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Preface

Desiccant cooling and dehumidification have received much attention as viable alternatives for the air
conditioning of buildings. Over the last 15 years, technological advances have occurred through national
and intemztional research, development, and demonstration efforts. Despite these advances, the technology
has not achieved widespread acceptance and mass-market penetration. The objectives of this document
are to present an overview of the work accomplished to date on desiccant cooling to provide assessment
of the s._ate-of-the-art of desiccant cooling technology in the field of desiccant materials, dehumidifier
components, desiccant systems, and models. The report also discusses the factors that affect the
widespread acceptance of desiccant cooling technology.

This report is organized as follows. First, a basic description and historical overview of desiccant cooling
technology is provided. Then, the recent research and development (R&D) program history (focusing on
DOE's funded efforts) is summarized. The status of the technology elements (materials, components,
systems) is discussed in detail, and a preliminary study on the energy impact of desiccant technology is

presented. R&D needs for advancing the technology in the market are identified. The National
Renewable Energy Laboratory's (NREL's) unique desiccant test facilities and their typical outputs are
described briefly. Finally, the results of a comprehensive literature search on desiccant cooling are

presented in a bibliography. The bibliography contains approximately 900 citations on desiccant cooling.
The desiccant cooling citations are available on floppy disks as a computerized data base.

This work was funded by the Building Technologies Office of the U.S. Department of Energy (DOE).
The authors would like to thank J. Ryan, R. Hassett, and E. Kweller of DOE's Office of Building

Technology and R_ Anderson of NREL's Buildings Energy Technology Program for their support and
feedback during preparation of this document.
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Executive Summary

Why Desiccant Cooling?

In 1990 about 3.9 quads of primary energy were used for air conditioning (cooling and ventilation) of
buildings. The energy used for air conditioning buildings is expected to rise in the 1990s and beyond as
the population shifts to the warmer southern states and personal computer use increases in office buildings.
In the 1990s, the airconditioning indtL,_tryis faced with several challenges: increased energy efficiencies,
i_proved indoor air quality, growing concern for improved comfort and environmental control, increased
ventilation requirements, reduction of chlorofluorocarbons (CFCs), and rising peak demand charges. New
approaches to space conditioning will be required to resolve these economic, environmental, and regulatory
issues. Desiccant cooling and dehumidification, a technology known for some time, may provide
important advantages in solving air conditioning problems.

How Do Desiccant Coolitlg Systems Work?

In a typical desiccant system, the moisture (latent load) in the process air is removed by a desiccant
material in a dehumidifier, then the temperature (senaible load) of the dried process air is reduced to the
desired comfort conditions by sensible coolers (e.g., heat exchangers, evaporative coolers, cooling coils).
The latent and sensible loads are handled separately and more efficiently in components designed to
remove that load. The desiccant in the dehumidifier is regenerated (reactivated) by application of heat
to release the moisture, which is exhausted to the outdoors. The heat for regeneration can be provided
from a number of energy sources such as solar, waste heat, natural gas, and off-peak electricity. The
desiccant can be either solid or liquid. In solid desiccant systems, air is passed through a bed of
adsorptive material. Air is dried and moisture is adsorbed by the desiccant. When the desiccant is
saturated, hot air is passed through the bed, releasing the moisture. Typically, the desiccant is loaded into
a disc that rotates between the process and regeneration airstreams. In a liquid desiccant system, a con-
centrated liquid desiccant is sprayed in a contactor (containing cooling coils or packing materials) to
absorb moisture from humid air stream passing through the contactor. The liquid desiccant leaving the
contactor is diluted with removed water. The diluted liquid desiccant is heated or sprayed into the
regeneration air stream to remove and release the moisture and reconcentrate the liquid desiccant.

The Major Advantages

• Desiccant systems offer significant potential for energy savings (0.1-0.4 quads) and reduced
consumption of fossil fuels. The electrical energy consumption is small, and the source of thermal
energy can be diverse (i.e., solar, waste heat, natural gas).

• With desiccant systems the use of CFCs is eliminated (if used in conjunction with evaporative coolers)
or reduced (if integrated with vapor compression units). CFCs contribute to depletion of earth's ozone
laycr and will be banned by the end of the century.

• Indoor air quality is improved because of higher ventilation and fresh air rates associated with
desiccant systems. Such systems also offer lower humidity levels and the capability to remove
airborne pollutants.

