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THE ENERGY COST
of HUMIDIFICATION
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" The reasons for.humidification of Fouses in winter concern most/y comfort and
health. However, -humidification usually results in higher household energy con-

sumption, In addition, chronic excess humidity can callse bubbling and peeling.

of exterior paint, compaction of insulation and serious structuraldamage. Hence,
-minimum humidification consistent with adequate comfort is advisable.

N

JAY W. SHELTON - -
Associate Member ASHRAE

ANY energy.conservation tip lists

Ny suggest humidification. One such

" list ‘states, “Keep the humidity at a

w. proper level with humidifiers or water

supply near the furnace vents. If the air.
is"c'!ry,-vmore heat is required to keep
. you comfortable.”* - Another recently

. pamphlet suggests, “Add a humidifier
% to-youf hot air system or employ a port:
" . able unit....

Proper humidity permits
lower indoor winter temperatures while

~retaining some degree of comfért_."'-’

¥

Tne rationale behind .these claims

is probably that increasing the humidity .

of air‘without changing its temperature

makes. air feel warmer (at typical am- -

biept indoor temperatures) due to'sup-
pression of evaporatron of moisture
* from the skin. As a consequence, a
house equipped with a humidifier per-
mits Jower thermostat settings than .a
house without humidification. The feel-
ing of air warmth i both houses will be
the same. This lowering of temperature
results in a Iessened' sensible-heat loss

from the house,* srnce such heat loss -

depends prrncrpally on the tempera-

ture difference msrde and outside the

] house.

However the energy necessary to

humrdlfy the air is usually far greater
*than the decreased sensible-heat loss.

It is this energy expenditure which evi- '

dentally is often neglected by authors
‘of lists of energy-conserving sugges-
" tiohs. Most huniidifiers themselves do

-~ not consume large amounts of energy;

“'motor (portable humrdmers)

.." J. W.-Shelton is Associate Prolessor Physics De- -

_pantment, Williams Co/lege W/llramsrown M.
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) they‘are merely devices. to promote

evaporation of water. They may have
no direct energy consumption (a water
pan with evaporation plates in forced-

_hot-air systems, pans of.water placed
on radiators, or laundry hung ‘around” /
_the house) If energy is consumed -di-, /

rectly, it may be that of a smali electrrc
A few
domestic humidifiers use eIectrrc im-

- mersion heaters to increase evapora-

tion rates, and these may consume

significant amounts of ‘energy directly.

But regardless of the type of humidifiér,
evaporation of water is involved, and

this is an energy consuming process. If -
.heat is notesupplied explicitly, this pro-
cess results in.cooling /(sweat and-

other wet air-conditioning systems).

-For example, most portable humidifiers

(those without an .internal heat source)
operaling in a closed room, decrease
the room's temperature unless extra

heat is added. Typically, the cooling . '
. tendency of humidification ‘is coun-
-teracted through

increased energy
consumption of the building's space-

" heating system. The main point is that -

in all kinds of humidification, the heat of

vaporization of water must be supplled B

‘by some source. - °

If the net effect of humidification is

an increase in heatmg gnergy required
— as is'usually the case — then, since

energy is conserved; the total rate of .

energy loss from the: house must in-
crease. Sensiblé-heat Ioss-is of course

“decreased dué to lower indoor temp-
, in- -
' creased due to higher water-vapor
/o “through - .
. exfiltration and ventilation: -Usually, as

erature, but latent-heat loss is

content / of the air lost

will be shown, the increase in latent-

sensible- heat Ioss

/
oo
NS

.

heat loss exceeds the decrease in- oo

' hu_midity ratio _is.(in Ibs/hr)

CALCULATION

A quantitative calculation of humidifi- . -

cation's energy cost requires careful
accounting of moisture. Water vapor *
enters and leaves a house whenever

air does; and may also be generated S

_inside a house through normal ac--
trvmes Very small amounts of moisture *
may also diffuse into or out of 4 house

