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IR-TO-AIR energy recovery is the process of recovering heatA and/or moisture between two airstreams at different tempera-
tures and humidities. This process is important in maintaining accept-
able indoor air quality (IAQ) while keeping energy costs low and
reducing overall energy consumption and carbon dioxide emission.
This chapter describes various technologies for air-to-air energy
recovery. Thermal and economic performance, maintenance, and
related operational issues are presented, with emphasis on energy
recovery for ventilation.

Air-to-air energy recovery should be considered for every build-
ing in which energy is used to condition the air. This is consistent with
ASHRAE’s strategic plan to support a sustainable built environment,
and aligns with the United Nations International Panel for Climate
Change’s call for action to reduce the emissions of carbon dioxide
related to energy use.

Energy can be recovered either in its sensible (temperature only) or
latent (moisture) form, or a combination of both from multiple
sources. Sensible energy can be extracted, for example, from outgoing
airstreams in dryers, ovens, furnaces, combustion chambers, and gas
turbine exhaust gases to heat supply air. Units used for this purpose are
called sensible heat exchange devices or heat recovery ventilators
(HRVs). Devices that transfer both heat and moisture are known as
energy or enthalpy devices or energy recovery ventilators (ERVs).
HRVs and ERVs are available for commercial and industrial applica-
tions as well as for residential and small-scale commercial uses.

Air conditioners use significant energy to dehumidify moist air-
streams. Excessive moisture in the air of a building can result in mold,
allergies, and bacterial growth. ERVs can enhance dehumidification
with packaged unitary air conditioners. Introducing outdoor or venti-
lation air is the primary means of diluting air contaminants to achieve
acceptable indoor air quality. ERVs can cost-effectively provide large
amounts of outdoor air to meet a building’s minimum ventilation
requirements as prescribed in ASHRAE Standards 62.1 and 62.2.

Types of ERVs include fixed-plate heat exchangers, rotary wheels,
heat pipes, runaround loops, thermosiphons, and twin-tower enthalpy
recovery loops. Performance is typically characterized by effective-
ness; pressure drop, pumping, or fan power of fluids; cross flow (i.e.,
amount of air leakage from one stream to the other); and frost control
(used to prevent frosting on the heat exchanger). Recovery efficiency,
the ratio of output of a device to its input, is also often considered. In
energy recovery ventilators, effectiveness refers to the ratio of actual
energy or moisture recovered to the maximum possible amount of
energy and/or moisture that can be recovered.

Fluid stream pressure drops because of the friction between the
fluid and solid surface, and because of the geometrical complexity of
the flow passages. Pumping or fan power is the product of the fluid

volume flow rate and pressure drop. Economic factors such as cost
of energy recovered and capital and maintenance cost (including
pumping power cost) play a vital role in determining the economic
feasibility of recovery ventilators for a given application.

1. APPLICATIONS

Air-to-air energy recovery systems may be categorized according
to their application as (1) process-to-process, (2) process-to-comfort,
or (3) comfort-to-comfort. Some typical air-to-air energy recovery
applications are listed in Table 1.

In comfort-to-comfort applications, the energy recovery device
lowers the enthalpy of the building supply air during warm weather
and raises it during cold weather by transferring energy between the
ventilation air supply and exhaust airstreams.

Air-to-air energy recovery devices for comfort-to-comfort appli-
cations may be sensible heat exchange devices (i.e., transferring sen-
sible energy only) or energy exchange devices (i.e., transferring both
sensible energy and moisture). These devices are discussed further
in the section on Additional Technical Considerations.

When outdoor air humidity is low and the building space has an
appreciable latent load, an ERV can recover sensible energy while
possibly slightly increasing the latent space load because of water
vapor transfer within the ERV. It is therefore important to determine
whether the given application calls for HRV or ERV.

HRVs are suitable when outdoor air humidity is low and latent
space loads are high for most of the year, and also for use with swim-
ming pools, chemical exhaust, paint booths, and indirect evaporative
coolers.

The preparation of this chapter is assigned to TC 5.5, Air-to-Air Energy
Recovery.

Table 1 Typical Applications for Air-to-Air Energy Recovery

Method Application

Comfort-to-comfort Residences
Offices
Classrooms
Retail
Bars and restaurants
Swimming pools
Locker rooms
Operating rooms
Nursing homes
Animal ventilation
Plant ventilation
Smoking exhaust

Process-to-process
and

Process-to-comfort

Dryers
Ovens
Flue stacks
Burners
Furnaces
Incinerators
Paint exhaust
Welding exhaust
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Heat pipe heat exchangers for use above 220°C are generally
constructed with steel tubes and fins. The fins are often aluminized
to prevent rusting. Composite systems for special applications may
be created by assembling units with different materials and/or dif-
ferent working fluids.

Selecting the proper working fluid for a heat pipe is critical to long-
term operation. The working fluid should have high latent heat of
vaporization, a high surface tension, and a low liquid viscosity over
the operating range; it must be thermally stable at operating tempera-
tures. Decomposition of the thermal fluids can form noncondensable
gases that deteriorate performance. For low-temperature applications,
gases such as helium can be used as working fluid; for moderate tem-
peratures, commercial refrigerants and liquids such as water can be
used; and for high temperatures, liquid metals such as sodium or mer-
cury can be used.

