Applied Radiant Cooling and Displacement Ventilation
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RADIANT COOLING AND HEATING

Energy-efficient buildings do not need highly tech-
nical systems or solutions to be effective. We can
look back in history and realize that the fundamen-
tal knowledge has always been with us, and we've
just had trouble executing it. The Romans, with
underfloor radiant heating and thermal mass heat
storage (hypocausts), figured this out over 2000
years ago! The purpose of erecting a building of any
kind is to provide controlled shelter from the envi-
ronmental elements. Building issues such as ther-
mal storage, glazing performance, light control, and
building thermal loads must be considered together
in a “team design” approach. Involvement by the
entire building-design team, as early as possible in
the building-design process, can lead to many more
innovative and cost-effective solutions.

Traditionally, the architect has already conceptualized
the building by the time the engineering consultants
are handed the plans and then tasked with apply-
ing mechanical and electrical systems designs to it.
This can lead to restrictions in terms of what might
be the appropriate building systems for the project.

Radiant heating is a well-known and accepted method
of heating a building. Whether a radiant floor or higher-
intensity overhead heating panels, the technology
and applications of heating systems are relatively
well-known. Radiant cooling is far less understood,
and misapplications in the past have led to a gen-
eral suspicion of this type of mechanieal cooling in
residential and commercial buildings. Even radiant
heating systems have had their share of horror sto-
ries, mainly due to incorrect application, poor ma-
terials, and fundamental installation problems.

The proper use and application of radiant cooling
and heating systems can lead to a very energy-effi-
cient mechanical system. The key is to reduce the
building thermal loads to the point where these sys-
tems can be applied economically.
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The building envelope is the most critical element
of the building, and it affects every other compo-
nent of the building. A poor envelope leads to en-
ergy-guzzling mechanical systems and poor comfort
conditions at the perimeter, as well as excessive
maintenance needs over the life of the building. A
well-designed high-performance envelope will lead
to a low-energy use mechanical system, lower en-
ergy consumption for lighting if daylighting concepts
are incorporated, and much lower transient ther-
mal loads around the perimeter zones inside the
occupied space. The architectural and engineering
challenge is to accomplish this at the same or lower
cost than building a conventionally skinned build-
ing. Some key elements to consider are:

+ exterior shading devices;

* high-performance glazing elements;
thermal mass within the space or building;

* minimization of internal heat gains (e.g., lights
and equipment).

Traditionally, North American HVAC engineers have
tackled the control of indoor comfort conditions by
using various types of air systems that typically
move large volumes of conditioned air, particularly
for cooling applications. These systems are flexible
enough to be applied to “any building, any time,
anywhere,” and can handle high peak thermal loads
with relatively short response times.

Reducing the building’s peak loads by using a high-
performance skin will allow for a smaller mechani-
cal plant and the use of other types of heating and
cooling systems rather than “all-air systems.” The
reduced mechanical and electrical infrastructure
saves capital and operating costs, but the biggest
impact is on the volume of the building: floor-to-floor
heights can be reduced due to lower service plenum
requirements, saving more money and resources, It
has been proven in many cases that a highly en-
ergy-efficient building can be built at the same or
lower capital costs than a standard office building,
provided that the design team starts early enough
in the process to refine the building structure, shape,
envelope, and approach.
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With a tighter, more-efficient building skin, one of
the other mechanical systems that can now be ex-
amined is radiant cooling, using the structural slabs
or ceiling panels as the radiant surface. The “thermo-
active slab” system uses the building mass as the
main heating and cooling agent, replacing the tra-
ditional large air volumes used for air conditioning.
In addition, it separates the heating and cooling
function from the ventilation function of the HVAC
system. This separation allows the designer to match
equipment sizes to the individual functions. Thus,
a minimalist approach can be used—a minimal amount
of mechanical equipment and operating staff, and a
system operating at minimal temperature differentials.
This is the principle behind the European “BATIS0O”
{BATiment-ISOtherm) constant-temperature building,

According to ASHRAE and Eurcpean studies, the
ideal human body comfort range is achieved through
50% radiation, 30% convection, and 20% evapora-
tion. “All-air systems” typically deal with only the
convection (air movement) and evaporation (humid-
ity control) parts of this equation.