’ .. without concurrent air exchange. . This
- effect is neglected in this discussion,

as is that part of condensation and
freezing of water vapor out of the in- -
door air which is not subsequently re-
turned to the air (e.g., manual defrost
refrigerators).” Explicit humidification
(or dehumidification) is necessary if the
natural processes resull in an unde-
sired humidity level.
.Indoor and outdoor air are. con-. .
stantly being exchanged due to -
infiltration and exfiltration  through -

/'cracks around windows ‘and doors,

through chimneys, and due 1o the ac-
tion of exhaust fans and the openings
‘of doors and windows. Typical total
air-exchange rates are from Y2 to 2 air
changes per hour. Entering air brings

"in moisture at the same.concentration . "
. as that of outdoor air, Similarly exhaust. . " "
. air carries out moisture-at a concentra-
tion equal to that of indoor -air. ’

Some basic information necessary

“Jo_talculate the .moisture deficit* (gr

surplus) due to air exchangetis shown

~.in.Table 1,"which gives the humidity

‘ratio of saturated air at various temper-
atures. The humidity. ratio is the.ratio.of
masses of water vapor to dry air in a
given example. Relative humidity is the

- more common measure of water-vapor

content; a relatie. humidity of 80% in-
-dicates the water-vapor content of 80%
of its maximum possible value (satura-

tion). The data in Table 1 allow calcula-"

_tion of - actual “water-vapor, content,

given the temperature and- relative
humidity of the air. For instance, the

" humidity ratio of the air at 70F at 40%
. relative humidity is 40% of 1.56 x 1072, .
Hence, in one pound of such air there .
'is'0.0063 Ib. of water vapor.

EY

"Therate at which moisture must be

. added to (or taken away from) the air in

a-house in order to maintain a given "’

(HR, - HR.,)m
where .

"HR, = desired humrdrty ratio msrde
house

. house)x (humidity ratio at
saluratron and at lhe rnsrde

o

= (desired relative humrdr(y rnsrde .
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. temperature) *

- HR, = humidity ratio of outside air

= (relative humidity of outside air)
X (humidity ratio at gaturation -

. and at outside temperature)

m

. .= (air exchange rate in ex- )

- . 7 . changes/hr) x (volume of house

] ot in ft*) x (density of dry air (i.e.,

. ' excluding moisture) at inside

temperature in Ibs/ft*)

N " For_example, suppose that. the
|« outside temperature is 20F with an av-
' - erage humidity. of 60%, and that it is
- desired to maintain a relative humidity
of 35% in a house kept at 65F with an
air exchange rate of one change per
hour and a house volume of 10' cubic
feet. The necessary humidification rate

would be. .
(HR. HR,,)rh= _
L (035x133>< 10- —060x215>< 1077)
S XTsx 10— -%10'

.= 2.53Ibs/hr.

v (75 X, 10“ lb/ft' is the approximate
_ density. of air; it varies a little with
barometric préssure. The ditference
between dry and'mmst air densities is
‘always less- than 2% for temperature

less than 75F): '
Not all of this humudmcatlon rate

humidifer since many househoid . ac-
tivities add water vapor to the air (Table

2). Cooking.in an average home con-
tributes 4-5 Ibs. of moisture per day;,
each person in a house contributes
‘about 6 Ibs. of moisture per day due to
transpiration and  evaporation. Evap-

7, 521 % 107 -

-, 40 Coa . o
..7.66 x 107 -

cliis0n
‘. 60

3 © i B8
70

133 % 1072 .
.- 1.58 x 1077
-1.88 x 1072
2,23 x 1072
~812 x 107
v 432 x 107
5.94 x 102
815 x 107 _

ASHRAE JOURNAL January 1976

= dry air exchange rate in lbs/hr . -

need be supplied by -an exphcnl-

e . S 3 . .
©. . Tablet B .
Temperature Humidity Ratio at- -
O (°F) ¢ 100% Relative Humidity
-,50 . -0.416 x 10~
s =40 0.793 x 10~
: - =30 " 1:46 x 107
-20 2.63 x 1071
. =10 . . 461 x107"
S0 T 7.87%X107.
10. : c 1.32 x 1073 ¢
.20 215% 107
- . .30 845 x 107

11 x 10t -

.
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Table 2. Mmsture Productlon for Vanous Res:dennal Operatxons

‘Operation . o '4‘.} T Y Moxsture '

Floor mopping — 8 x 10 kitchen (0.03 per sq ft) - 2.40

Clothes Drying*™- (Not vented) .