Heat pipe heat exchangers typically have no cross-contamination
for pressure differentials between airstreams of up to 12 kPa. A
vented double-wall partition between the airstreams can provide
additional protection against cross contamination. If an exhaust duct
is attached to the partition space, any leakage is usually withdrawn
and exhausted from the space between the two ducts.

Heat pipe heat transfer capacity depends on design and orienta-
tion. Figure 12 shows a typical effectiveness curves for various face
velocities and rows of tubes. As the number of rows increases, effec-
tiveness increases at a decreasing rate. For example, doubling the
number of rows of tubes in a 60% effective heat exchanger increases
the effectiveness to 75%. The effectiveness of a counterflow heat
pipe heat exchanger depends on the total number of rows such that
two units in series yield the same effectiveness as a single unit of the
same total number of rows. Series units are often used to facilitate
handling, cleaning, and maintenance. Effectiveness also depends on
outdoor air temperature and the ratio of mass flow rates of the air-
streams. Typically, heat capacity in the cooling season increases
with a rise in outdoor air temperature. It has an opposite effect
during the heating season. Effectiveness typically increases with the
ratio of mass flow rates of the fluids (flow rate of the fluid with
warmer entering temperature over that of cooler entering fluid tem-
perature).

The heat transfer capacity of a heat pipe increases roughly with
the square of the inside diameter of the pipe. For example, at a given
tilt angle, a 25 mm inside diameter heat pipe will transfer roughly
2.5 times as much energy as a 16 mm inside diameter pipe. Conse-
quently, heat pipes with large diameters are used for larger-airflow

Fig. 12 Heat Pipe Exchanger Effectiveness
applications and where level installation is required to accommo-
date both summer and winter operation.

Heat transfer capacity is virtually independent of heat pipe
length, except for very short heat pipes. For example, a 1 m long
heat pipe has approximately the same capacity as an 2 m pipe.
Because the 2 m heat pipe has twice the external heat transfer sur-
face area of the 1 m pipe, it will reach its capacity limit sooner. Thus,
in some applications, it is more difficult to meet capacity require-
ments as the heat pipes become longer. A system can be reconfig-
ured to a taller face height and more numerous but shorter heat pipes
to yield the same airflow face area while improving system perfor-
mance. Also, under limiting conditions, adding rows increases per-
formance more proportionally. In typical HVAC comfort
applications, the heat pipe capacity is not reached, and longer heat
pipes can be used to recover more energy. The limit for a level (two-
season) 12.7 mm-diameter heat pipe, using R-410A and six rows
deep, is 5080 mm in most HVAC comfort applications.

The selection of fin design and spacing should be based on the
dirtiness of the two airstreams and the resulting cleaning and main-
tenance required. For HVAC applications, fin spacing of 1.8 to
2.3 mm is common. Wider spacing (2.5 to 3.2 mm) is usually used
for industrial applications. Plate-fin heat pipe heat exchangers can
easily be constructed with different fin spacing for the exhaust and
supply airstreams, allowing wider fin spacing on the dirty exhaust
side. This increases design flexibility where pressure drop con-
straints exist and also prevents deterioration of performance caused
by dirt build-up on the exhaust side surface.

Changing the tilt of a heat pipe controls the amount of heat it
transfers. Operating the heat pipe on a slope with the hot end below
(or above) the horizontal improves (or retards) condensate flow
back to the evaporator end of the heat pipe. This feature can be used
to regulate the effectiveness of the heat pipe heat exchanger (Guo
et al. 1998). Introducing the action of gravity makes the device a
hybrid heat pipe/thermosiphon.

Tilt control is achieved by pivoting the exchanger about the cen-
ter of its base and attaching a temperature-controlled actuator to one
end of the exchanger (Figure 13). Pleated flexible connectors
attached to the ductwork allow freedom for the small tilting move-
ment of only a few degrees.

Tilt control may be desired

• To change from supply air heating to supply air cooling (i.e., to
reverse the direction of heat flow) during seasonal changeover

• To modulate effectiveness to maintain desired supply air tempera-
ture (often required for large buildings to avoid overheating air
supplied to the interior zone)

• To decrease effectiveness to prevent frost formation at low outdoor
air temperatures (with reduced effectiveness, exhaust air leaves the

Fig. 13 Heat Pipe Heat Exchanger with Tilt Control
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unit at a warmer temperature and stays above frost-forming condi-
tions)

Other devices, such as face-and-bypass dampers and preheaters,
can also be used to control the rate of heat exchange.

Recent design improvements allow bidirectional heat transfer in
heat pipes. Some heat pipe manufacturers have eliminated the need
for tilting for capacity control or seasonal changeover. Once in-
stalled, the unit is removed only for routine maintenance. Capacity
and frost control can also be achieved through bypassing airflow
over the heat pipes, as for air coils. Bypassing airflow is the pre-
ferred method of control in applications where the average (annual)
recovery efficiency ratio (RER) is important, because the reduced
airflow through the heat pipe results in reduced air pressure losses
during periods of modulation.

