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Abstract

Active humidification of the indoor environment is
both expensive and cumbersome to add on top of ex-
isting air-conditioning systems. To ensure occupant
comfort and health in the indoor environment, it is
often important to add humidification components,
particularly when the heating demand is high and the
absolute moisture content in the air is coincidentally
low. Conventional wisdom dictates that to increase
relative humidity in the indoor environment, mois-
ture must be added to the air. We propose an alter-
native method that relies on the co-benefit of radiant
systems: being able to condition to lower air temper-
ature during heating season and higher temperature
during cooling season (thereby reducing the required
dehumidification). This paper presents results from a
preliminary study from discussions on the humidifica-
tion effect without actively adding moisture, or how
the air condition shifts on the psychrometric chart
when radiant heating or cooling is used instead of
all-air systems. Building on existing literature that
have already showed the energy and comfort benefit
of using radiant systems within the indoor environ-
ment, we hope to demonstrate the magnitude of the
problem across the United States through a geograph-
ical study based on averaged weather data across the
country in 2018.

Introduction

We aim to demonstrate the co-benefit of radiant heat-
ing and cooling on humidity levels for indoor air de-
rived from maintaining air temperature setbacks. Ra-
diant heating and cooling increase or decrease the
mean radiant temperature (MRT). MRT and the dry
bulb air temperature are typically averaged to de-
rive the operative temperature. We will analyze this
along with other thermal comfort metrics to account
for MRT impact on thermal comfort and the ability
of radiant systems to maintain thermal comfort with
lower air temperatures during radiant heating and
with higher air temperatures with radiant cooling.
This will enables the psychrometric analysis of how
the ability to setback air temperature in turn changes
the relative humidity (RH), reducing the amount of
humidification required in heating seasons and dehu-
midification in cooling seasons. In winter, RH inside

buildings is often low because low absolute humidity
air is heated up to comfort conditions, and in sum-
mer a significant latent demand is caused by removing
humidity, but RH is reduced with higher air temper-
atures allowed by radiant cooling. We will analyze
and map the potential shift of RH, and its impact
on reducing dryness in winter, and also its potential
reduction in RH in summer and the potential impact
on latent loads.

Recent work that we have done has shown the im-
portance of expanding the typical focus of thermal
comfort on temperature, and the focus of mechanical
ventilation on manipulating temperature and control-
ling humidity (Teitelbaum et al., 2019). By includ-
ing manipulation of MRT, and considering the rela-
tionship of RH to air temperature, this alternative
modes of humidity control is shown to be possible.
Standard humidification methods in buildings present
significant risk of mold and mildew problems associ-
ated with the concentration of water at the points of
addition in ducts and ventilation systems that are
sealed and prone to local condensation from inad-
equate isolation from cool environments. Likewise,
standard mechanical dehumidification (latent load)
accounts for the vast majority of the cooling demand
for summer ventilation in non-arid climates (Harri-
man III et al., 1997). We combine a novel analysis
of radiant heating and cooling comfort impacts with
the influence on air temperature to map potential co-
benefits for various climates using standard weather
data files. Because the impact on RH is directly re-
lated to the absolute humidity or dew point we are
able to use weather databases to model the impact of
radiant heating and cooling setbacks on indoor RH
levels.

Research on the perceived dryness for office and air-
craft environment raised disputes about the health
relevance of RH, or absolute humidity (AH). Per-
ception of the dry air was correlated with the mem-
brane irritation of the eyes (e.g. dry eyes) and upper
airways (sensory irritation, (Sunwoo et al., 2006a)).
More recent research has linked the dry air com-
plaints to the indoor pollutants, such as VOCs or
even formaldehyde, leading to the development of a
paradigm that IAQ should be maintained at ‘dry and
cool’, or low RH and not too warm in office envi-
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ronments (Fang et al., 2004; Fanger, 2000). Regard-
less, the health implications of low RH, mostly de-
layed (Wolkoff and Kjrgaard, 2007) and indirect (Sato
et al., 2003), were continuously the topic of interest
among many researchers. RH below 20% was found
to cause eye irritation and an increase in air dryness
and stuffiness complaints. Results from intervention
studies have shown that elevating the RH could allevi-
ate the perception of dryness and discomfort. Ultra-
low RHs were found to cause symptoms of discom-
fort of not only eye and the entire air pathway (nose,
mouth and throat as well as lung) but also exposed
skin (Sato et al., 2003). RH lower than 10% could
desiccate the mucous membrane over time, starting
from the eye, moving onto the nasal cavity (Sunwoo
et al., 2006b), hence an RH of 40% rather than 30%
could be more desirable.

