
Highlights

 First-of-its-kind comparison of full-scale HVAC cleaning as an energy intervention.
 Significant energy savings observed in response to routine HVAC cleaning.
 Study reveals enhanced ventilation performance post-HVAC system cleaning.
 Research suggests benefits of HVAC cleaning across diverse climates.
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Energy-efficiency interventions are crucial for sustainable building operations to 
accommodate emerging indoor air quality (IAQ) criteria into their engineering life cycles. While 
several studies have addressed building energy consumption and IAQ considerations separately, 
few provide integrated analysis of these aspects in response to building hygiene practices. In 
response, this study evaluates the effectiveness of routine heating, ventilation, and air conditioning 
(HVAC) cleaning on energy consumption and supply airflow patterns in non-residential public 
buildings. This study juxtaposes HVAC energy consumption and ventilation performance before, 
during and after routine HVAC cleaning, across buildings situated in four different climate zones, 
while operating in cooling mode. Each site had nearly identical HVAC systems serving similar 
architectural features and occupational loads; these were segregated into an intervention (cleaned 
HVAC system) that could be compared to an otherwise identically operating HVAC (control 
system), which was not cleaned. Following prescriptive cleaning, HVAC systems exhibited 
significant energy consumption reductions and delivered higher airflows compared to their 
uncleaned counterparts. This research demonstrates how a new generation of low-cost HVAC 
system monitors can compile IOT archives to show immediate energy consumption benefits 
associated with cleaning HVAC components and associated ductwork serving relatively high 
occupancy commercial and educational spaces.
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1. INTRODUCTION

Building operations consume approximately one-third of the world's energy output and 
which is associated with a quarter of global CO2 emissions [1].  In the United States, commercial 
and residential buildings are responsible for approximately 40% of domestic energy consumption 
[2].  Such energy consumption trends in the building sector are expected to continue in response 
to population growth, urbanization, increases of high-density building floor area, comfort level 
demands and emerging indoor air quality (IAQ) concerns [3].  In the context of building services, 
the increase in HVAC-associated energy consumption is significant, accounting for 50% of the 
total energy usage in U.S. commercial and public buildings [4].  Emerging guidelines for 
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improving ventilation and indoor air quality [5]–[8] are projected to add to building energy 
consumption budgets in the foreseeable future. 

HVAC systems are the largest energy consuming component of the residential and non-
residential sectors [4], and any enhancement in their performance can make a significant 
contributions to societal energy savings. HVAC systems continuously manage thermal energy 
transfer, while mixing and replenishing fresh air through occupied spaces. Energy is primarily 
consumed for heating, cooling, ventilation, air filtration, distribution, as well as the supporting 
auxiliary components such as chillers, boilers, backup fans, Variable Frequency Drives (VFDs). 
These systems employ various components and mechanisms to manage indoor environmental 
conditions. Conventional HVAC uses result in the gradual accumulation of particulate matter (PM) 
on the surfaces of different HVAC components [9], often reducing the energy efficiency of these 
system over time; both heat transfer inhibition and cumulative airflow drag are responsible for this 
phenomena.  While the PM fouling of any single HVAC component may lead to minor energy 
efficiency losses, the energy impacts can become significant when considering cumulative losses 
across all HVAC components, especially in larger buildings with expansive ductwork [10].

With urban populations in many developed economies spending nearly 90% of their time 
indoors, building environments can have a significant impact on occupant comfort, air quality and 
respiratory exposures  [10] [11].  Mujan and coworkers [13] identified thermal management and 
indoor air quality as primary factors that influence the comfort, wellness, and productivity of 
building occupants. HVAC systems are often operated to manage thermal comfort while and 
maintaining indoor air quality through conditioning and (re)circulating filtered fresh air to 
occupied spaces. Ducted HVAC systems with integrated filters, help reduce the indoor load of 
ambient particulate matter (PM) in the indoor environments they serve. Depending on the design 
and operation of ducted HVAC systems, in-line filters can also help reduce the PM load associated 
with occupant shedding and indoor particle resuspension [14]. However, in some cases, the HVAC 
system itself can become both an acute and chronic source of PM and volatile organic carbon 
(VOC) emissions [15]–[17]. Design factors, faulty installation, operational paradigms and 
inadequate maintenance of HVAC system components can contribute to increased respiratory PM 
exposures, some of which can influence allergenic and hypersensitive responses from building 
occupants [18], [19]. For instance, soiling of ductwork downstream of cooling coils and other areas 
that experience relatively high humidity or large humidity swings, often support microbiological 
deposition and activity, which can lead to negative operational and maintenance outcomes, 
including corrosion, odors, compromised insulation, and potential respiratory pathogen sources 
[20].

While numerous studies emphasize the importance of HVAC operation and maintenance for 
improving building energy performance [21]–[23], there is a lack for research investigating the 
effectiveness of building hygiene practices, in particular HVAC cleaning, on immediate and long-
term energy savings potential for higher occupancy buildings. Since the U.S. Environmental 
Protection Agency (EPA) released the 1997 position paper on residential duct cleaning [24], only 
a limited number of studies have systematically examined the potential impacts HVAC system 
component cleaning can have on energy consumption patterns—a few of which included any 
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accompanying IAQ survey. Lin et al. [25] conducted an analysis of energy consumption patterns 
in United Arab Emirates buildings, with a specific focus on the operation and maintenance of 
building systems. Their findings indicate that, among other parameters, the cleanliness of air 
conditioning systems and the surface conditions of chillers are critical factors that significantly 
influence building energy consumption. In another study, Siegel and coworkers [26] critically 
examined particle deposition on evaporator coils and related effects of indoor particle and dust 
concentrations on coil fouling rates. Their results suggested that regular coil cleaning should be an 
integrated priority of residential air conditioning maintenance procedures to increase evaporator 
coil lifetimes and overall system energy efficiency.  This observation likely extends to commercial 
HVAC hygiene as well.