Clothes Washing® : o

Cooking (Not vented)* From Food From Gas o
reakfast 034 056 .

. Lunch L« 0851 . 066 . "

147 ., 0182

Bathing — Shower IEE )

" Dishwashing:* o <.
Breakfast . SRR

Dinner

.........

Gas Refrigeration :
" House Plants .....i.......,....

'Based on family of four. T /
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_ Table 3. Limiting Relative Humidty
for No Wmdow Condensatlon
(Natural Convectlen Indoor Air at 74

" Quitdoor. Temp. Double Glazing
4 -, -
30 /- 80
¢ 20 / . 43
0 C 36 \
: 30 - a
-10 . 26 \
-20 21 .
-30 17

(tfrom ‘ASHRAE Guide and Data Book, Equip-
ment Volume, p. 38 and 39, 1972)

oration of water during a shower or
bath may contribute as much as ¥z Ib.

~ moisture; A large” number of house- -

plants does significant humidification;
open (unvehted) flames generate

. water vapor as a biproduct of combus-

e

’

tion reactions. Typical average rates of
humidification from all these implicit
sources is Y2 to 1 Ib/hr. The energy

source of most of this unintentional
humidification is not the space-heating, ’

system but food, cooking energy, and

energy for the hot watey” heater. Hence

most of this humidification is free in the

sense that it is.a biprogyct of activities'
doneprincipally for other reasons. (The

one polenttally significant exception is

in the case of houseplants.)

Hence, continuing the -numerical
example, of the approximately 22
-lbs/hr of humidification needed, let us

assume % Ib/hr is supplied by usual
-household" activities; hence the extra
explicit humidification rate must be 1%
Ibs/hr. The energy necessary to add 1
- Ibo of water vapor to the air is about
1060 Btu, the heat of vaporizaiionfgf
water. Hence the energy cost for
-humidification in this example is 1%
Ib/hr x 1060 Btu/lb = 1850 Btuh.
" The energy. savings due to
humidification is based on the fact that

[humid air feels warmer than dry air (in
interest

the temperature  region of

“ here), and hence the air temperature in

a humidified house can be lower with-
out -sacrificing any change. in the
human sensation of ambient tempera-
_ture. This effect has been measured by
obtalnlng the reaCtlons of farge num-
bers of human subjects exposed to var-

ious. controlled condmons of tempera- "

ture and humidity.” \The size of the ef-
- fect may depend on‘lhe. amount of clo-
thing worg, the amount of physucal ac-
tivity of .the subjects, and the duration
of exposure, and these factors explain
some of the slight differences in vari-
ous studies of thermal comfort. The ef-

54

fect is not large: For any fixed dry bulb
temperature in the range of 65F to 70F,
the range of subjectively felt tempera-
ture (“effective temperature”), as the

relative humidity is raised from 0% to

100%, is only about 3F (Fig. 1).' The ef-
fect is approximately directly propor-
tional to the.relative humiidity. Hence

humidification from 20% to 30% rela-.

tive humidity would allow- lowering the

. temperatyre by about 0.3F, a modest

adjustment whose energy savings will
rarely compensate for the energy cost
of humidification. '
Without explicit humidification the
humidity ratio would be that of the out-
side- air plus the contribution from
household activities. For our numerical

~ example this humidity ratio would be , .

HR, + = = 0.00129 .
m
0.75 Ib/hr _
750 lo/hr 0.00229

. where S is the contribution of internal
" moisture sources in pounds of water

per hour.

This corresponds to 17% relatlve
humidity at 65F. With humidification to
35%, the thermostat may be set back

. 18% (35% — 17%) of the 3F set-back
-+ corresponding to humidification from
0% to 100% relative humidity, or 0.54F. -

For an outdoor temperature of 20F this
corresponds to a change in the differ-
ence between indoor and outdoor
temperatures-of .1.2%, and hence will
result in a decréased sensible heat
loss of about 1.2%. In a house with a
heat loss of 20,000 Btu per degree-
day, the heat-loss rate under these
conditions is about 37,500 Btuh. Hence
the savmgs due to decreased

, sensible-heat loss is about 450 Btuh.