RADIANT COOLING TECHNOLOGIES

Current developments in radiant heating and cool-
ing technologies have given rise to two basic meth-
ods of providing “BATISO" systems. In “cast-in-place”
concrete buildings, one method is to cast tubing di-
rectly into the concrete slabs (see photo, p. 15). Warm
or cool water is piped through the tubing to main-
tain a constant concrete slab temperature. This
method works best if there is no dropped ceiling ple-
num, so the slab can act as an overhead cooling or
heating source. Typically, a raised floor plenum is
used to provide service space for electrical and util-
ity systems.

Another common method is to use capillary tubing
mats which can be cast in place, adhered to the un-
derside of the slab or ceiling structure in a plaster
ceiling (see photo, p. 15), or installed in suspended
panels (e.g., drywall, acoustic tile, or metal). The
capillary tubing mats offer more versatile installa-
tion schemes, and are also used for spot cooling or
heating applications to supplement other building
HVAC systems in many different building applica-
tions. This system is commonly used in Europe for
older building retrofits where duct space is mini-
mal, but small diameter piping can be easily run
through the building to provide cooling and heating
where required.

The capillary mats can be zoned and controlled on a
room-by-room basis, but this adds capital cost for the
piping and controls work. Larger-diameter tubing cast
into the slab can also be zoned, but because of the slow
temperature change rate of the concrete slab, room-
by-room control is not an effective way of operating
this type of system—it is best operated on a “major
thermal zone"” control basis, and on a seasonal basis.

The reason for this is clear—if the transient perim-
eter temperature fluctuations are virtually elimi-
nated by the high-performance building skin, the
entire inside of the occupied space becomes one “ther-
mal zone.” Since the entire zone is maintained at a
constant temperature by the enormous thermal-stor-
age effect of the concrete structure, there is no need
for individual temperature control zones. Since the
slab system is self-regulating, even transient ther-
mal loads are compensated for automatically at the
speed of light (infrared energy), without the need
for additional controls or thermal zoning.

One of the major technical issues with plastic tubing
gystems is that the piping and capillary mats are
normally fabricated from polypropylene plastic, which
is not an oxygen barrier material. Thus, the piping
system must be isolated from other metallic piping
systems and components. The usual way to do this is
to provide a central-station heat exchanger and circu-
lation pump for the plastic piping systems to isolate
them from the central boiler and chilled-water systems.

The in-slab tubing method, or the applied-to-slab
capillary tubes, allows the building mass to work
with the HVAC system as an energy storage reser-
voir (heating and cooling storage) in a “thermoactive
slab” application. Once the building structure tem-
perature has been stabilized, and the transient loads
from the exterior (solar, heating, ete.) are minimized
by the high-performance envelope, then the build-
ing HVAC systems do not need extreme operating
temperatures or controllability to maintain a stable
slab temperature, year round. The thermal storage
of the concrete slab will easily handle local tran-
sient loads (e.g., meeting rooms and offices) while
maintaining a steady cooling effect. Radiant heat-
ing and cooling is infrared energy which works at
the speed of light and, since it represents 50% of
the ideal human comfort equation (radiation com-
ponent), it can provide superior indoor comfort com-
pared to conventional “all-air systems.” To visual-
ize this, imagine walking into a large concrete
parkade on a hot summer day. The cooler concrete
creates a radiant cooling effect, and in spite of the
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warm air temperature, you feel cooler and more com-
fortable.

The key technical issue is to get the interior cooling
load of the building down to below 6.5-7.0 watts per
square foot (70-75 w/m?). In climates like the Pacific
Northwest, the heating takes care of itself, as the win-
ter heat losses are easily met by the building interior
heat gains when high-performance glazing is used.
Similarly, the high-performance buildings in many
areas of Switzerland and Germany do not require
auxiliary perimeter heat at all, where their winter
design temperature is 5°F to 14°F (-10°C to -15°C).
In more severe winter climates, supplemental pe-
rimeter heating may be needed, depending on the ex-
tent and type of glazing and how cold it gets in win-
ter.