Example 2. Sensible Heat Energy Recovery in a Heat Pipe. Outdoor air
at 10°C enters a six-row heat pipe with a flow rate of 5 kgs and a face
velocity of 2.5 ms. Exhaust air enters the heat pipe with the same
velocity and flow rate but at 24°C. The pressure drop across the heat
pipe is 150 Pa. The supply air density is 1.35 kgm3. The efficiency of
the electric motor and the connected fan are 90 and 75%, respectively.
Assuming the performance characteristics of the heat pipe are as shown
in Figure 18, determine the sensible effectiveness, exit temperature of
supply air to the space, energy recovered, and power supplied to the fan
motor.To simplify the calculations, assume the specific heat is a con-
stant of 1.0 kJ/(kg·K).

Solution:
From Figure 12, at face velocity of 2.5 ms and with six rows, the

effectiveness is about 58%. Because the mass flow rate of the airstreams
is the same and assuming their specific heat of 1 kJ(kg·K) is the same,
then the exit temperature of the supply air to the space can be obtained
from Equation (4a):

T2 =  = 18.1K

The sensible energy recovered can be obtained from Equation (5a),
incorporating the simplification of specific heat to a single value, as

qs = (5)(1)(18.12 – 10) = 40.6 kW

The supply air fan power can be obtained from Equation (8) as

Ps = (150)[(0.9)(0.75)] = 823 W or 0.823 kW

Because there are two airstreams, neglecting the difference in the
air densities of the airstreams, the total pumping power of the heat pipe
is twice the above value (i.e., 1.65 kW).

Thermosiphon Heat Exchangers
Two-phase thermosiphon heat exchangers are sealed systems

that consist of an evaporator, a condenser, interconnecting piping,
and an intermediate working fluid that is present in both liquid and
vapor phases. Two types of thermosiphon are used: a sealed tube
(Figure 14) and a coil type (Figure 15). In the sealed-tube thermo-
siphon, the evaporator and the condenser are usually at opposite
ends of a bundle of straight, individual thermosiphon tubes, and the
exhaust and supply ducts are adjacent to each other (this arrange-
ment is similar to that in a heat pipe system). In coil-type thermo-
siphons, evaporator and condenser coils are installed independently
in the ducts and are interconnected by the working fluid piping (this
configuration is similar to that of a coil energy recovery loop).

A thermosiphon is a sealed system containing a two-phase work-
ing fluid. Because part of the system contains vapor and part contains
liquid, the pressure in a thermosiphon is governed by the liquid tem-
perature at the liquid/vapor interface. If the surroundings cause a
temperature difference between the regions where liquid and vapor
interfaces are present, the resulting vapor pressure difference causes

5  1 10 0.58 5  1  10 24– –
5  1 

-------------------------------------------------------------------------------

5
1.35
----------
Fig. 14 Sealed-Tube Thermosiphons

Fig. 15 Coil-Type Thermosiphon Loops
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occurs. One kilogram of moisture condensed transfers about 2440
kJ to the incoming air at room temperature. Equipment design
should provide for continuous draining of the condensate from the
unit. Transfer of latent heat occurs at the point of condensation,
and little available energy remains in the condensate.

Condensation increases the heat transfer rate and thus the
sensible effectiveness; it can also significantly increase pressure
drops in heat exchangers with narrow airflow passage spacing.
Frosting fouls the heat exchanger surfaces, which initially
improves energy transfer but subsequently restricts the exhaust
airflow, which in turn reduces the energy transfer rate. In extreme
cases, the exhaust airflow (and supply, in the case of heat wheels)
can become blocked. Defrosting a fully blocked heat exchanger
requires that the unit be shut down for an extended period. As
water cools and forms ice, it expands, which may seriously
damage the heat exchanger core unless the water is entirely
removed.

For frosting or icing to occur, an airstream must be cooled to a
dew point below 0°C. Enthalpy exchangers transfer moisture from
the airstream with higher moisture content (usually the warmer
airstream) to the less humid one. As a result, frosting or icing
occurs at lower supply air temperatures in enthalpy exchangers
than in sensible heat exchangers. Cross-flow heat exchangers are
more frost tolerant than other plate exchangers because frost
blockage only occurs over a fraction of the exchanger exhaust
airflow passages.

For these reasons, some form of freeze control must be
incorporated into heat exchangers that are expected to operate
under freezing conditions. Frosting and icing can be prevented by
preheating supply air or reducing heat exchanger effectiveness
(e.g., reducing heat wheel speed, tilting heat pipes, bypassing some
supply air around the heat exchanger). Alternatively, the heat
exchanger may be periodically defrosted. Manufacturers of
commercially available packaged heat or energy ventilators
routinely incorporate frosting control strategies or mechanisms
appropriate to their equipment and its targeted application.

