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Abstract 

Balancing energy consumption and indoor air quality (IAQ) in single‑family houses is challenging because cooking‑generated 

PM2.5 and volatile organic compounds (VOCs) are episodic and occupancy‑dependent, and prescriptive ventilation rates cannot 

follow these transient loads. The ASHRAE 62.1 Indoor Air Quality Procedure (IAQP) offers a performance‑based alternative 

that permits reduced ventilation when contaminant levels remain within limits, but a validated residential strategy that combines 

real‑time occupancy with continuous CO2, PM2.5, and VOC sensing has not been demonstrated. This study proposes an 

occupancy–indoor environmental quality (OCC‑IEQ) strategy and evaluates it alongside fixed‑thermostat, schedule‑based 

(SCH), and occupancy‑triggered (OCC) controls using a co‑simulation of a multi‑zone house. The strategies are assessed against 

IAQ limits of PM2.5 ≤ 15 µg/m3, CO2 ≤ 900 ppm, and TVOC ≤ 500 µg/m3, with a minimum energy saving target of 15%. The 

OCC‑IEQ strategy achieves a 33.3 % reduction in annual HVAC energy cost, and maintains all three pollutants within limits. 

The schedule‑based and occupancy‑triggered strategies failed to control PM2.5, and the occupancy‑triggered strategy yielded 

limited energy savings due to overnight temperature drift. By treating permissible concentration bands as an operational resource, 

OCC‑IEQ dynamically modulates the outdoor air fraction to balance energy efficiency and indoor air quality protection. These 

findings demonstrate that a performance‑based multi‑pollutant ventilation strategy guided by the IAQP can achieve substantial 

energy savings and comprehensive IAQ compliance in dwellings. 
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1. Introduction 

Single‑family houses present a ventilation challenge that is 

distinct from commercial buildings. Pollutant sources are ep-

isodic, tightly coupled to occupancy, and unevenly distributed 

across rooms [1]. Occupants generate CO2 in proportion to 

their number and activity level [2-4]. Cooking events release 

intense bursts of PM2.5 and volatile organic compounds 

(VOCs) [5, 6], while building materials and furnishings con-

tinuously emit VOCs [7]. These three contaminant groups, 

CO2, PM2.5 and VOCs, exhibit distinct temporal profiles that 

a fixed outdoor airflow rate cannot track, often leading to 

over‑ventilation during vacant periods or insufficient dilution 

when emissions peak [8]. 
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Most installed residential systems still operate on tempera-

ture-driven or timer-based control. Such strategies meet ther-

mal setpoints but ignore real-time contaminant levels. De-

mand-controlled ventilation (DCV) has been introduced to 

modulate airflow in response to sensor signals, yet most field 

deployments rely on a single input, commonly CO2 or passive-

infrared occupancy [9-11]. These systems therefore fail to ad-

dress the distinct temporal dynamics of PM2.5 and VOCs sim-

ultaneously. A validated control approach that integrates real-

time occupancy sensing with continuous multi-pollutant mon-

itoring remains largely unexplored in housing. 

ASHRAE Standard 62.1-2025 [12] provides two distinct 

compliance paths: the prescriptive Ventilation Rate Procedure 

(VRP), which sets minimum outdoor airflow based on floor 

area and design occupancy, and the performance-based Indoor 

Air Quality Procedure (IAQP), which allows ventilation rates 

to be reduced or dynamically varied as long as all specified 

contaminant concentrations remain within acceptable limits. 

The 2025 revision places greater emphasis on direct sensor 

feedback and outcome verification, yielding a technical 

framework that supports IAQP-based strategies, including 

those using multiple pollutant signals [13-16]. Nevertheless, 

no practical residential strategy fusing real-time occupancy 

with continuous pollutant signals to exploit the full energy and 

IAQ benefits of IAQP has been demonstrated. 