Several studies have looked at the effect of filter type and condition on energy and indoor air 
quality.  Zaatari et al. [27] reported that the use of filters with higher Minimum Efficiency 
Reporting Values (MERV) in commercial rooftop units with fan speed controls, can result in 
increased filter pressure demands and power draw. However, this rise in energy consumption is 
often accompanied by improved indoor air quality associated with increased ventilation rate 
(considerate of outdoor air). Conversely, high MERV filters in constant speed units were reported 
to result in significant energy savings only when dedicated in fan-only mode. In another study, 
Stephens et al. [28] assessed the energy implications of using three levels of high-MERV filters 
on two residential air-conditioning systems. Their results indicate that higher-efficiency filters had 
minimal impact on energy consumption in residential air-conditioning test systems, suggesting 
that other factors should guide filter selection and operational paradigms.

While the quantity and thermodynamic properties of supply air have been the conventional 
focus of HVAC operations, the quality of air supplied to occupied spaces has received increased 
attention.  Since the EPA released the 1997 position paper on residential duct cleaning [24], only 
a few studies have examined the impact of HVAC cleaning on indoor air quality. Ahmad et al. 
[18] looked at the effectiveness of three commercial HVAC duct cleaning processes in reducing 
airborne particulate matter (PM) and bioaerosols in residential homes. Results showed that during 
cleaning, PM and bioaerosol concentrations increased, suggesting that cleaning processes can 
disturb particle-associated pollutants. However, post-cleaning bioaerosol concentrations were 
significantly lower, indicating that cleaning has effectiveness on reducing subsequent respirable 
particle exposures over longer terms. In another study, Simbada et al. [17] analysed the bacterial 
DNA from HVAC filter dust collected in two university buildings. The results revealed the 
presence of potential pathogens, including the retention of antibiotic-resistant bacteria in HVAC 
systems, potentially posing health risk to occupants. They advised regular cleaning and 
disinfection of all HVAC systems to prevent potential pathogen accumulation and reduce 
occupants’ potential respiratory exposures.

While existing literature highlights the potential of HVAC system management for 
enhancing energy savings, the actual effectiveness of HVAC system cleaning, and its influence on 
the interplay between energy consumption and indoor air quality should be considered [29]. 
Previous research has relied on computer modelling and theoretical approaches to assess the effects 
of building hygiene practices on energy consumption, while an accompanying pool of actual field 
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data are limited or not peer-reviewed if available. Further, previous studies on this theme have 
examined a limited sample of buildings for relatively short durations within a specific climate 
zone.  In response, this study demonstrates a scalable path to show effectiveness of HVAC system 
cleaning on energy consumption, concomitant with conditioned supply airflow monitoring, in 
medium density, non-residential buildings. A time-resolved examination of energy-related 
parameters and supply flowrates in buildings situated in four markedly different climate zones is 
reported— juxtaposing ventilation performance before, during and after staged HVAC cleaning 
using widely-accepted building hygiene practices. Each site chosen had nearly identical HVAC 
systems serving similar occupied areas, which were segregated into an intervention (cleaned 
system) that could be compared to an otherwise identically operating control system, that was not 
cleaned. 

We report here some of the immediate energy consumption benefits associated with HVAC 
system cleaning in a diversity of medium-to-higher occupancy building types across several 
climate zones (in cooling mode).  While the absolute energy consumption benefits are relative to 
each site, we observed consistently improved ventilation performance patterns across all sites, 
which suggests beneficial effects can be realized by cleaning all HVAC system components, but 
notably including the conveyance system itself (ductwork), as well as VAV operational stability.   

2. METHODS 

2.1. Site Selection and System Specifications

Given the significant impact of physical geography, urban effects and local climate 
conditions on HVAC system behaviour and its energy consumption [30], this study selected four 
groups of buildings across the United States and Europe, each representing conditions in a major 
climate zone with a significant population: In the United States, Johnson, Vermont represents the 
temperate northeast climate (Zone 6A: Cold - Humid); Pearl, Mississippi represents the sub-
tropical southeast (Zone 2A: Hot - Humid); Boulder, Colorado, represents the arid mountain west 
(Zone 5B: Cool - Dry); and Pavia, Italy represents a temperate climate, 4A (Mixed - Humid) [31]. 
Studies have revealed that building type [32] and occupant activity [33] can affect HVAC system 
loads and dynamics. In this study, building functionalities span a diverse range of medium-to high 
occupancy settings, from an office building in Johnson, Vermont, to a daycare/gym facility in 
Pearl, Mississippi, as well educational spaces in Boulder, Colorado and Pavia, Italy. Figure 1 
displays locations of the buildings analysed in this study. Both occupied and unoccupied 
conditions were considered.
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Figure 1: Building sites participating in this study superimposed on a climate zone map as designated by ASHRAE [31].
Top: United States climate zones with three study sites including Boulder, Colorado (Zone 5b, Cold/Dry); Johnson, Vermont (Zone 

6A, Cold/Humid); Pearl, Mississippi (Zone 3A Warm/Humid).  Bottom: Europe climate zones, Pavia, Italy (Temperate/Warm).

