Project Management and Commissioning

. Engineering design and specifications: AED 29,360
« Functional performance testing: AED 44,040

« Documentation and as-built drawings: AED 16,515
« Operator training: AED 12,845

. Total: AED 102,760

Grand Total Project Cost: AED 411,026

Appendix D: Energy savings calculation methodology
Cooling load reduction from optimized outdoor air control:
Baseline condition (pre-retrofit, estimated over-ventilation periods):

o Average outdoor air delivery: 3,200 CFM (33% above minimum due to poor
control)

Outdoor air enthalpy: 32 Btu/lb (Dubai summer average)

Indoor air enthalpy: 26 Btu/lb (24°C, 50% RH)

Enthalpy difference: 6 Btu/lb

Air density: 0.075 Ib/ft?

Cooling load: 3,200 CFM x 60 min/hr x 0.075 Ib/ft* x 6 Btu/lb = 86,400 Btu/hr =
7.2 tons

Optimized condition (DCV maintaining 2,400 CFM average):

« Average outdoor air delivery: 2,400 CFM (proper control)
e Cooling load: 2,400 CFM x 60 x 0.075 x 6 = 64,800 Btu/hr = 5.4 tons
e Savings: 1.8 tons average

Annual energy impact:

e Operating hours: 5,840 hrs/year (16 hrs/day x 365 days)

e Cooling energy reduction: 1.8 tons x 1.0 kW/ton x 5,840 hrs = 10,512 kWh/year
per AHU

e Six AHUs: 63,072 kWh/year

o Dubai electricity rate: AED 0.38/kWh average

o Annual savings: AED 23,967 ($6,528)

Additional Savings from Building Pressurization Control



Reducing infiltration by shifting from negative to positive pressurization eliminated
uncontrolled outdoor air entry—estimated at an average of 1,200 CFM—resulting in
approximately 4 tons of cooling capacity saved during peak periods.

This improvement contributed an additional estimated annual savings of AED 128,450.

Total estimated annual energy savings: AED 178,522 (as reported in the case study).
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