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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• ASHRAE et al. recommends increasing 
indoor fresh air supply to mitigate 
COVID-19 spread. 

• Increased fresh air supply may double 
energy costs when operating a conven
tional HVAC system. 

• We propose an HVAC solution which 
couples novel radiant systems with nat
ural ventilation. 

• We estimate this solution would address 
thermal comfort needs in all major 
climate zones. 

• Where adopted, this solution could 
reduce building HVAC energy demand 
by 10–45%.  
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A B S T R A C T   

Radiant cooling-assisted natural ventilation is an innovative technical approach that combines new radiant 
cooling technology with natural ventilation to increase fresh air delivery into buildings year-round with minimal 
energy cost and improvment of air quality. Currently, the standard paradigm for HVAC (heating, ventilation and 
air conditioning) is based on central air systems that tie the delivery of heating and cooling to the delivery of 
fresh air. To prevent heat loss, the delivery of fresh air must be tightly controlled and is often limited through 
recirculation of already heated or cooled air. Buildings are designed with airtight envelopes, which do not allow 
for natural ventilation, and depend on energy-intensive central-air systems. As closed environments, buildings 
have become sites of rapid COVID-19 transmission. In this research, we demonstrate the energy cost of increasing 
outdoor air supply with standard systems per COVID-19 recommendations and introduce an alternative HVAC 
paradigm that maximizes the decoupling of ventilation and thermal control. We first consider a novel analysis of 
the energy costs of increasing the amount of conditioned fresh air using standard HVAC systems to address 
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COVID-19 concerns. We then present an alternative that includes a novel membrane-assisted radiant system we 
have studied for cooling in humid climates, in place of an air conditioning system. The proposed system can work 
in conjunction with natural ventilation and thus decreases the risk of indoor spread of infectious diseases and 
significantly lowers energy consumption in buildings. Our results for modeling HVAC energy in different climates 
show that increasing outdoor air in standard systems can double cooling costs, while increasing natural venti
lation with radiant systems can halve costs. More specifically, it is possible to add up to 100 days’ worth of 
natural ventilation while saving energy when coupling natural ventilation and radiant systems. This combination 
decreases energy costs by 10–45% in 60 major cities globally, while increasing fresh air intake.   

1. Introduction 

In the fallout of the COVID-19 (novel coronavirus disease 2019) 
pandemic, it has become clear that our reliance on conventional build
ing Heating, Ventilation and Air Conditioning (HVAC) systems needs to 
be rethought. It has been established that enclosed areas with limited 
ventilation increase the risk of transmission [1]. Because of this, we must 
rethink the current HVAC paradigm in buildings. Currently, the primary 
mechanism used to save energy in centrally ventilated buildings is to 
mix return air with fresh air intake, but this puts fresh air and energy 
efficiency at odds. In the face of today’s health and environmental crises, 
if we aim to provide building environments that are both healthy and 
energy efficient, ventilation and air exchange must be decoupled from 
heating and cooling (Fig. 1). Air should be primarily used for breathing, 
not for heating and cooling. 

This study addresses the energy consequences of COVID-19 and 

building ventilation through two analyses: the first demonstrates a 
challenge, and the second demonstrates an opportunity. First, we 
analyze the energy consequences of increasing the fresh air delivered 
through typical commercial building recirculating ventilation systems 
caused by the significant air-conditioning costs in the latent and sensible 
cooling derived from a real system model. Second, we analyze the po
tential of alternative radiant and convective systems to provide thermal 
comfort, using models combined with global weather data. The output is 
the added natural ventilation potential and is correlated to previous 
work to estimate the energy savings. The first analysis relates directly to 
the challenge of COVID-19 ventilation energy costs for commercial 
buildings. The second analysis demonstrates how strict setpoints can be 
relaxed and shows an alternative pathway to energy savings for com
mercial buildings, as well as critical potential for residential buildings 
(that often have no mechanical ventilation) to increase natural venti
lation while decreasing energy consumption. 

The alternative systems considered in this analysis are convective 
fans, radiant systems and novel sub-dewpoint membrane radiant 

Nomenclature 

A Specific energy of outdoor air (J/kg) 
B Specific energy for return air (J/kg) 
Cp Heat capacity of air (J/kg) 
C1 Wind speed coefficient 
C2 Buoyancy coefficient (ms− 2 K− 1) 
C3 Turbulence coefficient (m2 s− 2) 
COP Coefficient of performance (Jcooling/Jelec) 
Echiller Electrical demand of the air conditioning system (J) 
ES% Energy savings (%) 
ESMMNV Global energy savings (%) 
ESRCNV Additional energy savings achieved by radiant-cooling 

assisted NV (%) 
Fp→i View factors between point p and all the surrounding 

surfaces 
Δhcond Heat of condensation (J/kg) 
hNV Annual number of natural ventilation-applicable hours as a 

fraction of 8760 h 
h2H Annual number of hours where it is too hot outside for 

natural ventilation; fraction out of 8760 h 
hRCNV Annual number of hours where either natural ventilation 

alone or radiant cooling-assisted natural ventilation can be 
thermally comfortable; fraction of 8760 h 

h2H,RCNV Annual number of hours where it is too hot outside for 
either natural ventilation or radiant cooling-assisted 
natural ventilation; fraction out of 8760 h 

μlat Ratio of building latent cooling load to total cooling load 
mair Mass of air (kg) 
mOA Mass of outdoor air (kg) 
mRA Mass of return air (kg) 
MRT Mean Radiant Temperature of of a cuboid surface (◦C) 
NV% Available natural ventilation hours as percentage of all 

hours in the year 

f(NV%) A prediction drawn from the quantile regression model of 
Chen et al.’s correlation between ES% andNV% 

NVhours Total annual number of hours in which natural ventilation 
is permissible per the adaptive thermal comfort model 

OAR Outdoor air ratio - Mass of outside air / mass of total 
supplied air 

Qair Cooling demand (J) 
qOA Outdoor air specific humidity (kg/kg) 
qRA Return air specific humidity (kg/kg) 
qSA Supply specific humidity (kg/kg) 
Δq Specific humidity change (kg/kg) 
SHR Sensible heat ratio 
Ta,out Mean outdoor temperature (oC) 
Taccept Width of the temperature band (oC). 
Tair Air temperature (oC) 
Tcmfrange Band of operative temperatures that an occupant can feel 

comfortable (oC) 
Tcmfrange,lwr,i Lower threshold of the acceptable comfort range (oC) 
Tcmfrange,upr,i Upper threshold of the acceptable comfort range (oC) 
Tdewpoint Dewpoint temperature (oC) 
Ti Temperature of surface i (K) 
Ta,out Mean outdoor temperature (oC) 
Taccept Width of the temperature band (oC). 
TRA Temperature of return air (oC) 
TSA Temperature of supply air (oC) 
Top,i,RV Operative temperature of a particular hour, i, in a year (oC) 
Twater Water supply temperature (oC) 
ΔT Outdoor air temperature minus supplied air temperature 

(◦C) 
ΔTmax Maximum temperature difference between indoor and 

outdoor (oC). 
uin,max Maximum indoor air velocity (m/s) 
uout Outdoor air velocity (m/s)  
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systems combined with natural ventilation to augment thermal comfort 
in lieu of air conditioning. To put this research in context, we will first 
provide a review of studies that have encouraged natural ventilation in 
buildings and recent developments in buildings’ radiant systems that 
allow for the use of natural ventilation while maintaining thermal 
comfort. Based on the review, we will discuss the applicability of radiant 
systems in a naturally ventilated space through an analysis of climates 
around the world. This research will inform the design of naturally 
ventilated environments that maintain consistent thermal comfort using 
advanced radiant systems. The COVID-19 crisis has exposed and 
amplified the flaws of the current HVAC design paradigm, while at the 
same time, has provided us an opportunity and the motivation to 
improve the health of our indoor environment. 