ASHRAE research project RP-543 discusses performance of
several freeze control strategies (Phillips et al. 1989a, 1989b).
ASHRAE research project RP-544 (Barringer and McGugan
1989a, 1989b) covers performance of enthalpy heat exchangers.
Many effective defrost strategies have been developed for
residential air-to-air heat exchangers, and may also be applied to
commercial installations. Phillips et al. (1992) describe frost control
strategies and their impact on energy performance in various
climates.

If cyclic frost methods are used, the defrost period should be
long enough to completely remove the frost, ice, and water during
each defrost period.

Total heat exchangers transfer moisture from the more humid
airstream to the less humid one. In winter, this results in an exhaust
stream that is partially dehumidified as it is cooled. As a result,
frosting or icing generally occurs at lower temperatures than in
sensible-only heat exchangers. On the other hand, sensible heat
exchangers can benefit from the latent heat released in a high-
humid-exhaust airstream when condensation occurs.

See the Bibliography for sources of more information on frost
growth and control.

Frost Control Strategies for Air-to-Air Energy Recovery
Systems

In all cases, the potential for frost is in the warm-return-air side
of the heat exchanger, which cools during a winter condition. For
energy recovery devices, the exact outdoor air temperatures at
which frosting will start depends on the temperature and humidity
of the exhaust air and the type and performance of the energy recov-
ery device. This temperature is known as the frost threshold tem-
perature. The frost threshold varies by specific technology, and
significantly by whether water vapor is transferred between air-
streams:

• Flat Plate Heat Exchangers. In flat plate heat exchangers (Fig-
ures 2 and 4), warm return air cools as it passes through the heat
exchanger. Moisture from the warm air condenses and creates
water droplets on the media; as cool outdoor air enters the heat
exchanger, the water droplets start to freeze, creating ice on the
cold corner of the core. Figure 1 shows a typical temperature dis-
tribution of warm and humid; and cold and dry air streams. The
circled area shows the potential problem area for frost formation.
In general, frost buildup becomes a problem when outdoor air tem-
peratures reach about –5°C for sensible devices, or approximately
–20°C for total energy devices. Figure 3 shows frost threshold for
energy (Afshin 2019) and heat recovery ventilators.

• Energy Recovery Wheels. In energy recovery wheels (Figure 6),
warm return air cools as it passes through the rotating wheel.
Moisture from the warm air condenses and creates water droplets
on the surface of the wheel. The water molecules are then absorbed
by the desiccant on the enthalpy wheel. As the wheel rotates
through the cold supply air, the water can start to freeze and form
ice before the water droplets can be cleared from the wheel sur-
face. Ice typically forms on the internal surface of the wheel, near
the outdoor air intake which can cause damage and reduce airflow
and performance.

• Heat Pipe, Thermosiphon Loop, and Runaround Glycol Heat
Exchangers. In these technologies, the return air is cooled by a
fluid passing through a coil. (Figures 10 and 15) For frost to form,
the coil fin surface must be freezing and below the return air dew
point. For frost to build up, the return air must be cooled below
freezing. Using the sensible effectiveness, the user can calculate
the outdoor air temperature where frost would be expected. For
example, with a sensible effectiveness of 50%, an outdoor air tem-
perature of –21°C would cool 21°C return air to 0°C.

There are a variety of different approaches that can be used to deter-
mine the frost threshold temperature, including measuring tempera-
ture, humidity, or a variation in pressure drop. A frost control
strategy is then determined to either eliminate the frost once it builds
up on the exchanger (before it becomes too severe), or to prevent
frost formation from ever starting at all. The choice between frost
control and frost prevention will depend on the robustness of the air-
to-air energy recovery device and the application.

An effective frost control strategy is one that meets the require-
ments of the application while being cost-effective and device
appropriate. Figure 25 shows the possible control strategies (Afshin
2019) for controlling frost for plate heat exchangers used as ERVs.

In all cases of frost prevention, the amount of energy recovery is
reduced and there will need to be additional heat added into the sys-
tem. Energy efficiencies for each solution vary somewhat, and the
best choice depends on application and the amount of upfront cost
that can be tolerated.

Frost Prevention.

• Preheat coil to heat up exhaust air. Preheat frost control is a pre-
ventative strategy that can be used with any air-to-air energy recov-
ery device. The objective is to prevent frost from occurring within
the heat exchanger, while maintaining 100% or continuous venti-
lation. Energy recovery is reduced, because the difference in tem-
perature between the preheated outside air and the return air has
reduced. Heating coils (electric, steam, or hot water) are duct-
mounted or integrated into the unit in the outdoor airstream so that
the entering outdoor air temperature is preconditioned to a tem-
perature above the frost threshold for the technology being used.
While preheat typically has higher upfront costs than other strate-
gies, it can result in significant operating savings in climates where
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frost control is required for a long period of time (more than a few
hours). The preheater should be sized for the coldest outdoor air
design temperature and to the appropriate outdoor air temperature
where the exhaust air frost threshold is reached based on the design
conditions and airflows for the type of heat exchanger selected.
Figure 3 shows frost threshold characteristics for energy and heat
recovery ventilators.