We have presented the preliminary analysis as part
of a simple study discussed at a panel for Indoor Air
2018, and recently presented again with colleagues at
the US General Services Administration (GSA) the
ability of RH to be increased by 5-10% by a decrease
in air temperature with radiant heating. The im-
pact on cooling can be even larger due to the RH
gradient for changes in temperature being higher at
higher humidity levels. However, another considera-
tion that will be detailed in the results is the poten-
tial increase in condensation risks as the dew point
will also be increased if the air system dehumidifies
less. Main conclusions are radiant heating systems
may avoid complicated humidification systems, and
similarly that radiant cooling could lead to a reduced
latent load. The results include maps of potential
benefits based on local climate data for dew point
and dry bulb temperature.

Methodology

Fundamentally, we are modeling the humid air as
a mixture of air and water vapor, both close to
ideal gases despite some molecular level interactions.
Treating dry air as semi-ideal gas, water vapor as
real gas, we will be applying the equation of state
for ideal gases to determine the state of the dry air.
Using the dry-bulb temperature T and assuming no
pressure differential between the indoor and outdoor
environment, i.e. the total pressure of the humid air
at 101.3 kPa, the dew point temperature Tdp serves
as the other parameter to enable us to quantify any
desirable property of humid air. We used data from
NOAA, specifically the Integrated Surface Database
for the hourly air temperature and dew point temper-
ature data(Lott et al., 2011). As heating only involves
heat being added for an all-air system, the humidity
ratio of the air will not change during the process,
while the air temperature is heated to the point of
the ASHRAE mandate (68 ◦F, or 20 ◦C). As it is
possible to obtain the relative humidity of the out-
door air during the entire year, it is therefore possible

to obtain a new relative humidity by assuming all-air
system and controlling for the recommended heating
state.

More specifically, the two known variables are the dry
bulb temperature and dew point temperature, which
would first allow us to know the humidity ratio of
the mixture. These two points are sufficient to allow
to calculate the RH. We used the 15 degree above
set point to indicate the resulting supply air temper-
ature (hence 82 ◦F, or 28.33 ◦C) as the supply air
temperature to accommodate for the resulting heat-
ing demand. The resulting new relative humidity will
drop from the outdoor relative humidity significantly.
Omitting the initial mixing process, we are assuming
the resulting relative humidity of the room is the same
as the supply air relative humidity that we obtained
in this study. The corresponding humidity ratio can
therefore be determined for any combination of given
air temperature and dew point temperature using the
methodologies as was shown by (Bell et al., 2014),
which was also used to generate the property tables
published by the ASHRAE Handbook 2009.

It is important to acknowledge the limitation in our
method, i.e. the skewed relative humidity distribu-
tion across an entire year. The relative humidities
are most likely not going to be normally distributed,
and may have significant skew that cant be reflected
with a mean value hourly relative humidity. To better
illustrate this problem, we used the weather data for
the airport at Wilmington Air Park Airport in Ohio,
as is shown in Figure 1

As can clearly seen in the left, during the heating sea-
son, all the indoor relative humidity remains under
the ASHRAE mandate 60%, but also cannot repre-
sent the skewed relative humidity towards the lower
20%. Similarly for the cooling period, where having
extreme humidities became of concern, using mean
or median value of relative humidity does not reflect
how more than 50% of all the cooling period has a rel-
ative humidity between 73% and 89%, thus providing
an underestimation on the severity of both the dry-
ness in the winter during the heating season, as well
as the need to dehumidify during the cooling season.

Therefore, to better understand the occurrences of
the hourly relative humidities, we counted their ap-
pearances within four different intervals, i.e. below
30%, between 30 and 45%, between 45 and 60%,
and above 60%. 30% and 60% are. considered by
ASHRAE to be the lower and upper bounds of the
comfortable range of relative humidities, while 45%
has been recently identified by multiple studies to
help ensuring better cognitive performances. The
cities selected would therefore have their respective
results analyzed as line charts to identify cities that
are more prone to discomfort during heating or cool-
ing season.

Using the filtered weather data from 2017 of 1,432
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Figure 1: Histogram of resulting relative humidity
from heating the outdoor air without humidification

control

stations across the nation, we generated two datasets
that have both the median value of the heating/cool-
ing season to represent the spatial distribution, but
also the aggregated occurrence frequency among the
four relative humidity bins to reflect the temporal
variation of the relative humidity. Before generat-
ing maps of how the spatial variations can be visual-
ized, the two datasets will first be used to generate
a state-by-state analysis of how the relative humid-
ity could vary among climate stations within a single
state, and how this variation can be carried over from
the outside environment towards the indoor environ-
ment, where the relative humidity drops significantly
when an all-air system is assumed for heating sea-
son, or increases significantly when air becomes less
important.