2. Background 

2.1. The energy/air-quality nexus in the context of COVID-19 

The building sector’s share of the U.S. annual electricity consump
tion has grown dramatically in the past five decades from 25% of in the 
1950s, to 40% in the early 1970s [2]. By 2012, its share increased to 
76% with a significant fraction dedicated to heating and cooling sys
tems. As a result of the oil crisis in 1973, energy conservation in 
buildings became an important priority. To conserve energy, buildings 
were designed to be tighter and less ventilated. Airtight spaces resulted 
in poor ventilation, and indoor environments ailed with “sick building 
syndrome” [3–5]. It has been clearly shown that inadequate outdoor air 
supply rates significantly impact indoor air quality and cause the “sick 
building syndrome” [6]. Consequently, ASHRAE and other entities 
recommended increasing the outdoor air ratio (OAR: the amount of 
fresh clean outdoor air mixed with the return air from rooms) in the 
design of HVAC systems [7]. Past reviews have demonstrated the many 
ways by which design for increased thermal comfort and ventilation 
rates has directly led to increased energy demand [8]. 

The COVID-19 pandemic has shown that current ventilation design 
standards for most commercial and residential buildings may be insuf
ficient in providing the necessary ventilation rates to avoid indoor 
contagion [9]. Past studies have shown that recirculated air in buildings 
can be a source for indoor disease transmission [10]. In order to avoid 
indoor SARS-Cov-2 transmission, REHVA guidelines published in April 
2020 [11] recommended an increase in air supply with a higher air 
exchange rate, and to avoid recirculated air if possible. ASHRAE has also 
recently published independent peer reviewed articles with guidelines 
that recommend systems “open minimum outdoor air dampers, as high 
as 100%, thus eliminating recirculation (in the mild weather season, this 

need not affect thermal comfort or humidity, but clearly becomes more 
difficult in extreme weather)” [12]. This recommendation recognizes 
the challenge of the large energy demand in extreme weather. More 
recently, the ASHRAE Journal published that “researchers concluded 
that there is now sufficient evidence of airborne transmission of COVID- 
19 to justify improving ventilation and filtration where this would 
reduce SARS-CoV-2 exposure, and ASHRAE has adopted that position” 
[13]. 

If we continue to conform to the current building HVAC paradigm, 
increasing ventilation rates would result in a huge energy expenditure to 
support the heating or cooling of incoming air to achieve comfort levels. 
This is especially true in humid climates, where often up to half of the 
cooling ventilation load is due to dehumidification, which can result in 
significant overcooling of supply air [14]. This begs the question: how 
can we provide healthy indoor environments without a significant in
crease in energy consumption? 

One option is to simply open the windows. The use of natural 
ventilation in buildings has the potential for providing indoor air quality 
without expending energy on mechanical ventilation. Furthermore, 
certain studies have shown that the use of natural ventilation in build
ings can provide the means for prevention of airborne transmission, 
especially in tropical climates [15,16]. However, when an air-based 
mechanical system is used, the infiltration of unconditioned outdoor 
air can compromise the system’s efficiency. Moreover, when the outdoor 
air is outside of the comfort zone, most models assume that the windows 
would be closed. We investigate a scenario in which comfort is main
tained by a radiant system independent of the air conditions. In this 
scenario, the windows can be kept open for longer periods of time to 
maximize outdoor air to meet the recommended COVID-19 ventilation 
guidelines. Thanks to the use of surface-based radiant systems in lieu of 
air-based heating and cooling, we can increase the range of allowable 
outdoor air temperatures for open windows and thus provide fresh air 
through additional natural ventilation hours. 

2.2. Natural ventilation 

Natural ventilation is as old as the human dwelling, but our buildings 
have evolved into complex thermal machines. Currently, we have many 
technical solutions that offer far more control over fresh air and thermal 
comfort than a simple facade opening, but what natural ventilation lacks 
in control, it makes up for in simplicity and efficiency. Previous studies 
have shown the significant energy saving potential of natural ventila
tion, especially in hot climates [17–19]. The limits to natural ventila
tion’s delivery of thermal comfort are primarily dependent on the 
conditions of outdoor air. These limits are often narrowly defined as 

Fig. 1. (a) Current paradigm: airtight building with a centrally controlled air-based heating and cooling system with recirculation damper for energy savings; (b) 
Proposed paradigm: naturally ventilated building with radiant system for thermal comfort provision. 
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20–26 ◦C air temperature [20]. 
Natural ventilation has been superseded by HVAC systems because 

they can deliver controlled and predictable amounts of air at specific 
setpoints for temperature and humidity. But this control has resulted in 
significant increases in energy demand. Because of this, new strategies 
to design with natural ventilation and mixed-mode systems have gained 
importance.[21,22]. Still, recent work continues to focus on mitigating 
losses from infiltration and lack of air-tightness of facades [23], which 
leads to complex ventilation systems and discounts the potential of 
natural ventilation. 

Early thermal comfort models had fixed comfort zones that explicitly 
excluded many outdoor conditions. The Adaptive Comfort model allows 
for the zone to adapt to outdoor conditions, allowing warmer indoor 
temperatures in a naturally ventilated space during the summer and 
cooler temperatures in the winter, expanding the potential of natural 
ventilation [24,25]. We propose to further consider other mechanisms to 
expand the potential of natural ventilation through adaptive thermal 
comfort. Radiant heat transfer and higher air velocity can significantly 
alter the net heat exchange of occupants independently of air temper
ature and humidity. These impact the adaptive thermal comfort calcu
lations. We have demonstrated tools in previous work that can illustrate 
those potentials [26]. 

In order to increase the yearly hours during which natural ventilation 
can be utilized, we propose a strategy that uses fans and radiant systems 
for added thermal control while maintaining natural ventilation through 
porous enclosures. Previous work has demonstrated how natural 
ventilation hours can be determined by using comfort models combined 
with weather data available for different regions. These studies have 
gone from using standard comfort ranges [20] to using adaptive thermal 
comfort models in four US cities, recognizing variations in climate and 
occupant expectations [27]. Another study has been carried out globally 
[28] using a large weather file dataset, but using comfort limits of a 
17 ◦C dewpoint for cooling and assuming internal heating gains of 
buildings to compensate for temperatures as low as 12.8 ◦C. This pro
posal builds on this recent global analysis by adding the potential of 
radiant systems as a comfort mitigation strategy for an even wider range 
of conditions. 

It is important to note that local outdoor air quality is another major 
challenge to natural ventilation [29]. Outdoor pollution in many places 
makes natural ventilation not just challenging, but unhealthy, and has 
been shown to affect energy savings potential [44]. Yet, we also see the 
potential for centralized government policies and actions to mitigate 
causes of poor outdoor air quality at rates faster than similar efforts to 
reduce carbon emissions and energy consumption [30,31]. The cir
cumstances of the pandemic itself have had a significant impact on 
reducing air pollution in certain locations [32], so this variable is subject 
to relatively rapid change. However, it is also possible to use state-of- 
the-art technologies for window-based solutions for filtering particu
late matter from the air, [33,34] thus still allowing for large quantities of 
air to enter the indoor space. The air velocity loss due to the filter can be 
overcome by using low-energy fans in the interior as we describe in the 
Methods section. When assessing the suitability of a location for natural 
ventilation, we limited our assessment to climatic variables, as we 
believe it is viable to consider the theoretical potential of natural 
ventilation. The premise of this paper is to support discussions on the co- 
benefits of improving outdoor air quality while simultaneously reducing 
global carbon emissions. 