For this study, two nearly identical Air Handling Units (AHUs) were deliberately selected at 
each site for practical comparative analysis (control vs. intervention). The site selection was guided 
by the following criteria: firstly, they had to possess a minimum quantity of ducts with varying 
lengths and turns, in order to be generalized to an average medium-density service system duct 
system. Additionally, access to blueprints or simplified drawings of the HVAC system was 
required. It was also essential that the chosen systems did not incorporate variable speed fans, or 
if they did, the ability to operate them at a fixed speed for the duration of the study was mandated. 
Furthermore, a duplicate or a similar system in immediate proximity, serving a similar architectural 
space, was necessary for comparative analysis. Moreover, the systems had to be free of excessive 
nuances or variables like numerous reheat coils or inline restrictions. Finally, the location of these 
sites had to be dependable to ensure uninterrupted access throughout all scheduled phases of a 
cleaning response study. The cooling capacities of the HVAC systems ranged between 
approximately 10 tons (at the Vermont site) to 30 tons (at the Italy site).
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Table 1: Table summarizing climatic zone and project timeline at the building sites participating in this study.

Location Climatic condition ASHRAE climate 
zone Start date End date

Johnson, VT Temperate 
Northeast 6A: Cold – Humid Jul 17, 2019 Sep 1, 2019

Pearl, MS Sub-Tropical 
Southeast 2A: Hot – Humid Jul 17, 2020 Oct 10, 2020

Boulder, CO Arid Mountain 
West 5B: Cool – Dry Aug 17, 2022 Oct 5, 2022

Pavia, Italy Temperate 4A: Mixed – Humid Jun 15, 2023 Aug 4, 2023

To maintain consistency during this cleaning intervention study, any Variable Air Volume 
(VAV) controllers, where present, were deactivated (locked open). Ensuring that filter conditions 
did not impact the measurements in either control or cleaning intervention systems, any existing 
filters were replaced with new filters of the same type, before commencing cleaning protocols. 
Other key considerations encompassed formal facility manager engagements, scheduling all 
monitor installations, cleaning and subsequent operations in collaboration with building owners 
and managers. Furthermore, it was imperative that cleaning contractors possessed the necessary 
training to install HVAC system energy monitors, sensors and accurately measure supply airflows 
at the registers. During the cleaning process, the supply and return duct systems, including 
registers, were thoroughly cleaned, ensuring that any dampers were left in their pre-cleaning 
positions. The study timeline, along with a summary of climatic conditions at the building sites 
participating in this study, is listed in Table 1. Cleaning schedule staging and details for each site 
are available in the supplementary materials (A 1 - A 4).

2.2. Data Collection

The monitoring and data collection process was consistent and uniform for both control and 
intervention systems at each site.  The following sensors were deployed in both intervention and 
control sides across at the four different sites.

R&T-500 Series (T&D) sensors [34] were used at the Vermont and Mississippi sites for 
measuring energy (RTR-505-P) and pressure (RTR-505-mA) values. Data from these sensors were 
accessed via the vendors’ cloud server, T&D WebStorage Service [35]. Measurements from the 
sensors were reported at an hourly frequency.
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At the Colorado site, a Dwyer Series 607 Differential Pressure Transmitter [36] was used to 
assess pressure drop, the Keyence FD-R Series Clamp-on Flow Meter [37] measured flow rate, 
the Dwyer Series RHP Humidity and Temperature Transmitter [38] monitored humidity and 
temperature, and the WND series WattNode Wide-Range Modbus [39] served as the electric 
power meter. Data from these sensors were accessed through the vendor’s cloud server, Attune 
[40], with a data reporting frequency of every minute.

At the Italian site, the SmartDHOME [41] sensor family was utilized to measure energy 
consumption, providing real-time data monitoring capabilities through MyVirtuoso Home [42] 
software. An Ultrasonic Heat/Cool Meter was deployed to measure the flowrate and temperature 
of cooling water. The energy consumption of fans (blowers) was measured using a three-phase 
inductive energy meter. For monitoring differential pressure, temperature, and relative humidity, 
as well as capturing real-time photos from the interior of HVAC system ducts and AHUs, 
REMOTAIR [43] sensors were utilized. Equipped with cameras installed in AHUs and ducts, 
REMOTAIR sensors captured photos multiple times per day, enabling the ongoing tracking of 
particle deposition conditions within the HVAC system.

At all sites, an industry standard method was used to measure and record the volumetric flow 
through each supply register using a four-quadrant measurement or flow hood.  While the energy 
consumption and differential pressure within the HVAC systems were continuously measured, 
supply airflow was intermittently measured before, during, and after the cleaning process, with 
data recorded for both control and intervention systems. Measurements were conducted according 
to the National Environmental Balancing Bureau (NEBB) “Procedural Standards for Testing, 
Adjusting, and Balancing of Environmental Systems” [44]. Similar to the energy and air quality 
sensors, the supply airflow measurement process was consistent and uniform for both control and 
intervention systems at each site, ensuring the basis for stringent statistical comparisons.
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Figure 2: Schematic of air handling units (AHU), sensor networks, duct work and occupied spaces of that typically observed in this study.   Energy 
consumption sensors were installed on all fans and heat transfer equipment.  Pressure sensors were installed in ductwork immediately upstream and 
downstream of the AHU.  Thermodynamic sensors (T and RH) were installed in the occupied spaces and immediately adjacent to outdoor (fresh) air 

intake.

2.3. Data Analysis

Both descriptive and inferential statistical methods were applied to analyse energy 
consumption and ventilation performance data. This analysis was structured to investigate the 
energy-related response of routine HVAC system cleaning, as well as to identify common patterns 
in system performance dynamics within these non-residential public buildings. Statistical analyses 
were conducted utilizing the R programming language within the RStudio environment [45], with 
visual presentations generated using  R-compatible libraries [46].