• Face and bypass damper (Figure 25D). Face and bypass frost con-
trol is a preventative strategy that can be used for flat plates, heat
pipes, and rotary wheel exchangers, with the objective of prevent-
ing frost formation while maintaining 100% ventilation. As the
outdoor air becomes colder, face and bypass dampers upstream of
the heat exchanger modulate to reduce the amount of outdoor air
flowing through the heat exchanger. This reduces the amount of
energy recovered and keeps the exhaust temperature above the
frost threshold. The supply and exhaust fans, as well as the outdoor
air and exhaust air dampers, continue to operate during the frost
control cycle. With this strategy there is no interrupted ventilation
which makes it ideal for harsher environments or source control
applications like laboratories. Furthermore, as both fans run con-
tinuously there is no depressurization of the building, eliminating
the potential for combustion appliance backdraft into the occupied
space. The lower leaving supply air temperature would potentially
require post-conditioning, or some type of terminal reheat within
the space to ensure that occupants remain comfortable under
extreme conditions. A further advantage would be that the face-
and-bypass can also be used for free cooling (economizer) and/or
supply air temperature control in different modes of operation if
required.

• Performance modulation. The heat exchanger can be controlled to
ensure that frost does not form in the return air, by reducing the
effectiveness and, as a result, suppressing the frost threshold. For
example, wheel rotational speed can be reduced, runaround pumps
can be slowed, heat pipes can be equipped with control valves or
tilted. Since the heat exchanger is recovering less energy, more
heating is required in the process downstream.

Defrosting.

1. Exhaust defrosting (Figure 25B). Exhaust-only defrost is one of
the most cost-effective and simple strategies to implement. It
periodically defrosts ice forming on the heat exchanger by shut-
ting down the supply fan to remove the source of cold air, while
using the warm exhaust air to heat up the exchanger. When the
unit goes into a defrost cycle, the exhaust fan continues to operate,
the supply fan is deenergized and the outdoor air damper closes.
This method is most commonly used with flat plate or heat pipe
heat exchangers and is ideal for source control applications where
continuous exhaust is required. One drawback of this method is
that ventilation is interrupted when the supply fan shuts down
during the defrost cycle, which may not be acceptable as the
equipment may not meet indoor air quality (IAQ) requirements as
defined by ASHRAE Standard 62.1.   This also creates negative
indoor pressure, resulting in infiltration.

2. Recirculation defrost (Figure 25B). Recirculation defrost is also
cost-effective and simple, commonly used in light commercial
stand-alone air-to-air ERVs that are not used as a primary venti-
lation system. Ice formation on the heat exchanger is periodically
defrosted by shutting down the exhaust fan, by closing the out-
door and exhaust air dampers, and by opening a recirculation air
damper to remove the source of cold air. When the unit goes into
a defrost cycle, the supply fan remains on to recirculate building
exhaust air back into the occupied space. The exhaust air goes
through the heat exchanger and provides defrosting in the
absence of cold outdoor air. A drawback of this method is that
ventilation is interrupted when the exhaust fan shuts down during
the defrost cycle. This may not be acceptable in all applications
and may not meet indoor air quality (IAQ) requirements as set out
in ASHRAE Standard 62.1. It may however be acceptable in
more moderate climates where freezing conditions occur only
during unoccupied hours for a few hours per year.

Indirect Evaporative Air Cooling
In indirect evaporative air cooling, exhaust air passing through a

water spray absorbs water vapor until it becomes nearly saturated. As
the water evaporates, it absorbs sensible energy from the air, lower-
ing its temperature. The evaporatively cooled exhaust air can then be
used to cool supply air through an air-to-air heat exchanger, which
may be used either for year-round energy recovery or exclusively for
its evaporative cooling benefits. This process follows a constant wet-
bulb line on a psychrometric chart: the airstream enthalpy remains
nearly constant, moisture content increases, and dry-bulb tempera-
ture decreases.

Indirect evaporative cooling has been used with heat pipe heat
exchangers, runaround coil loop exchangers, and flat-plate heat
exchangers for summer cooling (Dhital et al. 1995; Johnson et al.
1995; Mathur 1990a, 1990b, 1992, 1993; Scofield and Taylor 1986).
Exhaust air or a scavenging airstream is cooled by passing it through
a water spray, wet filter, or other wetted media, resulting in a greater
overall temperature difference between the supply and exhaust or
scavenging airstreams and thus more heat transfer. Energy recovery
is further enhanced by improved heat transfer coefficients because
of wetted exhaust-side heat transfer surfaces. No moisture is added
to the supply airstream, and there are no auxiliary energy inputs
other than fan and water pumping power. The coefficient of perfor-
mance (COP) tends to be high, typically from 9 to 20, depending on
available dry-bulb temperature depression. The dry-bulb tempera-
ture decrease in the exhaust airstream caused by evaporative cooling
tends to be 85 to 95% of the maximum available difference between
the exhaust air inlet dry-bulb and wet-bulb temperatures. Therefore,
exhaust air evaporative cooling is usually most cost effective in hot,
dry climates where the evaporator can be used frequently to obtain
large exhaust air dry-bulb temperature depressions.