To determine the achievable performance of such a strategy, 

this study implements four ventilation control logics inside a 

co-simulation environment coupling EnergyPlus and CON-

TAM. The platform resolves multizone airflow, contaminant 

transport, HVAC system dynamics, and energy-metered con-

sumption for a representative single-family house. The four 

cases compared are: (i) fixed thermostat baseline, (ii) sched-

ule-based ventilation, (iii) occupancy-triggered control, and 

(iv) a combined strategy that responds to both occupancy and 

indoor environmental quality (IEQ), using real-time CO2, 

PM2.5, and VOC readings to modulate ventilation. Perfor-

mance is assessed by the ability to keep all three pollutants 

within the key performance indicator limits and by the associ-

ated HVAC operating energy cost. Cooking is modelled as an 

additional PM2.5 and VOC source, identifying the kitchen as 

the critical zone that drives peak ventilation demand. The re-

sults quantify the extent to which an IAQP-informed, multi-

signal DCV approach can eliminate unnecessary HVAC 

runtime while maintaining acceptable IAQ, offering a con-

crete pathway for translating the IAQP framework into resi-

dential ventilation practice. 

2. Methodology 

This study employed a co-simulation framework coupling 

EnergyPlus with CONTAM to replicate the thermal, airflow, 

and contaminant transport dynamics of a representative sin-

gle‑family house. The building model, occupancy schedules, 

contaminant sources, HVAC system configuration, control 

strategies, and performance metrics are detailed in the follow-

ing subsections. 

2.1. Co-simulation Framework 

The coupling between EnergyPlus and CONTAM was im-

plemented through the Functional Mock-up Interface [17]. At 

each time step, EnergyPlus transmitted zone temperatures and 

system airflows to CONTAM, and then returned interzone in-

filtration airflows after solving multizone contaminant 

transport. The NIST CONTAM 3D Exporter tool processed 

the CONTAM project file and the original EnergyPlus input 

file, producing a modified EnergyPlus input file and a com-

pressed Functional Mock-up Unit containing the required data 

exchange parameters. Contaminant concentrations, HVAC 

energy consumption, and total energy cost were extracted 

from the EnergyPlus output files after each simulation. 

2.2. Building Model and Occupancy 

 

http://www.sciencepg.com/journal/jeece


Journal of Energy, Environmental & Chemical Engineering http://www.sciencepg.com/journal/jeece 

 

78 

 
Figure 1. Building design and residential occupancy schedule. 

The building represents a single-family house with a 

heated basement, divided into different thermal zones: base-

ment, living room, kitchen, dining room, corridor, bathrooms 

and bedrooms, as shown in Figure 1. Each zone is equipped 

with supply and return air terminals, and separate exhaust 

fans serve the kitchen and bathroom. Envelope leakage and 

internal airflow paths were defined in CONTAM through 

leakage area elements. Occupancy schedules were derived 

from the American Time Use Survey [18]. The living room 

is occupied mainly in the evening with brief morning pres-

ence on weekdays and continuously during the day on week-

ends. The bedrooms are occupied overnight. 

2.3. Contaminant Sources 

Outdoor CO2 was held constant at 719 mg/m3 (393 ppm), 

and indoor CO2 generation was set to 0.3 L/min per person 

during occupied periods, corresponding to an average-sized 

adult engaged in light office-type activity [2]. Outdoor PM2.5 

concentrations were taken from the U. S. EPA Air Quality 

System and indoor PM2.5 emission rate from occupants fol-

lowing the ASHRAE 62.1 User’s Manual [19, 20], and a first-

order deposition rate of 0.5 h⁻¹ was applied uniformly in all 

zones. Cooking in the kitchen was modelled as an episodic 

source emitting 2.3 mg/min of PM2.5 [21]. Occupant-related 

TVOC emission was set to 2180 μg/h per person [19]. Build-

ing material emission rates were 0.4 mg/(m2·h) for core zones 

and 0.35 mg/(m2·h) for perimeter zones [22]. Cooking added 

a further TVOC source of 1.3 mg/min in the kitchen [23]. Sen-

sors for CO2, PM2.5 and TVOC were installed in the living 

room, dining room, kitchen, corridor, and both bedrooms, and 

their signals were routed to the EnergyPlus control logic via 

the CONTAM split function. 