In contrast to the all-air system, the radiant systems
are often considered to provide an opportunity where
the room can be conditioned from both radiant and
convective heat transfer. This is traditionally done
by assuming the indoor air temperature can be held
at the same mandated level where the only source
of heat is the radiant surface. And since Standard
55 points to a desired indoor air temperature at 68
Fahrenheit, we are assuming that the air temperature
inside the indoor environment does not go beyond
that, assuming sufficient feedback control of a radiant
system with known supply/return temperature and
flow rate. We may therefore obtain the second new
relative humidity of the outside air being heated up

to 68 ◦ F instead of overshooting to 82 ◦ F before
sending indoors.

There are a few assumptions envoked to obtain the
two sets of relative humidity. To begin with, we are
assuming that in the case of an all-air system, a hys-
teresis instead of deadband control is used. Despite
being highly unlikely in an actual system, assuming
hysteresis control provides us an opportunity to an-
alyze the deviation of the relative humidity from the
outdoor condition at every hour of the data provided
by NOAA, and is therefore conceptually more fitting
for our analysis. Additionally, we are also assuming
that the indoor environment of the radiant system
does not involve any additional air-conditioning de-
vice, but still results in the same indoor air tempera-
ture by using thermostat-based feedback controls. If
initial and operational cost can be ignored, it is en-
tirely possible for us to argue the possibility of adding
a dedicated outdoor air system (DOAS) unit to en-
sure the indoor air temperature is maintained at the
desired 68 F. This will, however, also add to the
complexity of the system and the resulting energy
calculation - which camouflages this study’s main
goal in identifying the low-relative-humidity condi-
tions caused by all-air systems during the heating
season.

Figure 2 is a conceptual framing of the methodol-
ogy, holding the humidity ratio constant and allow-
ing the air to be cooler for a heating case or warmer
for a cooling case. These are shown as the moderate
heating and cooling examples. We also depict a case
where relative humidity is held constant, which would
in reality likely be a more relevant constraint in real
applications.

Results

We first categorized the resulting relative humidities
across the major cities within the United States with
a box plot, where the resulting relative humidity in-
doors of both the radiant and the air-based heating
can be compared to the outdoor air conditions. The
state-by-state analysis of resulting relative humidity
conditions can be found in figure 3, where the system-
side influence of changing system types leads to a
clear distinction between the resulting indoor relative
humidity levels and can be found in figure 3.

We then carried on to a larger-scale analysis of the
continental United States as well as Alaska regard-
ing their indoor environment condition as well as the
energy consumption when the two different systems
are to be applied to an average household. This anal-
ysis is based on the data retrieved from the NOAA
ISD-lite database for the year of 2017, with a total of
1,432 dataset after setting geo-spatial constraints to
only limit to the United States. Every file inside the
dataset is then processed via interpolation to gener-
ate a surface map of the relative humidity and energy
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Figure 2: Expanded psychrometrics framework (Teitelbaum et al., 2019) annotated with the air temperature
setbacks allowed with radiant systems. The color gradient is a recommended mean radiant temperature setpoint

calculated for an air speed of 0.1 m/s and a metabolic rate of 1.2 met for the relative humidity and air
temperature at each location.

Figure 3: Box plot showing the distribution of median relative humidity across different states assuming
forced-air system (top) and radiant system (bottom)

demand resulting from using either the all-air or ra-
diant systems.

The relative humidity results are plotted in Figure 4.
A series of interesting observations can be achieved.
Since both plots used the same color legend, it is ob-

vious that all-air system usage on the top yields a
consistently lower relative humidity comparing to the
results from using radiant systems. There also does
not appear to be a region that is at the brink of drop-
ping to the lowest relative humidity interval between
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0% and 10%. For all-air system, more than half of the
lower 48 states experienced a relative humidity lower
than 20% , and more than 85% of them does not reach
the range of relative humidity that is considered to
be within the desired range. This number dropped to
only approximately 41% of the overall land area for
an average household with a radiant system.
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Figure 4: Relative humidity resulting from using
all-air system (top) and radiant system (bottom)

The usage of radiant systems appears to lead to a
larger variation of relative humidity across the land-
scape, where the influence of the coastline that wasn’t
as obvious can be seen to affect the relative humidity.
This phenomenon can also be explained as the sen-
sible heating of moist air on psychrometric chart: as
the ∆T increases, the relative humidity line becomes
more sparse, resulting in a more concentrated relative
humidity, while smaller ∆T will lead to a more diverse
spectrum of relative humidity that is closer to the out-
door relative humidity. Lastly, and possibly the most
striking messages from Figure 4 is that the entire na-
tion is under the threat of excessive dryness when all-
air systems are used without humidifiers. Although
this can obviously be mitigated by adding humidi-
fiers, which is more common for commercial systems,
we want to bring the discussion further within the
scope of this paper by further expanding the scenar-
ios in question by decreasing the set point tempera-
ture either by decreasing the set point temperature
for all-air system or conducting deep retrofit to en-
able low air temperature radiant heating as shown in
Figure 5.
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Figure 5: Extra scenarios of lower set point for
air-system with air supplied at 74◦F (23.33 ◦C)