The data analysis procedures were standardized across all locations. For the primary 
analysis, data collected from 8 am to 6 pm (local time zone) on regular working days were 
incorporated into the study. Sensor data from public holidays and system cleaning days were 
omitted from the analysis. Additionally, instances of technical malfunctions in either the control 
or intervention systems, such as refrigerant leaks, necessitated immediate attention from 
maintenance personnel, resulting in the shutdown of either the entire system or specific faulty 
components. Data collected on these days were also excluded from the analysis. Data from both 
the control and intervention (cleaned) systems were collected during all the different cleaning 
phases, which were consistently staged to isolate cleaning effects on the heat transfer equipment, 
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conveyance system (ducts) and fans (blowers). Differential pressure across the HVAC system was 
continuously measured. Data obtained prior to cleaning served as foundational baseline(s).

Cumulative daily energy consumed by fans, blowers, and cooling equipment, alongside 
differential pressure values, were computed for both the control and intervention systems. The 
trends of these variables over the duration of the project were analysed using widely accepted 
statistical regression practices. A reporting model was constructed using the linear model function 
in base R to identify trends in energy consumption and ventilation performance variables [47]. 
This function formulates regressions with variance. In the context of this study, the regression 
model described linear relationships between the energy usage for cooling, air conveyance, and 
differential pressure (outcome variables) and the observation days across the project timeline 
(predictor variable). This model was individually fitted to the variables of interest in both the 
control and intervention systems, which were then compared.

To assess whether HVAC components in control and intervention systems at each site 
differ significantly, an analysis of covariance (ANCOVA) was conducted across the respective 
cleaning stages at each site. ANCOVA is a statistical technique that combines analysis of variance 
(ANOVA) with linear regression [48] for normally distributed data, which applies to the present 
study. In the context of examining regression variances between control and intervention systems, 
ANCOVA tests determined whether observed distinctions remain significant after accounting for 
covariates, thereby offering a more refined comprehension of the relationship between any 
independent and dependent variables. A significant interaction term between the experimental 
condition and the covariates indicates that the regressions for the control and intervention groups 
are not parallel, suggesting disparate relationships between the independent and dependent 
variables across the two groups. In this case, the ANCOVA fitted a linear model to predict energy 
consumption based on the observation day, system type, i.e., control or intervention, and the 
interaction between these two factors, i.e., observation day and system type. The significance 
levels for the linear regression models were classified as follows: highly significant (p < 0.001), 
very significant (p < 0.01), significant (p < 0.05), marginally significant (p < 0.1) and not 
significant (p ≥ 0.1). The p-value in this context indicates the probability of observing the 
difference in slopes between the control and intervention groups, assuming there is no true 
difference between them, with smaller p-values suggesting stronger evidence against the null 
hypothesis.

3. RESULTS & DISCUSSION

The influence of routine HVAC system cleaning on energy use and supply airflow in 
public, non-residential buildings was studied. A detailed, time-resolved analysis was conducted on 
energy and airflow metrics in buildings grouped in the various climate zones is reported below. 
This section details the observed patterns in energy consumption, changes in supply airflow rates, 
and other overall impact of the HVAC cleaning practiced here. The structure of the Results and 
Discussion section is as follows: The impact of HVAC cleaning on energy consumption at each 
site is presented chronologically. Next, an analysis of supply airflow across all sites is provided. 
Other unanticipated benefits arising from the cleaning process, i.e., system stability, are then 
discussed.
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3.1. Energy Consumption

An overall reduction in energy consumption in fans and cooling energy was anticipated 
and quantified, primarily due to the decreased cooling loads resulting from the transition to cooler 
outdoor temperatures as the studies progress from summer to fall seasons at all sites. This 
expectation also applies to differential pressure reductions. The cleaning process commenced 
during the peak load of HVAC systems, coinciding with the peak of warmest season in each 
location.  The sites and associated results are res described in the order studied, during summers 
of 2019, 2020, 2022 and 2023 (2021 was a study hiatus due to CoVID building shutdowns).

Table 2: Table summarizing analyses of variance outcomes of selected energy consumption and differential pressure 
comparisons at the different sites. The significant codes used are as follows: *** indicates p < 0.001, ** indicates p < 0.01, * 

indicates p < 0.05

Location Parameter System Slope Intercept
ANCOVA
slope 
difference

Control 8.76 49706.08 ***Blower energy Intervention 14.10 27687.89*** NS

Control -231.93* 23299.07***Cooling energy Intervention -231.36* 22036.38*** NS

Control -48.30 4053.25***Cooling energy 
(backup) Intervention -212.05*** 5477.13*** *

Control 0.00057 6.40***

Johnson, VT

Differential 
pressure Intervention -0.0020 5.85*** NS

Control 1.73 528.63***Blower energy Intervention -6.58*** 436.43*** **

Control -11.80* 1738.63***Cooling energy Intervention -32.85*** 1822.80*** *

Control -0.0041** 4.76***

Pearl, MS

Differential 
pressure Intervention -0.010*** 4.73*** *

Control -0.95 4397.56 ***Fan energy Intervention 33.17*** 5208.38*** ***

Control -4.73 3764.25***Fan energy
(after hours) Intervention -55.77*** 6842.88*** ***

Control -171.03*** 6576.50***Cooling energy Intervention -329.43*** 17810.20*** *

Control 0.17 209.40**Cooling energy 
(after hours) Intervention -27.02*** 2366.48*** ***

Control 0.00037 1.42***

Boulder, CO

Differential 
pressure Intervention 0.011*** 1.17*** ***

Control 2592.6** 117184.1***Fan energy Intervention -38.09 57732.24*** ***

Control -32.49 10821.42***Pavia, Italy
Cooling energy Intervention -16.24 17407.68*** NS
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Johnson, VT: The analysis of the first location (2019), Vermont, examined the cumulative daily 
energy consumption of the blower, cooling, and daily average differential pressure over the 
duration of this project. Parallel regression analysis of data from both the control and intervention 
systems suggests that although the cumulative daily energy consumption of the blower in the 
intervention system increased at a higher rate compared to the control system, the respective 
increases were not statistically significant. The relatively high p-values in both groups and the 
ANCOVA analysis indicated that routine HVAC system cleaning did not significantly impact the 
blower’s energy consumption in this setting (Table 2).