2.3. Radiant systems 

Radiant heating and cooling systems rely on the infrared radiation 
exchange between occupants and surrounding surfaces. This is a low- 
energy alternative to energy-intensive air-based systems for thermal 
comfort delivery [35]. Under room conditions with similar air and 
surface temperatures, the heat transfer exchanged by radiation to sur
faces and convection to air is roughly equivalent [36]. That is, half of 

one’s thermal perception is driven by surface temperatures. Therefore, 
by manipulating surface temperatures to be colder or hotter, comfort 
can be maintained at a greater range of air temperatures. It is by this 
mechanism that the potential for increased natural ventilation hours can 
be achieved. In addition, for commercial buildings using radiant sys
tems, the setpoints for air supply systems can be shifted to enable higher 
fractions of outdoor air and to allow 100% outdoor air (equivalent to 
enabled natural ventilation) for a larger number of hours during the 
year. 

There are two main challenges to radiant systems that successfully 
enable more natural ventilation and reduce energy use as a consequence 
of increased outdoor air. First, for natural ventilation in hot humid cli
mates, the dew point temperature is often higher than the necessary 
surface temperatures for radiant cooling, which means condensation 
would create water problems indoors. Second, when using radiant sys
tems, large surface areas are generally needed for adequate view factors 
to occupants. Therefore, the convective exchange with indoor air is 
significant, so even if setbacks to warmer air temperatures in the sum
mer or cooler in the winter are desirable, the air temperatures will tend 
to follow the radiant panel temperature [37,38]. For natural ventilation 
cases, this also implies a larger fraction of losses as the high amount of 
air exchange would cost more convective losses. 

Still, radiant systems offer an alternative path to maintaining com
fort through a wider range of air temperature conditions, and thus 
environmental conditions, for natural ventilation. We will consider the 
potential of a typical radiant system to increase natural ventilation hours 
and review the limitations of operation in excessively humid conditions. 
We will also leverage our recent development of membrane-assisted 
radiant panels that mitigate condensation and convective loss risk to 
further expand potential natural ventilation hours. 

2.4. Membrane assisted radiant cooling: Cold Tube 

We have developed a radiant panel with a membrane transparent to 
infrared emissions. This protects it from condensation and minimizes the 
convective exchange with the surroundings [39]. We built a pavilion in 
Singapore that demonstrated its operation under hot and humid con
ditions without condensation. Our thermal comfort study on the 
pavilion validated that people could be made to feel “cool” with panels 
operating below the dew point without condensation [40]. 

The infrared-transparent membrane allows water to be supplied 
below the ambient dewpoint without condensation, increasing the po
tential for radiant cooling to augment cooling in naturally ventilated 
spaces. The membrane convectively gains heat from the ambient air to 
remain warmer than the dewpoint, a relationship characterized in the 
Teitelbaum et al. study [28]. The allowable water supply temperature 
(Twater in Eq. (1)) depends on the ambient air and dewpoint tempera
tures and is given in Eq. (1). By inspection, as the air temperature in
creases, cooler water can be supplied to the panel, an elegant feature 
that allows more cooling to be supplied when more cooling is demanded. 

Tdewpoint − Twater = 2.0
(
Tair − Tdewpoint

)
⇒Twater = 3Tdewpoint − 2Tair (1) 

The system operated successfully without condensation in Singapore 
with supply temperatures between 13 and 17 ◦C, despite an outdoor 
dewpoint of 23 ◦C. The study described in Teitelbaum et al. [40] was 
limited to outdoor thermal comfort. However, this study demonstrates 
that the operation and control parameters from that study can be 
directly implemented in an indoor environment. This paper will refer to 
the combination of membrane-assisted radiant cooling panels with 
natural ventilation as ‘radiant cooling-assisted natural ventilation’. 

2.5. Scope of paper 

The scope of this study includes the following: 
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● Analysis of the energy cost of increasing outdoor air intake to 
maximum with a conventional HVAC system  

● Analysis of an alternative HVAC solution which couples a 
membrane-assisted novel radiant system we developed with natural 
ventilation for ensuring increased fresh air intake while maintaining 
thermal comfort indoors without an energy uptick 

● Regression applied to the results of global natural ventilation po
tential study by Chen et al. [28] in order to generate a predictive 
relationship model between natural ventilation hours and energy 
savings  

● Estimates of the energy savings that can be achieved in 60 major 
cities globally through the use of radiant cooling-assisted natural 
ventilation  

● Comparison of the cooling energy consumption of three cooling 
scenarios in 4 major US cities situated in different climatic zones  

● Analysis of the potential additional hours per climate zone globally 
that would be comfortable with radiant cooling-assisted natural 
ventilation using the adaptive comfort model 

3. Methods 

3.1. Energy costs of increased outdoor air supply in typical commercial 
building cooling 

We have developed a method that calculates and illustrates how 
much additional energy would be consumed by conventional air con
ditioning systems to meet increased fresh (outdoor) air recommenda
tions for COVID-19. Conventional HVAC systems are reconfigured to 
introduce additional outdoor air, thereby increasing the system’s out
door air ratio (OAR). OAR is the ratio of outdoor air supplied into a 
recirculating central air conditioning system as it relates to the total air 
supplied to the building. A window air conditioner has 0% outdoor air 
and a dedicated outdoor air system (DOAS) has 100% outdoor air. 
However, the majority of commercial buildings have ventilation systems 
with air handlers that use dampers to adjust the amount of outdoor air 
brought into the supply stream to be conditioned by heating or cooling 
coils. The OAR is thus adjusted for the needed ventilation. This is the 
control variable that facilities operators are being asked to increase due 
to COVID-19. 

We analyzed the increase in cooling energy as it has both sensible 
and latent components with varying influence on system performance 
and energy demand. For the heating case, the load is generally pro
portional to the increased OAR because it is dependent only on the 
sensible heat based on the dry bulb temperature differences. The cooling 
sensible and latent energy depend on both the outdoor temperature and 
humidity relative to the supply conditions, as well as the return air 
conditions that are influenced by internal gains of both heat and hu
midity. The relative amount of sensible cooling to the total cooling 
(sensible + latent) is called the sensible heat ratio (SHR), and it is 
determined by a combination of the aforementioned temperatures and 
humidities along with the OAR. The cooling loads and SHR are critical 
factors in estimating the energy consumption for a typical chiller used to 
cool a building. We aimed to demonstrate how OAR influences cooling 
loads and SHR and the subsequent performance across a series of typical 
cities. 

To calculate cooling loads, we first needed to determine the annual 
cooling demand generated by a reference building envelope. We 
selected the standard small office building provided by the Department 
of Energy for use in EnergyPlus simulations [41]. The building is 511 m2 

(5,500 ft2), and a single climate case for this building was selected. The 
building was simulated in EnergyPlus to generate a generic envelope 
load with an indoor thermostat setpoint of 24 ◦C (75◦F) during occupied 
hours (6am-7 pm) with 10% OAR and no internal gains. This output is a 
baseline hourly envelope heat gain and cooling demand. 

The hourly envelope loads were inputted into the system model that 
was built in Engineering Equation Solver (EES). In this model, additional 

parameters were tuned, which allowed for more flexible analysis and 
sizing of the unit for latent and sensible loads. The overall governing 
energy balance is shown in Eq. (2), relating the energy change in the air 
to the change in sensible temperature (cooling) and the change in spe
cific humidity (dehumidification). A 12.5-ton Lennox air conditioner 
was modeled using the compressor performance curves from the 
manufacturer. These performance curves relate system COP (coefficient 
of performance = cooling/electricity) to the hourly SHR, airflow rate, 
setpoints, and load. The load was a combination of the envelope gains, 
internal gains calculated in EES using daily occupancy for 80 in
dividuals, and the air condition gains based on the EES model of outdoor 
air, return air influenced by envelope and internal gains, and supply 
setpoint that was aimed at 50% OAR and 24 ◦C (75◦F). The supply 
setpoint and gains determined return air conditions, from which the 
impact of OAR was determined and was fed back to the SHR for system 
performance. This feedback was why EES interactive solving was ideal 
for the problem. From this we were able to determine the hourly energy 
consumption of the chiller and thus the cumulative cooling demand for 
the season as seen in Eq. (3), 

Qair = mairCpΔT +mairΔhcondΔq (2)  

Echiller = QairΔT/COP (3)  

where Qair is the cooling demand (J), m is mass (kg), cp is heat capacity 
of air (J/kg/K), Δhcond is the heat of condensation (kg/J), Δq is the 
specific humidity change due to dehumidification(kg/kg), the COP is the 
coefficient of performance (Jcooling/Jelec), ΔTis the temperature differ
ence between the outdoor air and the supplied air, and Echiller is the 
electrical demand of the air conditioning system. 