This is much smaller than the roughly
1850 Btuh necessary to- humldnfy
Hence the net energy cost of
humidification in this example is about
1400 Btuh, which is about a 3.7% in-
crease in the nonhumidified heating-
energy consumption rate.

It is possible for humidification to

result in .a net savings of energy.

GenerallzatLon of the above calculation
leads to the energy cost. term (as-,
sociated with the humidification pro-
cess, and equal to the mcreased latent
heat-loss rate), .
q, = (MHR, — mER, — S)h .

o ' (1
where

HR; = humidily, ratio inside building

EIFI,, humidity ratio of outside air

internal humidity sources
contribution (mass/time)

I

' ‘A
'l

= mass flow rate of dry air into
“(or out of) bundmg o

h = ‘heat (enthalpy) of vaponzanon

of water. (h = 1060 Btu/lb at 50

lo 60F and at 1 atmosphere).

m

Similarly the energy-savings term as-
sociated with being able to lower the
thermostat is the decrease in tempera-
ture permitted by humidification times-
the overall heat-loss-rate coefficient of
the building. This decrease in sen3|ble
heat-loss- rale is ) /
g. = (MHA, —mMHR, = S)aH/m  (2)

‘- where . ) !

«a = (minus) the change in dry-bL;Ib
.lemperature per unit change in
-humidity ratio, at constant ef--
fective temperature.

H. = overall-heat-loss-rate coefhcuem
for the building (e.g., Bl.u/degree-
day) : L :

The net change, g, in the energy-

consumption rate is.the dnfference be-

tween these tvyo terms:

q=a - q = (MHR, = MHR,=§) .
' ' (h- aH M) () -
Let us now: determlne under what

Y

circumstances. humidification results in -~
.a net savings of energy. This requires

that g be negative. The first term in the
product in Eg. 13)*is’ positive when
humidification is requnred Hence, g will

"be negative when the second term is

negative, ‘
h— aHJ/m < 0 )
or ’ .
A S seuwbE ()
! m

where « = 200F Ihas been used, which’

is valid for effective temperatures from
60F to 75F. (see Fig. 1 and Reference
4). - '

In the previous numerical exam-

“ple, the ratio H./m was 1.1 BtulbF.

Hence this condition would be satisfied

for a five-fold increase in the heat-loss-

rate coefficient, or, a five-fold increase
in the heat-loss-rate coefficient, or, a
five-fold decrease in the air-exchange
rate, both of which are drastic changes
from the numerical example. Values.of
H./m for various conditions are given in~~
Table 4. For a.house with an effective
temperature within the typical range of

"B65F to 75F, humidification can result in

i

a net energy, savings only for a small,

tight house with a large heat Ioss an - -

unlikely combination. -

. A higher ten}peratAures._; the value
of ' increases significantly,to about
400F at 80F and about 600F at 85F (ef-

f’ective temperature). (At these higher .. '

o .
P

ASHRAE JOURNAL January 1976 - | -

’

o




»

: temperatures: .hum'idity has

- solution of
: humldrfrcatlon The difference in the en-

; :ASHRAE JOURNAL ,January 1976°

- Air Exghange rate

‘TABLE 4

House Volume Mass Exchange rate, m

. g S ‘ Btu
House.Vqume perhqur ..-. e ' ’_~“l‘_b/hr orw ,000 - __—degree ~day
: 47 Btu .
e . - ~ degree-hr .
v E e <5000 " {g8 - He -223tu o
S VL o . m L
Ct¥ Moo 0000] - B '
A g sooo} P s L
g'? 1 12000 _ - 750 .. 056
"Xz 000" ST oy
AR 20,000 _ : -
A 10,000 » . 1800~ T
2 * 20,000 3000° 0014

- Values %" ’in for varlous co r%trons For HJm < 5 Bw/Ib°F humidification from and to any levels, at any constant eﬂectrve temperature between 60F and-
(3

the ener?y logs™ from the house. A net energy savungs results only tor HJm s gﬁtu/IbF corresponding to'the unlikely:
arge, heat-loss. :