2.4. HVAC System and Control 

The air-conditioning system consists of a gas furnace with 

a direct-expansion cooling coil, modelled as an AirLoopH-

VAC: Unitary System in Figure 2. The air loop includes an 

outdoor air mixer, supply fan, cooling coil, heating coil, reheat 

coil, zone splitter, and zone mixer in Figure 3. Particle filters 

with a MERV-11 rating were placed in both the outdoor air 

intake and the return air path. 

 
Figure 2. Schematic of HVAC system. 
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Figure 3. Schematic of Airloop HVAC system. 

Four control logics were implemented and compared. The 

fixed-thermostat baseline maintains heating and cooling set-

points of 21°C and 24°C, operating solely on thermal demand. 

The schedule-based control switches the HVAC system on 

and off according to a preset weekly schedule. The occu-

pancy-driven control activates ventilation only when zones 

are occupied and deactivates it after occupants leave. The oc-

cupancy–IEQ-driven control fuses real-time occupancy sig-

nals with concurrent CO2, PM2.5, and TVOC measurements, 

modulating the ventilation rate to keep all three pollutants 

within the limits while minimizing energy use. 

2.5. Performance Metrics 

Indoor air quality was evaluated against three key perfor-

mance indicators: PM2.5 ≤ 15 μg/m3, CO2 ≤ 900 ppm, and 

TVOC ≤ 500 μg/m3 [12]. An aggregated IAQ index was com-

puted from the simulation outputs. HVAC energy consump-

tion was obtained from EnergyPlus output meters for the cool-

ing coil, heating coil, supply fan, and reheat coil. Energy costs 

were calculated using electricity and natural gas prices for 

Chicago. The energy-saving target was set at a minimum re-

duction of 15% relative to the fixed-thermostat baseline. 

3. Results and Discussion 

3.1. Energy Performance of Control Strategies 

Figure 4 displays a clear cost gradient among the four strat-

egies. The ALWAYS baseline generated the highest annual 

operating cost, roughly $7800, as it operated continuously in 

response to thermal load alone. In contrast, the occupancy-

triggered strategy (OCC), which shuts down HVAC during 

unoccupied periods, saved only 20.5% ($6,200). Overnight 

temperature drift caused a large morning recovery peak that 

erased much of the nighttime saving [24]. Moreover, infrared 

presence sensors without real‑time contaminant data enforce 

rigid on‑off cycles that degrade efficiency. 

 
Figure 4. Annal energy cost for control methods. 
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The schedule-based strategy (SCH) avoided this penalty. 

By maintaining low-speed fan operation during off-peak 

hours, SCH preserved the building’s thermal inertia, damp-

ened indoor temperature swings, and eliminated the severe 

morning peak that penalized OCC. As a result, the SCH strat-

egy lowered the annual cost to approximately $5,400, repre-

senting a 31.0% saving and substantially outperforming the 

occupancy-only control. 

The combined occupancy-IEQ strategy (OCC-IEQ) deliv-

ered the best overall performance, with an annual cost near 

$5,200 and a saving of 33%. It integrates real‑time CO2, PM2.5, 

and VOC signals to minimize outdoor air intake when indoor 

air quality is acceptable, sharply reducing the load from con-

ditioning outdoor air. Ventilation increases only when pollu-

tants approach thresholds. This fusion of occupancy detection 

and multi‑pollutant feedback achieves a balance between 

healthy indoor conditions and maximum energy efficiency. 