For the energy consumption used for cooling by the main compressor, both the control and 
intervention systems exhibited negative slopes, indicating a decrease in energy consumption over 
the season observed. These data indicate that while there is a statistically significant decrease in 
energy consumption for cooling in both systems, which is consistent with the prevailing weather 
pattern, the routine cleaning of the HVAC system did not result in a significant consumption rate 
differences when comparing the control and intervention thermodynamic heat transfer 
performance. Additionally, the analysis showed a slight decrease in the daily averaged differential 
pressure in the cleaned system over time. However, no significant difference between the control 
and intervention systems was observed.

In summary, the primary system results from the Vermont office site location suggest that 
routine cleaning of HVAC systems did not significantly affect the energy consumption patterns of 
the conveyance or the cooling system, nor did it significantly impact the differential pressure in 
the system. The lack of significant energy performance differences between control and 
intervention systems implies that other factors may play a more crucial role.  At the Vermont site, 
this manifest in differences in the number and duration of back up compressor recalls between the 
cleaned and control systems. 

Here, both the control and intervention air conditioning systems featured a backup 
compressor, which were frequently brought into supplementary service to meet cooling demand. 
A notable observation following HVAC cleaning was the reduced startup frequency of backup 
equipment in the intervention (cleaned) side. A comparison between the control and intervention 
systems revealed that the backup compressor in the intervention side was activated 47% less 
frequently than its counterpart in the control side. This reduction in back-up system startup 
frequency could potentially extend equipment lifetime and reduce maintenance costs.

Furthermore, considering the energy consumption of backup equipment (supplementary 
material, A 5), the comparison of power between the control and intervention systems revealed a 
significant energy consumption difference: the compressor on the intervention side demonstrated 
a substantially greater reduction in energy consumption compared to the control. These energy 
consumption patterns suggest that routine HVAC system cleaning may have a notable impact on 
the energy usage of backup compressors on these otherwise identical systems with similar 
architectural features and occupancy.
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Figure 3: Daily service recall frequency of back up air conditioning compressors supporting control (■) system and 
intervention system (■) in response to HVAC system cleaning in Johnson, VT office building.

Pearl, MS: Similar analysis was done on the daily cumulative energy consumption of the blower 
and cooling systems, as well as the daily average differential pressure in the Pearl, Mississippi 
location. The intervention group included two blowers, while the control group had three blowers; 
additionally, both control and intervention HVAC systems were equipped with two compressors 
each. For the blower energy consumption, the intervention system exhibited a significant energy 
consumption decrease, while the control system showed no such performance changes (Figure 4). 
ANCOVA analysis revealed a significant energy consumption difference between the control and 
intervention systems (p < 0.01), indicating that the routine HVAC cleaning resulted in a notable 
reduction in energy consumption (Table 2).

For the energy consumption patterns associated with the air cooling equipment, both 
systems showed significant decreases over time, consistent with the prevailing weather pattern; 
however, the intervention system demonstrated a steeper decrease compared to the control system. 
ANCOVA analysis confirmed a significant difference in slopes (p < 0.05), suggesting that routine 
cleaning led to a more pronounced reduction in cooling energy consumption.

In terms of daily average differential pressure (supply and outdoor air), both systems 
exhibited significant decrease over time, with the intervention system showing a steeper decrease 
compared to the control system. ANCOVA analysis indicated that routine cleaning resulted in a 
substantial reduction in differential pressure following individual stages of the cleaning process as 
well as the cumulative outcome.

The results from the Mississippi location demonstrate that routine cleaning of HVAC 
systems can significantly reduce energy consumption for both the blower and cooling systems, as 
well as lowering the differential pressure across this system.
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Figure 4: Relative HVAC performance of control (-●-) system and intervention system (-●-) in response to stages of HVAC 
system cleaning in a Pearl, MS day care school building. Top: relative fan energy draw (normalized voltage pulses); middle: 

relative cooling energy draw (normalized voltage pulses); bottom: differential pressure across heat transfer equipment 
(normalized current (mA)); bottom inset: outdoor temperature during observation period.
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Boulder, CO: In the analysis of the Colorado location, the daily cumulative energy consumption 
for the fan and cooling systems, as well as the daily average differential pressure, were examined 
for both the control and intervention systems. Cooling for this location was provided by a remote 
water-chiller system.

Concerning blower energy consumption, the intervention system demonstrated a 
significant increase over time, while the control system exhibited a non-significant decrease (A 6). 
Despite the increase in blower energy consumption, the intervention system showed a greater 
reduction in cooling energy consumption. Both systems showed significant decreases in terms of 
cooling energy consumption, consistent with the prevailing weather pattern, with the intervention 
system demonstrating a steeper decrease compared to the control system. ANCOVA analysis 
suggested that routine cleaning could be associated with a more pronounced reduction in cooling 
energy consumption at this location (Table 2Error! Reference source not found.).

Regarding daily average differential pressure, both systems exhibited significant increases 
over the study period, with the intervention system showing a much steeper increase compared to 
its control. Furthermore, an examination of supply air temperature and humidity revealed that the 
control system was unable to provide an appropriate temperature of conditioned air to the indoor 
spaces it served, while the cleaned system was capable of supplying air at desired conditions (A 
7). This discrepancy may explain why the cleaned system consumed more conveyance (fan) energy 
compared to the control system, as the control system was unable to meet the load demand (A 8).