This simulation was carried out using weather data files for Miami, 
Phoenix, Duluth, Chicago, Washington D.C., and San Francisco with a 
baseline OAR of 10% for each city, and then increasing the OAR to 25%, 
50%, 75% and 100% for each city. When the OAR was increased, there 
was an additional step to check if the 12.5-ton unit was sufficiently-sized 
to meet the peak demand as increasing OAR increased peak demand. 
This was done based on the EnergyPlus envelope peak load along with 
the design day conditions for 0.4% max sensible and coincident dew 
point temperatures, meaning that 99.6% of the time it would be able to 
achieve the setpoint. The performance curves of the reference 12.5-ton 
system were scaled proportionally to meet the demand. We also noted 
where the 12.5-ton system failed as OAR is increased. 

We also developed a simple analytical solution for the linear rela
tionship between raw air conditioning cooling energy and OAR based on 
outdoor air (OA) conditions, return air (RA) conditions, and supply air 
(SA) setpoints, expanding Eq. (2) for outdoor and return air energy 
fractions. 

Qair = [mOAcp(TOA − TSA)+mOAΔhcond(qOA − qSA)
]
+ [mRAcp(TRA − TSA)

+ mRAΔhcond(qRA − qSA)
]

(4) 

Rearrange and substitute OAR for mOA
mSA

: 

Qair
mSA

= OAR
[
cp(TOA − TSA)+Δhcond(qOA − qSA)

]
+(1 − OAR)

[
cp(TRA

− TSA)+Δhcond(qRA − qSA)
]

(5) 

Recognize the components of outdoor air and indoor air: 

A = cp(TOA − TSA)+Δhcond(qOA − qSA) (6)  

B = cp(TRA − TSA)+Δhcond(qRA − qSA) (7)  

Where A is the specific energy (J/kg) of outdoor air and B is the specific 
energy of return air, giving the following linear relationship between 
OAR and air cooling energy: 
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Qair
mSA

= OAR× cp(A − B) + B (8) 

Therefore, the energy to condition the supply air per unit supply air 
linearly increases with OAR at a rate determined by the difference be
tween the specific energy of outdoor air and return air and has an 
intercept at zero OAR defined by the specific energy of the return air 
when no outside air is supplied. As this is normalized by the total air 
supply, it is clear that both the air supply amount and the amount of 
fresh air directly increase the energy needed to condition that air for 
indoor use. We can also observe how the slope of the linear relationship 
describes the rate of energy increase per increase in %OAR: 

Energy
OAR

= A − B = cp(TOA − TRA)+Δhcond(qOA − qRA) (9) 

Finally, based on the definition of SHR we can again use substitution 
for OAR for the mass of outdoor air, return air, and supply air to develop 
the relationship: 

SHR=
(OAR)cpΔTSA+(1− OAR)cpΔTRA

(OAR)cpΔTSA+(1− OAR)cpΔTRA+(OAR)ΔhΔqOA+(1− OAR)ΔhΔqRA
(10)  

3.2. Energy savings of increased natural ventilation in typical commercial 
buildings cooling 

We built a surrogate regression model of the energy savings calcu
lated by Chen et al. [28]. They provided estimates of the percent global 
energy savings, ESMMNV(%), of widespread adoption of natural ventila
tion in the form of mixed-mode natural ventilation (MMNV) systems. 
Their savings compared the annual energy use of a mixed-mode system 
versus a 100% mechanically-ventilated central air-conditioning (central 
AC) system. Energy use estimates were generated using a standard 
Department of Energy commercial building model, using the EnergyPlus 
simulation software, of an archetypal three-story office building. They 
simulated the performance of this archetypal building across 60 
different cities around the globe. 

Chen et al. also developed a methodology for estimating the number 
of occupied hours for which natural ventilation is permissible (NV%) 
which could be calculated from the outputs of the energy simulation 
process. In their study, they defined the comfort zone for acceptable 
natural ventilation as having:  

A. A fixed lower temperature threshold of 12.8 ◦C and the 80% 
acceptability upper temperature threshold of the adaptive comfort 
model (Eq. (11)).  

B. Dew point temperature below 17 ◦C. 

The adaptive comfort model is described in Eq. (11). 

Tcmfrange = 0.31Ta,out + 17.8 ± Taccept (11)  

where Tcmfrange is the band of operative temperatures at which an 
occupant can feel comfortable (oC), Ta,out is the mean outdoor temper
ature (oC), and Taccept is the width of the temperature band (oC). Taccept is 
2.5 ◦C and 3.5 ◦C for 90% and 80% thermal acceptability respectively. 
The upper threshold can be further widened through elevated air 
movement. An elevated air velocity of 0.6–0.9 m/s, 0.9–1.2 m/s and 
above 1.2 m/s will increase the upper threshold by 1.2 ◦C, 1.8 ◦C and 
2.2 ◦C respectively. 

We generated a surrogate regression model, F̂, of Chen et al.’s 
analysis to forecast the energy savings of radiant cooling-assisted natural 
ventilation, specifically establishing a relationship between ES% and 
applicable natural ventilation hours: 

ESMMNV(%) ≈ F̂(hNV , h2H) (12)  

NV(%) = hNV × 100% (13)  

Where: hNV = Annual number of natural ventilation-applicable hours as 
a fraction of 8760 h. 

h2H = Annual number of hours where it is too hot outside for natural 
ventilation as a fraction of 8760 h. 

Figure 2 provides a plot of ESMMNV vs NV as per Chen et al, along with 
the established regression model. Though the model is probabilistic, 
with illustrated confidence bounds on the prediction, for the purposes of 
this study, we will only use a deterministic model of the median, which 
can estimate ES within a standard error of 10% of its unit value. This 
deterministic model is represented by a quadratic equation (14) (see 
Fig. 2 plot). 

F̂(h1, h2) = 23.18h1
2 + 29.04h1 + 24.14h2

2 + 18.74h2 (14)  

3.2.1. Energy savings from extending natural ventilation using a novel 
radiant cooling panel system 

We model the potential extension of natural ventilation using 
membrane-assisted radiant cooling panels [40] along with increased air 
movement [54]. For the case of predicting energy savings of radiant 
cooling-assisted natural ventilation, we apply the following method: 

ESRCNV (%) ≈ μlat
[
F̂
(
hRCNV , h2H,RCNV

)
− F̂(hNV , h2H)

]
+ F̂(hNV , h2H) (15)  

NVRCNV (%) = hRCNV × 100% (16)  

Where: 
hRCNV = Annual number of hours where either natural ventilation 

alone or radiant cooling-assisted natural ventilation can be thermally 
comfortable as a fraction of 8760 h. 

h2H,RCNV = Annual number of hours where it is too hot outside for 
either natural ventilation or radiant cooling-assisted natural ventilation 
as a fraction of 8760 h. 
μlat = Ratio of building latent cooling load to total cooling load. 
Whereas values for hNV and h2H can be found in Chen et al., here we 

must provide a different approach to estimating hRCNV and h2H,RCNV . 
The adaptive comfort model is only applicable to conditions having 

Ta,out (running average outdoor air temperature) between 10 ◦C and 
33.5 ◦C and an internal operative temperature between 17 ◦C and 32 ◦C. 
When relying on a radiant system for comfort as proposed in this paper, 
the acceptable air temperature range expands to as high as 40 ◦C. The 
adaptive comfort model is not shifted, only the approach for creating 
acceptable operative temperatures through radiant-only systems 
[26,40]. 