Another issue to consider is ambient relative hu-
midity. The performance of chilled ceilings and
chilled slabs are limited by the dewpoint of the air
in the building. The lower temperature limit for ra-
diant-cooling systems is approximately 61°F (16°C),
which prevents any condensation problems in most
climates, It may be possible to use lower chilled ceil-
ing temperatures in drier climates, or if dehumidi-
fication equipment is used in the supply-air system
(but this adds cost and equipment, which is what
we want to avoid). The rule of thumb is: If the build-
ing cooling load exceeds 7.4 watts per square foot
(80 w/m?), a chilled ceiling or thermoactive slab is
not going to be able to handle the load effectively,
and alternate or supplemental systems must be ex-
amined. This cooling load is actually quite gener-

ous when compared to a typical office building to-
day. Excluding perimeter solar load and heat gains
due to transmission, typical internal heat genera-
tion rates are:

Lights = 1.4 wift* (15 wim®
People @ 1/150 ft* = 0.67 w/ft® (7.2 w/m?)
Equipment (computers, ete) = 2.53 wift? (27.2 w/m?)

Total Interior Average Load

4.6 wift® (49.4 wim?

As these figures show, there is still a relatively gen-
erous allowance for some degree of perimeter heat
gain. Note that the thermal load for the ventilation
system is not included in the internal load of the
building. Properly executed, the minimal ventilation
air (generally 20 cubic feet per minute per person
[10 Vs per person]) is “energy neutral” with respect
to the central plant loading and space temperature.

The main mechanical plant (chillers and hoilers) now
does not need to be sized for the high peak loads of a
“normal” building, which uses an all-air system as
the temperature-control system. In the European
low-energy (BATISO-style) buildings, the mechani-
cal-plant is generally 40% the size of that of a stan-
dard building. The premium cost of the high-perfor-
mance building envelope is easily offset by the sav-
ings in mechanical plant size, now that all the heat-
ing and cooling is done by a hydronic system rather
than masses of air. The energy-savings track record
of BATISO-type buildings dating back over 12 years
indicates that energy savings of 70% over conven-
tional systems are common. An air system is still
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An example of capillary
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required to provide the outdoor air for ventilation,
typically 20% of the air normally circulated by an
all-air type system, but it only needs to be supplied
at room temperature, so the fan power, and the heat-
ing and cooling requirements for moving and condi-
tioning this air, are much reduced. Such a system
addresses all of the human comfort components:
radiation, convection and evaporation,

AIR DISTRIBUTION SYSTEMS

In Part I of this article, radiant heating and cooling
systems were outlined and explained, with the key
element being control of the building envelope to
reduce the building heating and cooling loads. Once
the heating and cooling requirements are reduced,
it is possible to de-couple the heating and cooling
function from the ventilation function. If the heat-
ing and cooling of the interior of the building are
taken care of by a hydronic system, the only require-
ment for an air system is to supply outdoor air for
ventilation. Thus, the building air system can be-
come only 20% of the size one normally expects for
an “all-air” type temperature control svstem.

The entire air distribution infrastructure becomes
smaller, requiring less mechanical space and plenum
space. This can assist in reducing floor-to-floor
heights in the building, thus allowing further econo-
mies to be made to the capital cost of the building.
The effective distribution of the ventilation air can
be accomplished in a number of traditional ways,
via overhead ductwork or through raised floor plenums.

The European, and especially German, building codes
are such that the interior air movement velocities
are defined and mandated; so air distribution is a very
highly engineered aspect of the mechanical systems.
“Displacement ventilation” systems are commonly
used, in order to keep air velocities in the occupied
spaces to less than 50 feet per minute (0.25 m/s).
Raised-floor systems and perimeter baseboard-style
air diffusers arve generally used, for effective room
air diffusion and ventilation at low velocities (see
photo, p. 15). Most displacement air distribution sys-
tems are designed for a maximum outlet air veloe-
ity of 40 feet per minute (0.20 m/s) at a minimum
supply air temperature of 63°F (17°C). While some
supplemental cooling capacity can be provided by a
displacement ventilation system, it is normally not
considered if the primary cooling is being performed
by a hydronic radiant-cooling system.

Positive-displacement air-supply systems rely on

low-velocity air being distributed at a low level and
allowing stratified warm air to be returned or ex-
hausted at high level. It is intended to work with
“medium temperature” air at not less than 63°F
(17°C) to a nominal maximum of 75°F (24°C). The
principle is to reduce the “vertical gradient” of the
temperature difference of the supply-air tempera-
ture to room-air temperature, as well as to reduce
the energy required to cool the supply air down to
the 54°F (12°C) temperatures normally used for “all-
air” systems. Due to the higher supply air tempera-
tures used for positive-displacement air systems, the
air quantities being supplied need to be carefully
considered if high cooling loads exist in the space.