Unlike the other locations, the Colorado site HVAC systems remained fully operational 
during both occupied and unoccupied periods.  Therefore, both occupied and unoccupied air 
conditioning data from the Colorado site was included for this aspect of the analysis. The HVAC 
system in Colorado featured integrated VAV controllers, which were initially deactivated (“locked 
open”) during the primary study to maintain consistent airflow rates into the rooms. VAV terminal 
boxes modulate VAV damper positions to regulate both the supply airflow and a “reheat” to help 
better maintain local zone temperatures. Research indicates that VAV configurations can influence 
fan power cycles as well as cooling and heating energy consumption [21]. As a result, VAV boxes 
were initially deactivated during and after the cleaning process. However, once sufficient post-
cleaning data was collected to compare sensor measurements between intervention and control 
systems, they (VAVs) were subsequently (re)activated and monitoring continued assess the 
system's performance in regular operational mode, i.e., with all VAVs activated.

Regarding fans energy and cooling, the intervention system at the Colorado site exhibited 
a steeper negative slope compared to the control (Figure 5, A 8). The comparison of slopes between 
the control and intervention systems yielded significant differences. The intervention group, 
apparently benefiting from cleaning, displayed a substantially greater reduction in energy usage 
compared to the control system when considering the prevailing weather pattern. This finding 
underscores the potential efficacy of routine cleaning in improving energy efficiency considering 
both occupied and unoccupied hours.
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Figure 5: Power draw of supply air HVAC fans operating in control (-●-) system and intervention system (-●-) in response to 
HVAC system cleaning in a Boulder, Colorado University classroom and office building.  Inset: outdoor temperature during 

observation period.

Pavia, Italy: Similar analysis was done on the daily cumulative energy consumption of the 
blowers and cooling system in University of Pavia buildings dedicated for this study. For blower 
energy consumption, the control system exhibited a significant positive slope, indicating an 
increasing trend in energy usage over this seasonal time. In contrast, the intervention system 
displayed a negative slope (Figure 6). The comparison of slopes between the control and 
intervention groups yielded statistically significant differences considering the prevailing weather 
pattern during the end of the cooling season (Table 2Error! Reference source not found.).

For energy consumption with water-cooled chillers, both the control and intervention 
groups exhibited insignificant changes. While routine HVAC system cleaning demonstrated a 
significant reduction in blower energy consumption, its impact on cooling energy consumption 
with chillers was not significant (A 9). These findings highlight the importance of considering all 
system characteristics and environmental factors when evaluating the efficacy of cleaning 
interventions.
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Figure 6: Power draw of supply air HVAC fans operating in control (-●-) system and intervention system (-●-) in response to 
stages of HVAC system cleaning in a Pavia, Italy, classroom and office building.

3.2. Supply Airflow

In this study, a consistent method was employed to measure and document the supply air from 
each supply register at each site (ft3/min CFM).   Supply air measurements were obtained before, 
during, and after the cleaning process, with data recorded for both control and intervention 
systems. All sites had non-operable windows and self-closing mechanical doors which were shut 
during these supply air measurements. The supply airflow rate measurement process was uniform 
and obtained on the same days for both control and intervention systems. 

To assess the impact of HVAC system cleaning on supply airflow, measurements from the 
control side were subtracted from those of the intervention side. This enabled monitoring of how 
differences between intervention and control measurements changed throughout the project 
phases. As depicted in Figure 7, the supply flow differences increased over time in all cases except 
one. Notably, the disparity in supply airflow rates between intervention and control systems rose 
by over 40% in Colorado and Italy. The Mississippi site showed a remarkable increase of 174%. 
Initially, the control system in the Mississippi site had higher pre-cleaning measurements than the 
intervention system. However, as the cleaning progressed, the intervention measurements 
surpassed those of the control side. 

As shown in Figure 7, the increase in supply airflow differences generally exhibits a positive 
slope, indicating the cumulative effect of cleaning on conditioned air flow to the occupied space.  
As judged by conditioned supply air flow, we were able to isolate a clear ventilation performance 
benefit where isolating duct cleaning in three of the four cases studied. The greatest change from 
the previous cleaning phase was an 89% conditioned supply air flow increase at the Italian site and 
a 76% in Mississippi. In Colorado, the most significant effect was observed post-coil cleaning, 
with a 110% increase in conditioned supply airflow compared to the previous phase, followed by 
blower cleaning with a 20% increase.  
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Critical review of conditioned supply airflow measurements show that these rates consistently 
and significantly increased in the cleaned systems with respect to the uncleaned counterparts.  
Across the different cleaning stages, the relative increase in supply air flowrate (CFMs) ranged 
from +7% in Colorado to +24% in Mississippi, while the decrease in the control side ranged from 
-2% in Colorado to -15% in Mississippi. However, in Vermont, the opposite trend was observed, 
with the supply airflow rate increasing by 8% in the control side while remaining constant in the 
intervention side during the same period.

Figure 7: Difference in supply air flow (ft3/min) to occupied spaces in response to different cleaning stages at the respective 
sites: office building, Johnson, VT (■); day care school building, Pearl MS (▲); University classroom building, Boulder, CO 

(●) and University classroom and office building, Pavia, Italy (⬥).