3.2. Indoor Air Quality Analysis 

Figure 5 compares the indoor environmental quality com-

pliance of the three dynamic strategies, namely SCH, OCC, 

and OCC‑IEQ, across the three target pollutants. Because the 

ALWAYS baseline maintained a fixed outdoor air fraction ir-

respective of occupancy or pollutant levels, it either over‑ven-

tilated during clean periods or failed to respond to pollution 

spikes, resulting in the highest energy cost without guarantee-

ing IAQ compliance. The analysis therefore focuses on dy-

namic strategies to isolate the effect of different control logics 

on multi‑pollutant management. 

 
Figure 5. Comparison of IEQ limit-control performance among control strategies (a) CO2, (b) PM2.5, (c) TVOC. 

3.2.1. CO2 Control 

Figure 5(a) compares the indoor CO2 concentrations 

achieved by the three dynamic strategies against the 900 ppm 

threshold. The average concentrations recorded for SCH and 

OCC were 469.9 ppm and 469.3 ppm, respectively. These val-

ues are nearly identical and remain far below the regulatory 

limit, indicating that both strategies supplied sufficient out-

door air to dilute occupant‑generated CO2 under the studied 

occupancy patterns [25, 26]. In the OCC‑IEQ case, the aver-

age CO2 concentration rose to 610.4 ppm, an increase of ap-

proximately 30 % relative to the other two strategies, yet this 

value still corresponds to only 68 % of the thresholds. The el-

evation is intentional and consistent with a demand‑controlled 

ventilation philosophy: rather than maintaining an unneces-

sarily low CO2 concentration, the OCC‑IEQ controller ex-

ploits the permissible concentration band to reduce out-

door‑air intake, thereby lowering the energy penalty of air 

conditioning without approaching the threshold where occu-

pant comfort would be compromised. 

3.2.2. PM2.5 Control 

Figure 5(b) presents the average indoor PM2.5 concentra-

tions obtained with the three strategies, plotted against the 

15 μg/m3 limit. Both SCH and OCC failed to meet the partic-

ulate target; the recorded averages were 17.1 μg/m3 and 

17.0 μg/m3, equivalent to 114 % and 113 % of the threshold, 

respectively. The exceedance is primarily driven by two 

mechanisms: the infiltration of outdoor particles combined 

with a ventilation rate that is not responsive to indoor particle 

levels, and the episodic generation of cooking aerosols that 

neither a timer‑based nor a presence‑based logic can anticipate 

[27-29]. Because SCH operates on a pre‑defined schedule and 

OCC only reacts to occupancy, both supply a similar outdoor 

air flow during occupied hours and shut down or reduce flow 

at night, neither of which is synchronized with the real‑time 

particulate loads. 

The OCC‑IEQ strategy achieved an average PM2.5 concen-

tration of 10.0 μg/m3, only 67 % of the threshold value and 

more than 40 % lower than the levels recorded under SCH and 
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OCC. This improvement is directly attributable to the integra-

tion of real‑time particle sensing into the ventilation control 

loop [30]. When indoor PM2.5 sensors detect rising concentra-

tions, the outdoor air damper is opened further to increase di-

lution, regardless of the occupancy status or time of day. Con-

versely, when outdoor PM2.5 exceeds 35 μg/m3, the damper 

closes to block the ingress of externally generated particles. 

This bidirectional, source‑specific modulation cannot be rep-

licated by fixed schedules or occupancy‑only triggers. The 

OCC‑IEQ strategy was therefore the only strategy that 

achieved PM2.5 compliance throughout the occupied period. 

3.2.3. TVOC Control 

Figure 5(c) presents the TVOC concentrations recorded un-

der the three strategies. SCH and OCC yielded average values 

of 124.6 μg/m3 and 124.3 μg/m3, respectively, both corre-

sponding to approximately 25% of the 500 μg/m3 limit. The 

OCC-IEQ strategy, however, yielded an average TVOC level 

of 184.3 μg/m3, which is approximately 48 % higher than the 

other two strategies but still represents only 37 % of the limit. 