Without a bypass scheme for either the evaporator or air-to-air heat
exchanger, the net annual energy costs include the extra annual fan
power for these devices as well as the benefit of evaporative cooling.

Because less mechanical cooling is required with evaporative
cooling, energy consumption and peak demand load are both
reduced, yielding lower energy bills. Overall mechanical refrigera-
tion system requirements are reduced, allowing use of smaller
mechanical refrigeration systems. In some cases, the mechanical
system may be eliminated. Chapter 41 of this volume and Chapter
53 of the 2019 ASHRAE Handbook—HVAC Applications have fur-
ther information on evaporative cooling.

Fig. 25 Common Frost Control Strategies for Fixed-Plate 
Exchangers
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Fig. 34 Psychrometric Chart: In-Series Energy Recovery
lower, that the driving force is also lower, and the device provides
less reheat. If the design reheat is required during the whole cool-
ing season, then supplemental reheat is still required after the in-
series energy recovery device, albeit less than in a system without
energy recovery.

An alternative design strategy is to optimize energy recovery.
In this strategy, the system designer selects a device with a higher
effectiveness than in the previous strategy, and provides a means
of modulating its performance. By modulating the performance
during the warmest outdoor air conditions, excessive reheat is
avoided. During cooler conditions the device operates at full per-
formance to recover more energy. The device is usually sized with
a mind to pressure drop, recognizing that the airstream passes
through the device twice, and initial purchase cost and is opti-
mized against annual energy savings.

Examples of devices are wraparound heat pipes and thermosi-
phons (Figures 35 and 38), flat heat exchangers like wheels and
heat pipes (Figure 36), and plate heat exchangers (Figure 37).
Footprint and condensation management should be considered
when designing the layout. Where a controllable device is
required, options include: wraparound heat pipes and thermosi-
phons that use valves to control refrigerant flow; bypass around

Fig. 36 Flat Heat Recovery Device in Wraparound (In-Series) 
Configuration
the device (but not through the cooling coil); or, for wheels, mod-
ulating wheel speed.

Example 5. Precooling Air Reheater Dehumidifier. In this application,
1.6m3/s of outdoor supply air at 35 and 27°Cwb ( = 1.11 kg/m3) is
used to reheat 1.6 m3/s of the same air leaving a cooling coil (exhaust)
at 11.2 and 11.0°C wb using a sensible heat exchanger as a precooling
air reheater. The reheated air is to be between 24 and 26°C. In this
application, the warm airstream is outdoor air and the cold airstream is
the same air after it leaves the cooling coil. The unit’s manufacturer
lists its effectiveness as 58.4%. For EATR = 0 and OACF 1,
determine the leaving precooled and reheated air conditions and energy
recovered, and check the energy exchange balance.

Solution:
Step 1. Because data on pressure drop are missing, skip this step.
Step 2. Calculate the theoretical maximum energy transfer.

Fig. 35 Wraparound (In-Series) Heat Pipe
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The air being reheated will have less mass than the outdoor air enter-
ing the precooler because moisture will condense from it as it passes
through the precooler and cooling coil. Reheat is sensible heat only, so
the denominator of Equation (2a) is used to determine the theoretical
maximum energy transfer. To simplify the calculation, it is assumed
that specific heat of dry air is constant at 1 kj/kg·K.

qs = 

Step 3. Establish the sensible effectiveness. The manufacturer gives
the effectiveness as 58.4% at the designated operating conditions.

Step 4. Calculate actual energy transfer at design conditions.

qactual = 

Step 5. Calculate leaving air conditions. Because condensation
occurs as the outdoor airstream passes through the precooling side of the
heat exchanger, use Equation (4e) to determine its leaving enthalpy,
which is the inlet condition for the cooling coil. Sensible heat transfer
Equation (5a) is used to determine the temperature of air leaving the pre-
heat side of the heat exchanger.

Fig. 37 Flat Plate Heat Exchanger in Wraparound (In-Series) 
Configuration

Fig. 38 Wraparound (In-Series) Thermosiphon with a Valve 
for Modulation

1.11 1.6  1  35 11.2–  42.3 kW saved=

0.584 42.3  24.7 kW=
a. Precooler leaving air conditions
Entering enthalpy, determined from the psychrometric chart for

35°C db and 27°C wb, is 85.2 kJ/kg.

h2 = 

The wet-bulb temperature for saturated air with this enthalpy is
23.5°C. This is point 2 on the psychrometric chart (Figure 39),
which is near saturation. Note that this precooled air is further dehu-
midified by a cooling coil.

b. Reheater leaving air conditions

t4 = 

Entering enthalpy, determined from the psychrometric chart for
11.2°C db and 11.0°C wb, is 32.0 kJ/kg.

h4 = 

The wet-bulb temperature for air with this temperature and
enthalpy is 16.3°C.
Step 6. Check performance.

qs = 

qe = 

Step 7. Plot conditions on psychrometric chart (Figure 39). Because
EATR = 0 and OACF  1, Steps 8 to 10 are not presented here.