For the radiant cooling natural ventilation hours, the Mean Radiant 
Temperature (MRT) is determined for each climate scenario by 

Fig. 2. Comparison of predictions drawn from median regression model 
F̂(h1, h2) and original forecasts of ES (%) from Chen et al.’s study; 95% pre
diction interval shown in red band. 
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considering potential surface temperatures achieved by the novel 
membrane-assisted radiant system [40]. Fig. 3a illustrates the scene we 
use to calculate MRT. For this analysis of cooling demand, we use typical 
ceiling cooling at an effective panel temperature of 18 ◦C (Fig. 3b), 
whereas for heating we could use typical ceiling panels up to 35 ◦C and a 
floor slab heating of 25 ◦C (Fig. 3c). The membrane-assisted radiant 
scenario allows operation even when the dew point is above 18 ◦C 
(Fig. 3b). The effective panel temperature is determined using Eq. (1). 

The MRT experienced by the occupant is determined by the view 
factor of the occupant to the panels and the surrounding surfaces. MRT 
(oC) is calculated using equation the following: 

MRT =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑n

i=1
T4
i Fp→i

4
√

− 273.15 (17)  

where Fp→i are the surface view factors between a point p in the room 
and all the surrounding surfaces, used to weigh the surface temperatures 
Ti (K) at each surface. The MRT is scaled for a standing person [43]. 

The MRT is then used with the air temperature and air velocity to 
determine operative temperature and the comfort of an occupant in the 
adaptive comfort model. The radiant cooling NV hours, hRCNV, and the 
too hot hours, h2H,RCNV, are calculated using the adaptive comfort ranges 
described in the equations below: 

hRCNV =
∑8760

i=1
Tcmfrange,lwr,i < Top,i,RV < Tcmfrange,upr,i (18)  

h2H,RCNV =
∑8760

i=1
Tcmfrange,upr,i < Top,i,RV (19)  

Top,i,RV =
MRT + (Ta × 10 ×

̅̅̅
v

√
)

1 + 10 ×
̅̅̅
v

√ (20)  

where Tcmfrange,lwr,i and Tcmfrange,upr,i are lower and upper thresholds of 
the acceptable comfort range of the adaptive comfort model as calcu
lated in Eq. (11) for a particular hour, i, in a year. Top,i,RV is the operative 
temperature of a particular hour, i, in a year. The Top,i,RV is calculated 
based on Eq. (20) with MRT calculated using Eq. (17). v is the indoor air 
velocity (m/s). 

Once we have calculated the additional hours of natural ventilation, 
we can apply the quartile regression model, F̂, to estimate the additional 
energy savings. But we must also incorporate the energy cost of running 
the membrane-assisted radiant panels, which we have shown operate 
only with sensible cooling and no latent cooling demand [40]. In order 
to estimate the energy savings, ESRCNV , we considered several pre
cedents to estimate the energy required to operate the panel system. In a 
study by Niu et al. [50], conducted in a hot and humid climate, the 
comparison between an all-air system and a radiant ceiling system 
yielded a major reduction in the cooling load in the radiant system case, 
thereby halving overall energy demand when dehumidification is 
excluded. We reviewed climate data and found that the SHR (sensible 

heat ratio) varies from 50% to 90%. While the local climate is not the 
only factor that affects latent cooling ratios, latent cooling demand is 
found to be in the order of 20% to 50% of total building end-use cooling 
loads [51–53]. We adopt an estimate of μlat = 35%, i.e. the energy 
savings of using the radiant panel with natural ventilation in comparison 
with a central A/C system, equals 35% of the savings of using natural 
ventilation alone. It is important to note that while the elimination of 
latent load can lead up to 50% savings based on precedents, there are 
significant additional savings on the efficiency of the sensible delivery. 
By eliminating the Chen et al [28] dew point limit, the new comfort 
hours also occur most prevalently in high latent cooling hours. Therefore 
a conservative 35% reduction provides a reasonable lower bound to the 
savings. 

3.3. Evaluating the sensitivity of methods used for estimating natural 
ventilation hours and mapping potential global natural ventilation hours 
with alternative baseline 

While re-evaluating the natural ventilation hours for radiant panels, 
we adjusted the boundary conditions used for Chen et al. [28], thus 
eliminating the dew point limit, which is based on typical building 
system limits, not actual thermal comfort. We also recognized that much 
of the natural ventilation hours analysis in their study was influenced by 
building properties such as internal gains and thermal mass that 
generate the assumption that 12.8 ◦C air temperature is warm enough 
for natural ventilation (which is below the adaptive comfort range). 
Likewise, it is building air conditioning system properties that generate 
the assumption that there can’t be natural ventilation above a 17 ◦C dew 
point. 

For a global analysis of NV hours, it is difficult to systematically 
aggregate diverse building properties. Therefore, we re-analyzed the 
global natural ventilation hours using the adaptive comfort model 
assuming no building influence by simply letting indoor conditions 
follow outdoor conditions without any assumed building influence. This 
would only be valid for an infinitely low-mass building, or one that is 
indicative of current common outdoor heating and cooling strategies. 
Our analysis used the typical meteorological year data of 2590 locations 
obtained from the EnergyPlus website, which are derived from 20 
weather data sources [42]. The analysis is used to determine the number 
of potential naturally ventilated hours for these scenarios:  

1. Base case scenario with no installation of mechanical systems. The 
indoor air velocity due to natural ventilation is calculated based on 
Eq. (21). 

uin,max =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

C1 × u2
out + C2hΔTmax + C3

√

(21)  

where uin,max is the maximum indoor air velocity, C1 is the wind speed 
coefficient, uout is the outdoor air velocity, C2 is the buoyancy coefficient 

Fig. 3. (a) Scene for MRT calculation (b) ceiling panels are assumed for the cooling scenario (c) ceiling panels and slab heating are assumed for heating scenario.  
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(ms-2K− 1), h is the vertical height of the opening (m), △Tmax is the 
maximum temperature difference between indoor and outdoor, and C3 
is the turbulence coefficient (m2s− 2). The values of C1, C2, and C3 are 
0.001, 0.0035 ms-2K− 1 and 0.01 m2s− 2 respectively [28]. The 90% 
acceptability temperature range of 5 ◦C is used for △Tmax. The vertical 
variation of air velocity due to height is not considered, so h is assumed 
to be 1.5 m.  

2. Fan-assisted scenario where the air velocity is increased to 0.8 m/s to 
provide extra cooling.  

3. Radiant scenario where the Mean Radiant Temperature (MRT) is 
lowered or elevated for cooling/heating, as explained in Section 
3.2.1 Eq. (17) and Fig. 3.  

4. Membrane-assisted radiant scenario uses the membrane-assisted 
radiant panels for cooling. This scenario is similar to the third sce
nario with the exception that radiant cooling is allowed even when 
the dew point is above 18 ◦C (Fig. 3b). The effective panel temper
ature is determined using Eq. (1). The effective panel temperature is 
3 ◦C higher than Twater. 

4. Results 

4.1. Building increased outdoor air supply energy costs 

Our analysis demonstrated that there is an increase in cooling energy 
demand with increasing OAR (Fig. 4). The baseline OAR for a central air 
system is 10%, which is the minimum allowable OAR intake per ASH
RAE standards (10 L/s/person outdoor air for 20 people) for the office 
building with a 2,000 L/s AHU modeled. At 25% OAR, the energy de
mand increases range from 6% to 26%, and at 80–100% OAR they 
diverge further, ranging from 29% to greater than 215%. The largest 
increase occurs in Miami in both percentage and absolute values. 
Washington, DC has the next largest absolute increase in cooling energy. 
The percentage increase allows us to compare the OAR-energy rela
tionship across all cities, dictated by their climate. As expected, San 
Francisco, with its moderate climate and low cooling demand, experi
enced the least cooling energy increase even with 100% outdoor air. The 
Miami and Washington DC simulations were capped at less than a 100% 
OAR since high outdoor air humidity made further increases require 
impractical physical changes to the HVAC control algorithms. 