Source; Enrico Dagoating

Figure 2. Displacement ventilation pattern diagram

. The best applications for displacement ventilation

aystems are:

* areas with high ceilings where routing for low
level air supply is available;

* spaces in which cooling loads have been mini-
mized, so heating and cooling can be handled
using hydronic systems and the air system is not
the primary source of heating or cooling; and

*+ theaters or auditoriums where there is an eppor-
tunity to supply air at a low level in the seating
area and allow stratification to high ceilings (an
example where large ventilation air quantities
are required due to the high population load, but
ultra-quiet air supply is also needed),

For example, technology has been developed for the
Reichstag Building in Berlin, where perforated raised-
floor panels and a porous carpet are used to create
supply air up through the carpet (see photo, p. 15).
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The maximum air velocity is around 3-5 feet per
minute (0.9-1.5 m/min), which is not high enough to
lift dust or dirt out of the carpet; the carpet actually
acts as an air filter to keep contaminants from the
floor plenum from being blown up into the occupied
space (a common problem in most raised-floor air-
distribution systems using the higher velocity bucket-
type individual floor diffusers without terminal fil-
ters in them). Normal housekeeping will remove the
trapped dust and keep this “final filter” clean.

Based on laboratory tests, the average human body,
whether sitting or standing, generates approximately
58 cubic feet per minute (100 m*h) of air movement
due to the buoyant / convective effect of the body
temperature relative to 70°F (21°C) ambient air. Cool
air at low level is drawn up and past a heat source
(e.g., a human body) to return/ exhaust grilles at or
near the ceiling level of the room, creating an ideal
air-movement path for superior indoor-air quality.

In one test lab situation, a room was simulated based
on a chilled ceiling system and floor-plenum air-dis-
tribution system, with a space-cooling load of ap-
proximately 7.4 watts per square foot (80 w/m?), The
ceiling surface temperature was maintained at 63°F
{17°C) by capillary mats in suspended ceiling pan-
els, the supply air temperature was approximately
B8°F (20°C), and the room air temperature remained
at 68°F-70°F (20°C-21°C) in the occupied zone
throughout the test. Cold smoke sticks were used to
track air movement and, using passive displacement
air through the floor, it was clear that air movement
resulted in clean primary air being attracted to, and
rising up at the heat sources. The rising air effec-
tively carried air contaminants and body heat to
upper levels of the room (see photo, p. 15).

The principle for BATISO-concept buildings is to de-
couple the ventilation system from the heating and
cooling systems and maintain a uniform, constant
interior temperature. All you really need for air sup-
ply in the building is the ventilation air (outdoor
air) for health and the corresponding makeup air to
replace exhaust air out of washrooms and other ven-
tilation-loads areas. The heating and cooling sys-
tems could eonsist of a radiant system of water loops
operating at moderate temperatures—typically
B0°F—62°F (16°C-17°C) for cooling and 75°F-T9°F
(24°C—26°C) for heating. The ventilation air would
normally be supplied at 64°F-68°F (18°C—20°C) and
an air-to-air heat exchanger on the building exhaust
system recovers any heating or cooling energy avail-
able before the exhaust air is dumped out of the

building. Small water pipes with no insulation, and
small duets with no insulation lead to minimized
mechanical space and low energy consumption, at a
low capital cost for the mechanical system.

CONCLUSION

This combined approach, using high-performance
glazing, thermoactive slabs, chilled ceilings, and dis-
placement ventilation systems, has been used suc-
cessfully in Western Europe for the last 15 years,
with increasing use in the last 5 years due to rising
energy costs. Both applied chilled ceiling systems
(capillary tube mats or ceiling panels) as well as
thermoactive slab systems are well known in Swit-
zerland and Germany and have been shown to save
up to 60% of the energy use compared to conven-
tionally designed and constructed buildings. The
track record of the “BATISO"” buildings has also
shown that they can be constructed at the same, or
lower cost than conventional buildings, and can pro-
vide superior indoor comfort conditions, compared
to traditional “all-air systems.” While systems like
these are quite common now in Europe, radiant-cool-
ing systems have not yet been accepted in North
America for a number of reasons. However, many
radiant-cooling systems are funetioning successfully
in North America, some of which have been in op-
eration for over 35 years.
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