3.3. Complementary Findings on System Performance

Our study supports a conclusion that additional benefits may arise from the HVAC cleaning 
process. Analysis of the system differential pressure at the Colorado site suggests system stability 
benefits can result from HVAC cleaning where VAV control is enabled. Figure 8 illustrates system 
differential pressure when Variable Air Volume (VAV) boxes were subsequently activated 
following cleaning intervention; these results suggest improved stability resulted from HVAC 
cleaning. Notably, the occurrence and range of pressure fluctuations is markedly smaller in the 
intervention system operation were compared to the control group – a condition which remained 
apparent for several months after cleaning. This reduction in pressure variability can positively 
impact system control, particularly considering the influence of (large and capricious) pressure 
differences on various system components.  
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It is important to note here that those systems with the longer duct work reaches (Pearl, MS 
and Pavia, Italy (A-7)), benefited in large supply air flow increases, in response to isolating the 
duct work cleaning alone.

Figure 8: Distribution of differential pressure (inches water) across filter/cooling coil complex operating in control (-○-) 
system and intervention system (-○-) in response to HVAC system cleaning in a Boulder, Colorado University classroom and 
office building with VAV systems engaged.   Bottom line of boxes represents 25th percentile; center line of boxes represents 

50th percentile; upper line of boxes represents 75th percentile.

4. CONCLUSIONS

The advent of post-pandemic indoor air quality guidelines suggests that building hygiene will 
gain increased attention as systematic part of building maintenance portfolios. This study 
demonstrates how a new generation of affordable IAQ and HVAC system monitors can compile 
secure IOT archives into an evidence base that enables building mangers to leverage HVAC 
hygiene into operational scenarios that help optimize energy consumption to help maintain optimal 
supply airflow rates.

Here we analysed ventilation performance in response to HVAC cleaning in moderately aged 
buildings (less than 20 years) in four markedly different climates. This study shows that 
statistically significant improvements in HVAC energy consumption and conditioned air supply 
can be realized following staged, systematic cleaning of different HVAC systems during the peak 
of cooling season.  

Considerable energy savings in larger buildings, hosting medium density occupancy may be 
verified by implementing real-time monitoring paradigm that we applied here. Considering the 
differences in system characteristics across these four different climatic locations, including 
variations in ductwork size and equipment type, direct numerical comparisons of energy savings 
between the different systems is not meaningful.  This challenge prompts the comparison of energy 
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consumption rates rather than absolute energy (cost) savings, given the diversity of systems 
analysed. Yet in all cases, net energy consumption significantly decreased following cleaning, 
although the magnitude following each of the different cleaning stages (fans, ducts, heat transfer 
equipment, etc.) varied at each of the sites.

This study demonstrates that the cleaning of HVAC systems can yield significant co-benefits, 
including enhanced energy efficiency and improved supply airflow rate. These outcomes 
emphasize the role that facility managers can play in reducing the carbon footprint associated to 
their building operations. Policies mandating routine, rather than episodic HVAC system 
maintenance can facilitate the implementation of these measures.

It is important to note that HVAC cleaning can offer additional benefits beyond energy 
efficiency and fresh air delivery rates. Cleaned HVAC systems presented greater system stability 
in operational conditions, characterized by decreased fluctuations in system differential pressure. 
Moreover, the cleaned HVAC systems show decreased dependence on backup equipment, 
implying possible cost savings in longer-term operational and maintenance expenses.

Accurate and affordable energy consumption measurements are complex, particularly in 
larger systems.  However, a new generation of IAQ and energy sensors, such as those employed 
here, now offer affordable detail to energy consumption patterns in response to building hygiene 
interventions beyond conventional BAS.  Additionally, in cases where multiple faults are present 
within the HVAC system, implementing a maintenance schedule, such as HVAC system cleaning, 
may offer only potential for system performance diagnosis that was not previously available 
without on-site inspections [51]. The methods outlined in this study present an advance in 
leveraging modern monitoring networks for demonstrating the efficacy of HVAC hygiene. 
Modern energy monitors are accurate and account for energy "losses and gains" in the specific 
context of short- and long-term seasonal weather changes. Future work can consider extending the 
post-cleaning data monitoring time to study the re-accumulation of dust (and biofilms) in-and-on 
HVAC components to better evaluate the longitudinal effects of cleaning.

Maintaining adequately conditioned supply airflow is essential to ensure both comfort and 
appropriate indoor air quality [49].   We observed the important benefit of significantly increasing 
conditioned air flow in response to all stages of HVAC cleaning—notably including cleaning the 
ductwork itself.  Lower airflow rates can lead to poor mixing conditions and uneven distribution 
of conditioned air, resulting in inadequate ventilation and spatial-temporal enthalpy 
inconsistencies. At the same time, studies have shown that higher airflow rates result in increased 
fan energy and total annual energy consumption [50]; thus, an optimum balance between minimum 
air quality considerations, room air mixing regimes and HVAC energy consumption is an 
important operational goal; indeed, routine HVAC hygiene may help achieve this goal.  Only 
through thoughtful monitoring can such optimization be achieved and confirmed.

At this time, we were unable to find a study in scope or design similar to that reported here. 
While several studies address building energy consumption and indoor air quality challenges 
separately, few propose integrated practical solutions based on the data collected from actual 
buildings, rather than with models. To meet rising societal expectations for indoor environment 
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improvements, integrating strategies and analysis for the concomitant management of indoor air 
quality and maintenance of energy-efficient HVAC systems is essential.  In this context, building 
hygiene costs, notably including periodic HVAC system cleaning, should be weighed in a 
comprehensive benefits analysis that considers longitudinal energy savings, improved ventilation 
performance and associated indoor air quality factors.
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7. SUPPLEMENTARY MATERIAL

A 1: Staged HVAC cleaning schedule for Johnson, VT office building HVAC system, summer 2019

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 1 2 3 4 5 6 7 8 9

TASK START END T W T F S S M T W T F S S M T W T F S S M T W T F S S M T W T F S S M T W T F S S M T W T F S S M T W T F S S M T W T F S S M