We considered the analytical OAR and SHR relationships to interpret 
the potential influences on the form of the modeling results shown in 
Fig. 4. Fig. 5 shows a linear relationship between percentage energy 
increase and OAR and explains how SHR relates to OAR for fixed supply 
conditions with two different outdoor air and return air conditions that 
are representative of a warm humid-climate and of a hot-dry climate. We 
have observed that the rate of energy increase per percentage increase in 
OAR (the slope in Eq. (9)) is 25% when going to a more humid condition. 
This appears to be the case for the drier San Francisco having a lower 
slope than the other cities, as shown in Fig. 4. Despite being in the desert, 

Phoenix actually has some relatively high latent loads to contend with 
and both high sensible and high latent loads contribute to increasing the 
slope. 

The OAR-SHR relationship, analytically plotted in Fig. 5, shows how 
a higher OAR ratio significantly decreases SHR in a warm, humid 
climate, while drier conditions are not as sensitive to OAR. It also shows 
how completely dry conditions, where dehumidification is not neces
sary, will be solely dependent on managing internal humidity gains, and 
thus SHR will increase with higher OAR. This is important to note as the 
EES model of the compressor in the reference air conditioner is depen
dent on SHR at each dry bulb and wet bulb air condition. Therefore, the 
cooling energy increase for Miami at the high OAR shown in Fig. 4 is 
likely due to the less efficient system performance at lower SHR. 

For Miami, we plotted the range of air conditioning electricity output 
from the hourly model. Our analysis examined each month across the 
year for 25%, 50%, and 75% OAR (Fig. 6). It is clear how the values 
diverge in the summer months during peak cooling. The significant in
crease in demand is also clearly depicted. 

Even with a larger chiller, the inescapable coupling of dehumidifi
cation with air conditioning equipment will greatly overcool the air 
supplied to a room, as it will bring in fresh air but create uncomfortable 
conditions. This is particularly true when the SHR is low because high 
capacity dehumidification is needed to cause excess sensible cooling. 
This is is epecially pertinentin high-humidity climates during lower 
sensible temperature times when high OARs are deployed. Fig. 7 shows 
that at a thermostat setpoint of 24 ◦C (75◦F) air and with 50% OAR, 
there are hundreds of summer hours in the reference office building in 
Miami that have air that is well below this setpoint due to the need to 
adequately dehumidify the air, which results in overcooling. 

4.2. Extended natural ventilation hours 

Our analysis estimated the potential impact of using the membrane- 
assisted radiant panels that enable increased natural ventilation for a 
building. Table 1 shows results of the 60 locations examined in this 
study, the same cities as studied by Chen et al. [28]. The description of 
each column is as follows:  

● City: Name of the location.  
● Natural ventilation comfort hours: Number of hours comfortable 

without the operation of any mechanical systems, calculated as per 
Chen et al. [28], and defined as hMMNV in Section 3.2.1  

● Number of hours too hot for NV: Annual number of hours deemed by 
Chen et al. [28] to be too hot for natural ventilation; defined as h2H in 
Section 3.2.1  

● Number of hours too cold for NV: Annual number of hours deemed 
by Chen et al. [28] to be too cold for natural ventilation  

● Number of additional hours that can be satisfied with RCNV: 
Annual number of hours, in excess of hMMNV, under which radiant 

Fig. 4. (a) The percent increase in annual cooling energy for 6 cities for increasing OAR from 10% to 100%; (b) the absolute cooling energy increase.  
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cooling-assisted natural ventilation can be comfortable; defined as 
hRCNV in Section 3.2.1  

● Cooling Season Natural Ventilation %: Percentage of cooling season 
hours in a year where natural ventilation is permissible; defined as 
NV in Section 3.2.1  

● Cooling Season RC Natural Ventilation %: Percentage of cooling 
season hours in a year where radiant cooling-assisted natural venti
lation is permissible; defined as NVRCNV in Section 3.2.1 

4.3. Estimate of energy savings by increasing natural ventilation hours 

In Section 3.2.1, a method for utilizing a surrogate model derived 
from Chen et al. [28] was described. The method makes it possible to 
estimate the energy savings attributed to expanding applicable natural 
ventilation hours in a radiant-assisted natural ventilation regime. The 

results of this analysis, as applied to the 60 cities listed in Table 1, is 
shown in Fig. 8. 

With membrane-assisted cooling, the 60 cities achieved a range of 
80–100% of comfortable hours with natural ventilation. In some climate 
contexts, particularly the hot and humid tropics, this is a significant 
increase in applicable NV hours compared to natural ventilation only as 
per Chen et al. [28]. This increase in applicable natural ventilation hours 
does also provide additional energy savings, though these savings are 
modest. In Fig. 8, the assumed baseline, or backup, central AC system is 
a mixed fresh air / recirculated air system with an outdoor air ratio 
(OAR) of 10%, supplying 10 L/s/person of fresh air. With such a system 
in tropical cities like Miami, the additional energy savings offered by 
radiant cooling-assisted natural ventilation is on the order of 10–12% 
above natural ventilation only. In temperate cities, the additional energy 
savings are less than 5%, for we recall that radiant cooling-assisted 
natural ventilation reduces mainly latent cooling requirements and 
associated fan power costs, with smaller impact on the sensible cooling 
energy demand of a building. In cities of temperate or mediterranean 
climate, cooling needs are comparatively low, and therefore the addi
tional energy savings of natural ventilation-assisted radiant cooling 
remain low as well in these cities. 

The relationship between natural ventilation hours and energy sav
ings becomes more pronounced when we consider a baseline scenario of 
a mechanical, central AC system that aims to provide a higher rate of 
fresh air supply. In Fig. 9, we compare the four cities highlighted in 
Fig. 8, but against different regimes of OAR. If, for example, one com
pares radiant cooling-assisted natural ventilation to a baseline building 
that seeks to provide occupants with a 50% OAR, the estimated annual 
energy savings increases to between 25 and 45%, highlighting the need 
to address increasing outdoor air flow rates when energy use is 
constrained. 

Fig. 5. Plot of the algebraic relationship between OAR and cooling energy quantity in the air (left) and with the SHR (right). These plots are independent of system 
performance and represent only the relationship of thermal energy in the air based on constant air specific heat and the heat of condensation for latent phase change. 

Fig. 6. The monthly breakdown of hourly compressor power for 3 OAR simulation conditions in Miami.  

Fig. 7. A histogram plot showing the resulting room air temperature from the 
annual model of Miami with a 24 ◦C thermostat setpoint at 50% OAR caused by 
excess sensible cooling delivered with low SHR. 
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4.4. Mapping potential global natural ventilation hours with alternative 
baseline 

In Sections 3.2 and 3.3, we highlighted a difference in how Chen 
et al. [28] established criteria for estimating applicable natural 

ventilation hours, versus ours. Here, we examine the relative changes in 
forecasting baseline applicable natural ventilation hours when we apply 
the latter method. 

Four maps were generated for visualizing the extended natural 
ventilation hours analysis (Fig. 10). The global map was divided into 

Table 1 
Analysis results of 60 cities globally.  