75F, 1 net intrease:
- combtnalron of'a smatl trght house w‘{h‘a

largqr ef-
fect on thermal comfort). [The corres-
ponding’ critical values
about 3 and 1.7 respectively. As can
be seen from Table 4, these values
begin fo correspOnd'to more reasona-
ble houses, “but few: occupants would

be comfortable at these high tempera-,
tures. Hence the conditions are %re “

indeed under which humidification can
result in net energy savings. N

- q is also negative for -’

o

mHR, = mHR, - ‘ S < 0 '. (63)

h—aH/m " - >0 . (6oy

This corresponds to, a situation requir-

" ing dehumidificatién in order to attain

desired interior humidj y, dueto alarge
internal load and/ora’ relatlvely tight
house. Inthis case, ‘it is possible to

save heating energy-by dehumidifica-

tion. Dehumidification usually involves

_ condensation of water, which releases

the same amount- of -heat as ‘is con-
sumed in evaporation. But whether or
-not dehumidification results In a,net
. savings of energy during the heatung
season will depend on whether the

. condensation heat is in fact used for‘
space heating or is exhausted. to the

external environment. et

The ASHRAE Comigrt. Chart (re-
produced as-Fig. 1) inc ddes lines of
constant enthalpy (which coincide wjth
lines of constant wet-bulb temperatur)
and hence permrts partral ,graphical
the * erergy cost - of

. thalpy coordrnaYe (in Btu per pound of
dry air) between two points.of different

-, relative humrdlty but of the same effec- \
: tuve temperature grves thls cost di-

..4,, : K

f HJm are

&’of ',

rectly Coupled with an air-exchange
rate and a cbmputatron of sensible-
heat savrngsﬁhls tionis equrvalen/t
to the algebraic qri
—f

DISCUSSION }
The net energy cost of- humrdrfrcatron
depends sensitively on the details of

-each situation. The air exchange range

isa very impadrtant parameter and very

diffiéult to know accuratély. fts impor-.

tanee lies in the fact t

the required
total humidification rate

is directly

proportional to the “air. exchange rate'
* since that is essentially the only way fqé

water vapor to leave a-house. In a ver
“tight" house the humidity load from
natural internal sources can be exces-
sive,” in some cases
dehumidification even in winter. Elec-

trically heated hquses are more likely .
‘candidates for  the - excess-humidity
‘problem because of the higher stan-
- dards to which they are generally built. -
- On the other hand older houses are
often rather Ieaky houses with air ex-

change rates of more than 2 per hour
are’ not uncommon and would, in cold
climates, be' very: costly to humidify
(just-as they are to heat). e
Another important parameter is the
water-vapor content of the outside air

- which enters the house at the air ex-
¢hange rate. As the oulside tempera--

ture falls, the amount of water vapor
and air.can hold, at any given relative

humidity, also falls, dramatically. For -
example, saturated air at —15F con- .

tains only about one tenth as much
moisture as'saturated air at 30F (Table

1). This is why air in houses tends to be
“drier in cold weather. However, try.ig-
‘maintain a relative humndrty of 35%(‘n'

i [y

requiring ..

sub-zero weather is not advisable,” "

srnce in most houses it will result.in ex-
cessrve condensation inside exterior.

~ walls and other places, causing, in the -

long fun serious structural damage.

Table 3 shows recommended max-
imum relatrve humidites as-a function of -

outside- temperature in order to avoid
serious .~ condensation

problems.

(Continuous .condensation on . large

portions of- thermopane windows, or
ordinary windows with storm windows,
“is an indication of excess humidity; in
its absence, huriidity levels are proba-
bly not excesstive)

‘The ‘benefys of humrdmcauon are’
mainly related to comfort-and/or health :

One possible additional benefit is, se-
lated to the fact that wood shrinks as its

‘moisture content falls. By marntarnrng L

relatively constant humidity pos§rbly
harmful ~ stress' . 'and dimensional

changes are avorded One mterestrng -

but probably very smaU effect of-the

" drying out and contraction of wood - -

could be ‘an increase in air mtrltratron :

due to widening of cracks in the struc-* e

ture.
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