Project Preparation

Sensor Installation 7/9/19 7/9/19

Data Collection 7/10/19 7/23/19

Phase I

Duct Cleaning 7/24/19 7/24/19

Data Collection 7/25/19 7/30/19

Phase II

Heating Coil Cleaning 7/31/19 7/31/19

Data Collection 8/1/19 8/6/19

Phase III

AHU & Blower Cleaning 8/7/19 8/7/19

Data Collection 8/8/19 8/19/19

Phase IV

Evaporator Coil Cleaning 8/20/19 8/20/19

Data Collection 8/21/19 8/27/19

Phase V

Condenser Coil Cleaning 8/28/19 8/28/19

Data Collection 8/29/19 9/3/19

Sep 3, 2019Aug 13, 2019 Aug 20, 2019 Aug 27, 2019Jul 9, 2019 Jul 16, 2019 Jul 23, 2019 Jul 30, 2019 Aug 6, 2019
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A 2: Staged HVAC cleaning schedule for Pearl, MS day care school building, summer 2020

A 3: Staged HVAC cleaning schedule for Boulder, CO university classroom building, summer 2022

17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

TASK START END F S S M T W T F S S M T W T F S S M T W T F S S M T W T F S S M T W T F S S M T W T F S S M T W T F S S M T W T F S S M T W T F S S M T W T F S S M T W T F S S M T W T F S S M T W T

Phase I

Return Duct Cleaning 7/17/20 7/17/20

Data Collection 7/18/20 8/3/20

Phase II

Supply Duct Cleaning 8/4/20 8/4/20

Data Collection 8/5/20 8/17/20

Phase III

Evaporater Coil Cleaning 8/18/20 8/18/20

Data Collection 8/19/20 8/25/20

Phase IV

Heat Exchanger Cleaning 8/26/20 8/26/20

Data Collection 8/27/20 9/2/20

Phase V

Blower Cleaning 9/3/20 9/3/20

Data Collection 9/4/20 9/16/20

Phase VI

Ait Intake Cleaning 9/17/20 9/17/20

Data Collection 9/18/20 9/24/20

Phase VII

Condenser Coil Cleaning 9/25/20 9/25/20

Data Collection 9/26/20 10/9/20

Oct 2, 2020 Oct 9, 2020Aug 21, 2020 Aug 28, 2020 Sep 4, 2020 Sep 11, 2020 Sep 18, 2020 Sep 25, 2020Aug 14, 2020Jul 17, 2020 Jul 24, 2020 Jul 31, 2020 Aug 7, 2020

17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 1 2 3 4 5 6 7 8 9 10 11

TASK START END W T F S S M T W T F S S M T W T F S S M T W T F S S M T W T F S S M T W T F S S M T W T F S S M T W T F S S M T

Project Preparation

Sensor Installation 8/17/22 8/19/22

Reheat Coil Cleaning 8/23/22 8/24/22

Data Collection 8/25/22 9/2/22

Phase I

Duct Cleaning 9/6/22 9/9/22

Data Collection 9/10/22 9/18/22

Phase II

Coil Cleaning 9/19/22 9/19/22

Data Collection 9/20/22 9/26/22

Phase III

Blower Cleaning and Other 9/27/22 9/27/22

Data Collection 9/28/22 10/5/22

Oct 5, 2022Aug 24, 2022 Aug 31, 2022 Sep 7, 2022 Sep 14, 2022 Sep 21, 2022 Sep 28, 2022Aug 17, 2022
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A 4: Staged HVAC cleaning schedule for Pavia, IT  University classroom building, summer 2023

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 1 2 3 4

TASK START END S S M T W T F S S M T W T F S S M T W T F S S M T W T F S S M T W T F S S M T W T F S S M T W T F S S M T W T F

Project Preparation

Sensor Installation 6/10/23 6/11/23

Filter Replacement 6/12/23 6/12/23

Data Collection 6/13/23 6/15/23

Phase I

ERV Cleaning 6/16/23 6/16/23

Data Collection 6/17/23 6/25/23

Phase II

Duct Cleaning 6/26/23 6/30/23

Data Collection 7/1/23 7/6/23

Phase III

Heat Exchanger Cleaning 7/7/23 7/7/23

Data Collection 7/8/23 7/13/23

Phase IV

Aux. Heat Exch. Cleaning 7/14/23 7/14/23

Data Collection 7/15/23 7/20/23

Phase V

AHU and Blowers Cleaning 7/21/23 7/21/23

Data Collection 7/21/23 8/4/23

Jul 15, 2023 Jul 22, 2023 Jul 29, 2023Jun 10, 2023 Jun 17, 2023 Jun 24, 2023 Jul 1, 2023 Jul 8, 2023
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A 5a,5b,5c,5d: Relative performance of HVAC system components (power draw, relative cooling energy draw in main equipment and backup equipment, 
and differential pressure) comprising control (-●-) system and intervention system (-●-) in response to staged HVAC system cleaning in Johnson, VT office 

building.
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A 6a.6b, 6c: Relative performance of HVAC system components (power draw and differential pressure) comprising control (-
●-) system and intervention system (-●-) in response to staged HVAC system cleaning in Boulder, CO university classroom 

building.
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A 7: Daily averaged supply air temperature (left) and relative humidity (right) provided associate with control (-●-) system 
and intervention system (-●-) in response to HVAC system cleaning in a Boulder, Colorado University classroom and office 

building.

A 8: Relative cooling energy draw comprising control (-○-) system and intervention system (-○-) in response to staged HVAC 
system cleaning over extended timeline in Boulder, CO university classroom building.
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A 9: Relative performance of HVAC system components (power draw) comprising control (-●-) system and intervention 
system (-●-) in response to staged HVAC system cleaning in Pavia, Italy university classroom and office building.
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