City Natural ventilation 
comfort hours 

Number of hours 
too hot for NV 

Number of hours 
too cold for NV 

Number of additional hours that 
can be satisfied with RCNV 

Cooling season Natural 
Ventilation% 

Cooling season RC 
Natural Ventilation % 

Singapore 0 8760 0 7865 0 89.8 
Kuala 

Lumpur 
0 8760 0 7317 0 83.5 

Manila 7 8753 0 7398 0.1 84.5 
Rio De 

Janeiro 
1518 7241 1 7013 17.3 97.4 

Miami 1906 6675 179 6221 22.2 94.7 
Mumbai 606 8154 0 6172 6.9 77.4 
Bangkok 120 8640 0 6823 1.4 79.3 
Chennai 1373 7387 0 6108 15.7 85.4 
Hyderabad 2840 5671 249 5414 33.4 97.0 
Dhaka 2240 6428 92 5260 25.8 86.5 
Hong Kong 1785 6928 47 5494 20.5 83.5 
Kolkata 2471 6283 6 5031 28.2 85.7 
Karachi 2701 5799 260 4344 31.8 82.9 
Bangalore 2434 5358 968 4612 31.2 90.4 
Guangzhou 3100 5660 0 5159 35.4 94.3 
Houston 2927 4595 1238 3934 38.9 91.2 
Delhi 3331 4572 857 3092 42.1 81.3 
Cairo 4886 3187 687 2233 60.5 88.2 
Sao Paulo 2302 3325 3133 3072 40.9 95.5 
Shanghai 8435 179 146 168 97.9 99.9 
Nairobi 2193 3428 3139 2976 39 92.0 
Lima 5164 3215 381 3014 61.6 97.6 
Dallas 2938 3174 2648 2236 48.1 84.7 
Hangzhou 2122 3433 3205 2815 38.2 88.9 
Tehran 2969 2381 3410 2070 55.5 94.2 
Wuhan 7161 104 1495 102 98.6 100.0 
Osaka 2246 3015 3499 2521 42.7 90.6 
Atlanta 3031 2241 3488 1955 57.5 94.6 
Mexico City 2660 3153 2947 2918 45.8 96.0 
Nanjing 5974 2784 2 2783 68.2 100.0 
Chengdu 4253 1240 3267 713 77.4 90.4 
Nagoya 2674 2798 3288 2330 48.9 92.1 
Riyadh 2643 2076 4041 1781 56 93.7 
Tianjin 3803 1776 3181 1771 68.2 99.9 
Buenos Aires 2553 2404 3803 1926 51.5 90.4 
Zhengzhou 2423 1967 4370 1924 55.2 99.0 
Johannes- 

burg 
6105 219 2436 201 96.5 99.7 

Barcelona 3577 1436 3747 1409 71.4 99.5 
Istanbul 2651 1907 4202 1569 58.2 92.6 
Beijing 4916 3110 734 2610 61.3 93.8 
Xian 4514 1690 2556 1422 72.8 95.7 
Seoul 2735 2145 3880 1729 56 91.5 
Washing-ton 2966 1573 4221 1378 65.3 95.5 
New York 2601 2169 3990 1593 54.5 93.2 
Philadel- 

phia 
2883 1775 4102 1518 61.9 94.5 

Chicago 2808 1368 4584 1088 67.2 94.0 
Santiago 2182 1682 4896 1535 56.5 96.2 
Los Angeles 2633 2131 3996 1972 55.3 96.7 
Tokyo 3221 934 4605 880 77.5 98.7 
Shenyang 4297 565 3898 356 88.4 95.7 
Milan 4074 703 3983 336 85.3 92.3 
Madrid 2745 1136 4879 1002 70.7 96.5 
Boston 7197 526 1037 522 93.2 99.9 
Toronto 2489 702 5569 624 78 97.6 
Paris 3451 161 5148 134 95.5 99.3 
Dusseldorf 3294 136 5330 112 96 99.3 
San 

Francisco 
2378 193 6189 173 92.5 99.2 

Moscow 5337 57 3366 34 98.9 99.6 
London 2885 57 5818 50 98.1 99.8 
St 

Petersburg 
2164 82 6514 80 96.3 99.9  
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about 300 km × 300 km grids. Each grid shows the average results of the 
locations. The map in Fig. 10a shows the base case, i.e. the number of 
hours in a year that a location can achieve comfort according to the 
adaptive comfort model without running any mechanical system and 
with the windows open. We can see that due to the consistent temper
atures of the tropical region, there is high potential for the region to 
achieve comfort without any use of a mechanical system. 

Fig. 10b shows the improvement in the number of comfort hours by 
480–960 h (5–11%) if we elevate the air velocity to 0.8 m/s using me
chanical fans. This strategy is only effective for the tropical region. By 
coupling elevated air velocity with radiant panels, we can further in
crease NV hours by additional 480–960 h (5–11%) and maintain comfort 
(Fig. 10c). The condensation risk of radiant panels limits the increase in 
comfort hours for regions with high humidity. When the condensation 
risk is mitigated by the membrane-assisted panels, and mechanical fans 
are coupled with membrane-assisted radiant panels, we can achieve 
additional 480–1440 h (5–22%) of extra comfort according to Fig. 10d, 
resulting in up to 27% increase compared to the baseline. 

Fig. 11 provides a summary of the extended natural ventilation hours 
analysis. We can see the improvement in comfort hours increased in 
three scenarios. In comparison with the fan-assisted scenario, the use of 

radiant systems increases the number of locations that have 480–960 
comfort hours increased (5–11%) from 200 to 1200 locations. With the 
membrane-assisted radiant panels, one can increase the number of lo
cations that have a 1440–1920 comfort hours increased (16–22%) from 
100 to 200 locations, and 1920–2400 comfort hours increased (22–27%) 
to 70 locations. These are all achieved with open windows that enable 
high ventilation rates. 

The results of the absolute natural ventilation hours mapped corre
lates well with the previous studies for places that fit in the respective 
comfort bands: the analysis of Singapore in the tropics [48] and cities in 
the United States [29]. Compared to the Chen et al. natural ventilation 
potential [28], we find an expected shift in comfort limits for the bounds 
of areas with natural ventilation potential. Mapping both studies in 
Fig. 12, we observe that because Chen et al.’s study uses a temperature 
range down to 12.8 ◦C independent of the adaptive comfort model, that 
study’s results show more NV hours for colder regions. These would be 
deemed too cold by the adaptive comfort threshold. One could argue 
that their approach fails to recognize potential cold air infiltration in 
lightweight buildings, while our approach neglects any potential benefit 
of internal gains or thermal mass. Though less prominently displayed on 
the map, the tropical potential is also significantly expanded in our 
approach in comparison to the Chen et al. study by eliminating the 
dewpoint limit. We made the last assumption in light of our work on the 
more novel membrane-radiant systems being demonstrated in a fully 
outdoor environment with no significant internal gains to the air con
dition [40]. There, we have shown that high humidity alone does not 
cause discomfort, so long as the necessary metabolic heat dissipation is 
managed via convective and radiant heat transfer without requiring 
additional sweating/evaporative cooling. 

5. Discussion 

In comparing our analysis of the energy use penalty of increasing 
outdoor air (OAR), we were unable to find a paper or other published 
research that explicitly analyzed its physical relationship as an energy 
penalty for specific system operation. Numerous papers have explored 
ways to increase the performance of HVAC delivery of fresh air. Several 
of them were reviewed based on thermal comfort setbacks [8], which 
show savings from 29% in Hong Kong to 69% in Las Vegas for standard 
systems. This confirms the sensitivity of energy demand to the difference 
from supply temperature to source, which was also confirmed in pre
vious EnergyPlus modeling of setpoint setbacks [44]. Another review 
looked at energy conservation in ventilation strategies [45] and 
demonstrated systems that can reduce the penalty paid by increasing 
outdoor air by including energy and heat recovery as well as geothermal 
pre-cooling. We did not consider the role of these devices and strategies 

Fig. 8. Forecasted energy savings and achieved natural ventilation hours: mixed-mode NV versus radiant cooling-assisted NV; Energy savings are compared to use of 
a 100% mechanically-ventilated central AC system supplying 10 L/s/person of fresh air. 