Dessicant and Heat Wheel Systems
The Center for Climate and Energy Solutions’ 2015 international

conference on climate change emphasized reducing greenhouse gas
emissions and requiring more efficient equipment, including HVAC
systems (which consume significant electrical power) (C2ES 2015).
Sensible and desiccant wheels can be used in combination with a
heat pump direct evaporative cooler (DEC) to achieve this goal, as
shown in the following cases.

The heat dissipated in the condenser of a heat pump can be used
to regenerate the desiccant wheel (Sheng et al. 2015) and has a
potential of significant energy cost savings. At design conditions for
Atlanta, Georgia, for a 100% replacement air system as shown in
Figure 40, this approach can reduce cooling capacity requirements
by 52% and net electrical shaft power requirements by more than
24% compared to the conventional vapor-compression system
(Dhamshala 2016).

Figure 41 shows an advanced desiccant system for 100% outdoor
supply air (OSA) mode with heat and desiccant wheels and direct

85.2
24.7–

1.11 1.6 
-----------------------+ 71.3 kJ/kg=

11.2
24.7

1.11 1.6  1 
-------------------------------+ 25.1C=

32
24.7

1.11 1.6 
-----------------------+ 45.9 kJ/kg=

1.11 1.6  85.2 71.3–  24.7 kW precooling=

1.11 1.6  1  25.1 11.2–  24.7 kW reheat=

Fig. 39 Precooling Air Reheater Dehumidifier (Example 5)
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evaporative cooler (DEC) in combination with a heat pump. This
system could reduce cooling capacity requirements by 59% and net
electrical shaft power requirements by close to 30% at the same
design conditions as for Figure 40 (Dhamshala 2016).

A simplified system suitable for surgery rooms (able to provide
optimum temperature and humidity control) consists of a preheater,
desiccant wheel with type 3 desiccant, and a cooling coil, as shown
in Figure 42. The type 3 desiccant in the desiccant wheel has a large
affinity to adsorb water vapor when the relative humidity of the air
is high (as it is in states 6 and 7), whereas it gives off moisture at
states 4 and 5 (which have lower humidity). The simplicity of this
system not only reduces maintenance costs but can also save signif-
icant energy costs.

A desiccant system consisting of two evaporative coolers and
heat and desiccant wheels for a 100% replacement air application,
as shown in Figure 43, could provide all the space summer cooling
needs without the use of an air conditioner. Such a system can
reduce net electrical power requirements by more than 90% at
design conditions for the city of Phoenix, Arizona (Dhamshala
2016). The only electrical power required is for the fan power and
rotation of the wheels. The magnitude of estimated electrical power
savings should be of similar range for the entire dry (B) region of the
ASHRAE climatic zones, with small differences.

Note that the minuscule heat energy required (6.15 kW) in the
heater can easily be obtained from an air-to-air heat exchanger using

Fig. 40 Heat Pump Augmented by Heat and Dessicant Wheels

Fig. 41 Heat Pump Augmented by Evaporative Cooler and 
Heat and Dessicant Wheels

Fig. 42 System for Surgery Room
(based on concepts presented in Murphy 2006)
outdoor air (which, at 39.4°C, exceeds the minimum temperature)
before it enters the desiccant wheel. The cost of water supplied to
the evaporative coolers is estimated to be negligible.

Accurate estimates of energy cost savings over a year can be
obtained through detailed computer simulations of systems for a
specific building with given building loads using the hourly weather
data. Highly specialized desiccant systems using a DOAS can be
designed to serve the buildings with specific loads or needs (Moffitt
2015). Sultan et al. 2015 provide an overview of various widely
used solid-desiccant air systems.

In the case that outdoor air requirements are less than 100%, use
of direct evaporative coolers adds more humidity into the supply air.
An alternative to replace the direct evaporative cooler is the indirect
evaporative cooler (M-cycle), as shown in Figure 44 for the cooling
season, which has a potential to save 32% of cooling capacity, while
the system shown in Figure 45 (suitable for winter heating) has a
potential to save 22% of heating costs. 

These systems are particularly suitable for sustainable systems,
where the emphasis is placed on the use of renewable energy
resources such as solar, wind, and bioenergy. A PV/T panel system
in combination with water-to-water heat pump, absorption chiller,
and thermal storage can provide the energy requirements for cooling
and heating seasons. 

However, these systems are also suitable if renewable energy
resources are not available at the site. The heat energy required by
the heater placed between the heat and desiccant wheels to regener-
ate the air can be obtained from the condenser of the air-conditioner,
similar to the system shown in Figure 14.

Sustainability. Recently, due to climate change, greater empha-
sis has been on reducing the greenhouse gas emissions (UN Climate
Change Report; UNFCCC 2018), and on the rapid adoption of
renewable energy resources. In light of the urgent need, the systems
shown in Figures 44 and 45 pave the way to accommodate the use of
renewable energy resources to meet the future goals of the HVAC
systems to be compatible with smart grid applications. The desiccant
and heat wheels shown in Figures 44 and 45 and not only perform the
energy recovery from the outgoing exhaust air but also meet the peak
loads of the building through proper selection of flow rates, mixing
of outdoor air with exhaust air, and regenerating temperature. Several
other options of these variations may be possible to suit the level of
regenerating temperatures.