(top) or lower temperature radiant system with air
supplied at 62 ◦F (16.67 ◦C) (bottom)

Similar results can also be found for the cooling sea-
son, where the resulting relative humidities are plot-
ted in Figure 6. On the top row, the air exiting
the conditioning device at 45 ◦F (7.22 ◦C) is plot-
ted, shows an absolute necessity in conducting dehu-
midification since the relative humidity is across the
board consistantly at above 85%, where some systems
resort to re-heating the air towards a higher temper-
ature, effectively reducing the relative humidity, and
wasting a lot of energy in doing so.

Conclusions

We investigated the relative humidity improvements
when the set point is further expanded in this pa-
per. We found all-air system without active humidi-
fication to potentially lead to more than nearly half
of the United States to experience an indoor rela-
tive humidity lower than 30% during the heating sea-
son. Decreasing the set point temperature to 62 ◦ C
by assuming a combined DOAS and radiant system,
the conditioning-induced dryness can be further mit-
igated with less than 5% of overall Continental US
having relative humidity smaller than 20% when a
more radical radiant system is used.

Both the relative humidity of the all-air system shows
a much better agreement despite spatial and physi-
cal differences, while the radiant system appears to
embrace and endure those differences. Current stan-
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Figure 6: Air existing evaporator at 45 ◦F (7.22 ◦C,
top), supplied to compliment a radiant system at 68

◦F (20 ◦C, second from top ), and more radical
radiant systems that has supply air temperature up

to 74 ◦f (23.33 ◦C, third from top) and 80 ◦F (26.67
◦C, bottom)

dards recognize the different climate zones of their re-
spective air temperature and humidity, but does not
specifically recommend heating system types accord-
ingly, where the status-quo steps in and use a one-for-
all solution to provide adequate heating at the cost of
both comfort and excessive energy. Our results ap-
pears to be pointing the other way, where different
climate types needs to be analyzed accordingly.

We also concluded there should not be a one-size-
fits-all solution when it comes to setting air tempera-
ture set points across not only climate zones or even
cities. Radiant systems are more efficient in terms
of district-size plants and can provide improved ther-
mal comfort for colder regions, but also requires much
more capital investment which may not be justified
for regions that requires a shorter periods of heating
in the winter, in which case all-air systems could be
a better solution.

References
Bell, I. H., J. Wronski, S. Quoilin, and V. Lemort

(2014). Pure and pseudo-pure fluid thermophysi-
cal property evaluation and the open-source ther-
mophysical property library coolprop. Industrial &
Engineering Chemistry Research 53 (6), 2498–2508.
PMID: 24623957.

Fang, L., D. P. Wyon, G. Clausen, and P. O. Fanger
(2004, August). Impact of indoor air tempera-
ture and humidity in an office on perceived air
quality, SBS symptoms and performance. Indoor
Air 14 (s7), 74–81.

Fanger, P. O. (2000, June). Indoor air quality in
the 21st century: search for excellence. Indoor
Air 10 (2), 68–73.

Harriman III, L. G., D. Plager, and D. Kosar (1997).
Dehumidification and cooling loads from ventila-
tion air. ASHRAE journal 39 (11), 37.

Lott, N., R. Vose, S. A Del Greco, T. F Ross, S. Wor-
ley, and J. Comeaux (2011, 06). The integrated
surface database: Partnerships and progress. Bul-
letin of the American Meteorological Society 92,
704–708.

Sato, M., S. Fukayo, and E. Yano (2003). Ad-
verse environmental health effects of ultra-low rel-
ative humidity indoor air. Journal of Occupational
Health 45 (2), 133–136.

Sunwoo, Y., C. Chou, J. Takeshita, M. Murakami,
and Y. Tochihara (2006a). Physiological and sub-
jective responses to low relative humidity. Journal
of PHYSIOLOGICAL ANTHROPOLOGY 25 (1),
7–14.

Sunwoo, Y., C. Chou, J. Takeshita, M. Murakami,
and Y. Tochihara (2006b). Physiological and sub-
jective responses to low relative humidity in young

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
2567

 

 
  



and elderly men. Journal of PHYSIOLOGICAL
ANTHROPOLOGY 25 (3), 229–238.

Teitelbaum, E., P. Jayathissa, C. Miller, and F. Meg-
gers (2019). Design with comfort: Enhancing the
psychrometric chart with radiation and convection
dimensions. Energy and Buildings.

Wolkoff, P. and S. K. Kjrgaard (2007, August). The
dichotomy of relative humidity on indoor air qual-
ity. Environment International 33 (6), 850–857.

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
2568

 

 
  