Fig. 9. Ratio of change in cooling energy expended for different cooling sce
narios:(left) All cooling and ventilation is provided through a central-air me
chanical system; (middle) Mixed mode ventilation in which natural ventilation 
is allowed when outdoor air falls within the comfort zone and a mechanical 
system sets off otherwise; (right) A radiant system provides heating and cooling 
with natural ventilation providing fresh air at all times in which this combi
nation falls within the adaptive comfort boundaries and a A/C used as backup 
otherwise. For all cases, the projected increase for 50% OAR is included. 
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in improving performance. While these are also great options to increase 
fresh air, they are not yet prevalent in standard installations. Finally, we 
considered our analysis relative to research and analyses that consider 
air enthalpy instead of just sensible temperature, as is done in degree- 
day calculations. Degree-day analysis includes the comparison of 
modeling accuracy [46] that describes the significant energy cost of 
humidity on the air-side of cooling systems and also shows an 
improvement in energy prediction using enthalpy cooling degree-days. 
Similarly, it was shown in another study how expected climate change 
will increase the enthalpy gradients that buildings will have to address, 
thus exacerbating the energy penalty of increased outdoor air ventila
tion rates [47]. 

We can therefore confirm our results qualitatively from previous 
work that the intuitive nature of bringing in more unconditioned air, 
particularly if it is hot, humid air, has very negative impact that in
creases energy costs. The form of the simulation results illustrates the 
potential negative feedback on machine performance from changing 
SHR, and the fundamental analytical relationships provide a more 
general backdrop to directly review OAR increase penalties that should 
be considered in practice. Further, we have confirmed that this scenario 
has occurred in the field during the COVID crisis, as the facilities man
agers at Princeton University were instructed to open outdoor air 
dampers to their maximum setting to bring as much outdoor air as 
possible into buildings, which is the scenario that was modeled. 

Fig. 10. (a) Baseline available natural ventilation hours based on the adaptive comfort model (b) additional number of hours during which windows could remain 
opened and achieve comfort with elevated air velocity of 0.8 m/s (c) elevated air velocity and radiant panels (d) elevated air velocity and membrane-assisted 
radiant panels. 

Fig. 11. Histograms of additional comfort hours and locations with fan- 
assisted, radiant panels and membrane-assisted radiant panels. 

Fig. 12. (a) number of natural ventilation hours with no running mechanical ventilation using author’s method (b) number of natural ventilation hours with no 
running mechanical ventilation using [28]’s method. 
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The energy savings assessment for natural ventilation in our analysis 
is dependent on the regression of the cooling analysis done by Chen et al. 
[28] It is important to recognize that in their paper, the energy savings 
assessment is still based on their EnergyPlus model of a standard system. 
If we consider the energy consumed by a ceiling fans, it is easily as low as 
1 W/m2, and we therefore argue that it would be insignificant. But we do 
recognize the importance of considering the delivery of radiant cooling 
to the surfaces modeled. As the novel membrane-assisted radiant system 
does not have yet an in-depth energy model for calculating its cooling 
load, our analysis considers 35% savings for this system in comparison 
with a central A/C, based on radiant cooling precedents. We plan future 
analyses to more accurately model the energy savings of radiant cooling- 
assisted natural ventilation. 

We also recognize and advocate that building performance estimates 
presented in this paper, as per Table 1 and Figs. 8 and 9, should be 
considered rough approximations. There are many assumptions which 
underlay our analysis, along with the complementary work of Chen et al. 
[28]. We have not examined different building designs and typologies to 
judge whether natural ventilation can be freely provided with windows 
open in all building spaces. We have not examined outdoor air quality 
and the effect of noise and pollution on natural ventilation viability. We 
have not considered the impact of climate change on these forecasts nor 
the optimization of mechanical ventilation strategies. For example, the 
implementation of heat recovery ventilators (HRVs) can reduce central 
AC energy use under higher OAR configurations. Likewise, the baseline 
backup system for a radiant cooling-assisted natural ventilation system 
may be a HRV-based air handling system, such as a dedicated outdoor 
air system (DOAS). 

Finally, we recognize there are many other factors affecting access to 
air and airflow in buildings.. However, we suggest that studies which 
show that the common “solution to pollution is dilution” cliché for 
increasing OAR and ACH in rooms as the best method of mitigating 
disease spread fail to recognize the non-uniform airflows and increased 
mixing that occurs in high-velocity systems [49]. For COVID-19, the 
spread of the virus has been shown to be caused by directional airflows 
as well. Still, it remains clear that the vast majority of cases are trans
mitted indoors, and transmission would be reduced by having more 
fresh air exchange. 

Our analysis demonstrates significant potential for the expanded use 
of mixed-mode systems to allow for more naturally ventilated hours. 
Also, in considering the cities and places that can achieve up to 100% 
natural ventilation, it is implied that building design in these locations 
can be freed from conventional ducting and air handling systems, which 
significantly changes the design paradigm of walls and enclosures. 

While teaching classes outdoors during the 2020 pandemic to miti
gate transmission risk, heat and humidity, as well as cold temperatures, 
were experienced during different days in temperate climates. Both 
could be addressed by the alternative radiant and fan paradigms we 
presented here. Future work should also consider how specific times of 
the year, such as semesters for schools, could be prioritized for analysis, 
and how occupied time of commercial buildings and residential build
ings could be used to more accurately consider which hours in which 
buildings are most valuable to have the natural ventilation potential 
increased. We recognize that our proposed interventions are uncon
ventional, but with the amount of change happening in work settings 
and building operations, alternative paradigms need to be considered, 
especially those that improve the health and safety of occupants and 
dramatically decrease energy consumption. 

6. Conclusion 

In light of mounting evidence for the airborne transmission risks of 
the SARS-COV-2 virus, we must rethink the fundamentals of HVAC 
systems designed to provide adequate fresh air intake without 
compromising buildings’ energy performance. Natural ventilation is an 
affordable and sustainable method for achieving this goal, but it presents 

challenges for thermal comfort when the outdoor air temperature falls 
outside of the comfort zone. We have demonstrated that it is possible to 
significantly increase the potential for natural ventilation hours in 
buildings within multiple climatic zones by using radiant systems 
instead of air-based systems for temperature control. Radiant systems 
are proven to be more energy efficient than air-based systems, and at the 
same time provide a high degree of occupant satisfaction. 

Our models and calculations demonstrated that increasing to 100% 
fresh air (OAR) in standard building HVAC can significantly increase 
energy costs in humid climates. Alternatively, we have demonstrated 
that increasing natural ventilation hours by using a radiant cooling 
system significantly reduces the cooling energy usage. When consid
ering a delivery of 50% OAR scenario, 20–45% cooling load reduction 
can be achieved with the use of a radiant system in comparison to a 
central A/C system. An even higher cooling load reduction can be ach
ieved if 100% OAR delivery is considered. 

Using the adaptive comfort model, we have shown that it is possible 
to increase natural ventilation hours by up to 100 extra days (2400 h) 
per year using our proposed novel radiant system for indoor temperature 
control. Most of the regions with the highest potential to make this 
switch to natural ventilation are located in Southeast Asia and South 
Asia. While recognizing the need to address the challenges of air 
pollution and noise mitigation in many of the megacities of these re
gions, this research shows that the potential for natural ventilation in 
hot humid climates should not be overlooked as it presents significant 
energy savings and potential health benefits. 

The most significant general finding from this study is that increasing 
the outdoor air intake to 100% fresh air with existing mechanical 
ventilation systems will result in doubling space cooling energy demand 
in hot and humid climates, whereas switching to a 100% radiant cooling 
system coupled with natural ventilation will reduce net cooling energy 
demand and retain thermally comfortable conditions for a significant 
number of hours out of the year. Under the new proposed paradigm, air 
is supplied to building occupants for the purpose of breathing, not for 
heating and cooling. Thermal comfort can be instead controlled by 
surface temperature manipulation. By decoupling the air supply from 
temperature control, it is possible to achieve both high levels of indoor 
air quality and energy savings in interior spaces at the same time. 
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