Ge et al. (2015), Tu et al. (2015), and Zeng et al. (2014) find that
two-stage desiccant systems can be designed to use low-grade heat
energy resources, such as waste energy at the site or solar collectors,
which can yield greater energy cost savings. 

To best use existing energy resources available at a specific
temperature or grade, perform a series of second-law analyses on a
variety of desiccant systems (including a two-stage unit) to find the
maximum energy cost savings and to identify the components of
the system that have largest exergy destruction (Enteria et al. 2013;
Liu et al. 2016; Tu et al. 2015a, 2015b).

Fig. 43 Dessicant System of Evaporative Coolers and Heat 
and Dessicant Wheels
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An emerging technology combining liquid-desiccant solutions
(e.g., lithium chloride) with an evaporative cooler has the potential
to save significant energy costs (Gao et al. 2015). A simplified sche-
matic suitable for use in various climates is shown in Figure 46.

Note that the minuscule heat energy required (6.15 kW) in the
heater can easily be obtained from an air-to-air heat exchanger
using outdoor air (which, at 39.4°C, exceeds the minimum
temperature) before it enters the desiccant wheel. The cost of water
supplied to the evaporative coolers is estimated to be negligible.

Heat energy is required to regenerate the liquid desiccant solu-
tion; it can use waste heat energy, if available at the site, or use solar
collectors. A combination of heat and desiccant wheels with this liq-
uid-desiccant system might provide an economical system that is
environmentally friendly.
8. ECONOMIC CONSIDERATIONS

Air-to-air energy recovery systems are used in both new and ret-
rofit applications. These systems should be designed for the maxi-
mum cost benefit or least life-cycle cost (LCC) expressed either
over the service life or annually and with an acceptable payback
period.

The annualized system owning, operating, and maintenance
costs are discussed in Chapter 38 of the 2019 ASHRAE Handbook—
HVAC Applications. Although the capital cost and interest term in
this method imply a simple value, it is in fact a complex function of
the future value of money as well as all the design variables in the
energy/heat exchanger. These variables include the mass of each
material used, cost of forming these materials into a highly effective
Fig. 44 Dessicant and Heat Wheels with Indirect Evaporative Cooler (M-Cyle)
Dhamshala et al. (2019)
Fig. 45 Dessicant and Heat Wheels with Humidifier for Winter Heating
Dhamshala et al. (2019)
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energy recovery ventilator, then the exit conditions of air tempera-
ture and humidity at states 3 and 4 can be calculated as those of the
airstream mixture. For instance, the properties at state 2 would be
those of an airstream mixture at state 2 for no air leakage and air
quantity (Q32) at state 3. The error for these calculations should be
less than 5%. 

Shang et al. (2001a) show a method to accurately estimate the
energy rates when EATR  0 and OACF  1.

10. SYMBOLS
A = area of recovery exchanger, m2

cp = specific heat of moist air, kJ/(kg·K)
C = capital cost

Ce = cost of energy
Cp = specific heat of air kJ/(kg·K)
Cr = ratio of CminCmax

Cs,int = initial system capital cost
CRF = capital recovery factor

h = enthalpy, kJ/kg
hfg = enthalpy of vaporization, kJ/kg

i = arbitrary state, or discount rate
ITC = income tax credit

ms = mass flow rate of supply moist air from outdoors, kg/s
me = mass flow rate of exhaust moist air, kg/s

= minimum mass flow rate of supply and exhaust airstreams, kg/s
n = number of years in economic consideration, years

NTU = number of transfer units = UACmin
p = pressure, Pa

pp = payback period, years
P = pumping power, W or kW
q = heat transfer rate, W or kW
Q = volume flow rate, m3/s
S = reference temperature, K
t = moist air temperature at state i, °C

tw3 = wet-bulb temperature of moist air at state 3, °C
T = absolute temperature, K, or tax
U = overall heat transfer coefficient, W/(m2·K)
V = mean velocity, m/s
w = humidity ratio

Greek Letters
s = sensible effectiveness of heat or energy wheel
L = latent effectiveness of energy wheel
t = total effectiveness of ERV
 = efficiency
 = density, kg/m3

 = volume fraction
 = relative humidity
 = rotational speed of the wheel, rpm

Subscripts
a = air
e = exhaust side of heat/energy exchanger, exit or energy
f = fan or fan motor combination

if = threshold temperature of the outdoor air for freezing to occur
in = indoor conditions of building space

inc = increment

Fig. 52 Actual Airflow Rates at Various State Points 
(Example 8)

m· min
h = hydraulic
L = latent

max = maximum value
min = minimum value

n = station number indicating supply and exhaust inlets and outlets 
(see Figure 1)

o = reference state or outlet
p = constant pressure
s = supply side or suction side
t = total
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