This increase follows the same logic observed for CO2. When 

indoor air quality is acceptable, the integrated controller de-

liberately reduces the outdoor air fraction to save energy, al-

lowing TVOC to rise moderately while staying well within the 

safety margin. During intense emission events such as cook-

ing, the controller detects the simultaneous rise in TVOC and 

other pollutants and responds by increasing ventilation, 

thereby preventing any exceedance. All three strategies kept 

TVOC concentrations far below the regulatory limit, indicat-

ing that TVOC was not the governing pollutant for ventilation 

design in the studied house. 

3.3. Combined Energy and IEQ Compliance 

The energy cost results and the IEQ data together reveal a 

clear trade‑off. Both the OCC and SCH strategies satisfied the 

15% energy‑saving target relative to the ALWAYS baseline 

and maintained CO2 and TVOC at levels far below the con-

taminant thresholds. However, neither strategy kept PM2.5 

within the 15 μg/m3 limit. The energy savings achieved by 

OCC and SCH therefore came at the cost of persistent partic-

ulate exceedance, making them incomplete solutions from a 

combined energy and air quality perspective. 

The OCC‑IEQ strategy resolved this tension. By allowing 

CO2 and TVOC to rise within the safe margin, it reduced out-

door air intake and the associated conditioning load, achieving 

a 33.3% energy cost saving. The integration of real‑time PM2.5 

sensing drove the average particle concentration down to 

10.0 μg/m3, well below the limit. No other strategy achieved 

simultaneous compliance with all three pollutant thresholds 

while exceeding the energy saving target. 

This outcome illustrates the core principle of the ASHRAE 

62.1 Indoor Air Quality Procedure, which treats ventilation as 

a performance‑based task rather than a prescriptive one [12]. 

The OCC‑IEQ strategy uses the permissible concentration 

bands as an operational resource, relaxing dilution when air 

quality is acceptable and intensifying it only as contaminants 

approach their limits. The data confirm that this approach de-

couples energy efficiency from IAQ protection for CO2 and 

TVOC, while actively strengthening protection against PM2.5. 

4. Conclusions 

This study developed a co‑simulation framework to evalu-

ate four ventilation control strategies in a single‑family house: 

fixed‑thermostat baseline (ALWAYS), schedule‑based (SCH), 

occupancy‑triggered (OCC), and a combined occupancy–in-

door environmental quality strategy (OCC‑IEQ). The 

OCC‑IEQ strategy integrates real‑time CO2, PM2.5, and 

TVOC measurements into the ventilation control loop. 

The OCC‑IEQ strategy reduced the annual HVAC energy 

cost by 33.3 % relative to the ALWAYS baseline, outperform-

ing both the SCH strategy (31.0 % saving) and the OCC strat-

egy (20.5 % saving). Critically, OCC‑IEQ was the only strat-

egy that simultaneously maintained all three pollutant indica-

tors within the limits. Both SCH and OCC control methods 

failed to maintain PM2.5 below the 15 µg/m3 limit, with aver-

age concentrations reaching 114% and 113% of the threshold. 

The poor energy performance of OCC relative to SCH was 

traced to overnight temperature drift and the resulting morning 

peak recovery load, a penalty that SCH avoided through 

off‑peak low‑speed fan operation. The OCC‑IEQ strategy ex-

ploits the allowable concentration bands as an operational re-

source, reducing outdoor air intake during clean periods and 

increasing it only when contaminants approach thresholds. 

This delivers energy savings, maintains CO2 and TVOC 

within limits, and substantially lowers PM2.5. 

The findings provide quantitative evidence that a perfor-

mance‑based, multi‑pollutant ventilation strategy aligned with 

the IAQP framework can simultaneously deliver substantial 

energy savings and comprehensive IAQ compliance in sin-

gle‑family houses. Future work should incorporate stochastic 

occupancy models, dynamic outdoor air quality inputs, and 

extended field trials to further evaluate the robustness and 

generalizability of the OCC‑IEQ strategy across different cli-

mates and housing typologies. 
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