• With desiccant systems, air humidity and temperature are controlled separately, enabling better control
of humidity.

xi
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Applications

The best circumstances for use of desiccant cooling and dehumidification technology are: need for
humidity control, economic benefits from using low humidity, high latent load versus sensible load, low
thermal energy cost versus high electric energy cost, and need for dry cooling coils and duct work to avoid
microbial growth.

Desiccant cooling and dehumidification can be applied to many types of buildings: supermarkets, hotels
and motels, office buildings, hospitals and nursing homes, restaurants, health clubs and swimming pools,
and residences. The success of desiccant cooling is being realized in supermarkets, which use four times
more energy per unit floor space than most commercial buildings. Use of desiccant technology to provide
dry, cool air for hotels and motels in humid climates (to avoid mold and mildew damage as a result of
excess moisture) is expected to be the next major application of the technology.

Status of Technology

More than 15 years of research and development, funded by the Department of Energy, Gas Research
Institute, utilities, and the private sector, have resulted in significant improvements in the performance,
cost, and reliability of desiccant dehumidification and cooling systems. Currently, they are competitive
in the market for a few specialized applications such as in supermarkets. Investigation of desiccant
cooling systems during past decades have revealed that such systems have great potential to compete with
andcomplement the conventional,electrically driven vapor compression systems. There are approximately
900 citations in the literature on the subject of desiccant cooling. The following are some of the recent
advances and findings for desiccant cooling technology.

Materials

• Type 1 M (moderate) isotherm has been identified as the "preferred" shape of isotherm for solid
desiccants in cooling applications. The higher performance from a desiccant with a Type lM
isotherm is us_aBy obtained when staged regeneration is used.

• Several Type 1 M desiccants have been identified/synthesized, and R&D efforts are underway to
incorporate these materials into inexpensive dehumidifier structures.

• Desiccant materials have the potential to remove airborne pollutants, thereby improving indoor
air quality.

• Desiccant degradation/contamination is notexpected to be a barrier/problem for HVAC application
of solid desiccant cooling technology.

Components

• Rotary dehumidifiers with laminar flow passages (e.g., corrugated, honey comb, or parallel plate)
have become the choice for solid desiccant cooling systems.

• Low-pressure-drop, relatively inexpensive, laminar-flow, corrugated dehumidifiers using silica gel
or molecular sieves have been entered into the market.

•oi
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• Low-cost solid desiccant dehumidifiers using Type 1 M material are being manufactured by a few
organizations.

• A "humidity pump" gas-fired liquid desiccant dehumidifier module has been developed that can
be added to the electrically driven refrigeration air conditioner for removing latent load.

Systems

• The concept of "staged regeneration" for solid desiccant dehumidifiers has been reintroduced.
Combined with Type 1 M desiccant and high regeneration temperatures, staged regeneration is
expected to reduce the size of air-to-air heat exchangers, thus reducing system size and cost.

• Advanced desiccant cycles have been proposed that have thermal COPs above 1.7. Higher COPs
are achieved through use of a larger number of components.

• A gas-fired prototype closed-cycle desiccant heat pump unit has been developed using
Zeolite/water with a cooling COP above 1.2.

• A variety of modeling tools for analyzing the performance of desiccant cooling systems and
components have been developed and validated.

• Integrated desiccant cooling systems using desiccants for dehumidification and conventional vapor
compression for cooling have been successfully demonstrated for a few commercial buildings and
many supermarkets.

Future Research and Development Needs

While significant progress has been made in efficiency and cost effectiveness of desiccant cooling systems
for air conditioning, commercial systems and designs are available only for special applications such as
supermarkets and other low-humidity applications. Lowering costs and improvements in the efficiency,
size, reliability, and life-expectancy of components and systems are necessary to advance penetration of
the desiccant cooling technology into broader commercial air conditioning market.

The results of the last 15 years of R&D and the goal of mass market penetration have given desiccant
cooling technology a direction for the future and shaped R&D needs. In our opinion, the high priority
R&D areas are:

Materials

• Development of low-cost solid desiccant materialswith optimum properties for high-, medium-,
and low-temperature regeneration applications

• Fundamental research on water/vapor desiccant interaction for improving sorption behavior

• Development of low-cost noncorrosive, low-vapor pressure, and safe liquid desiccants with
desirable sorption properties

• Study of desiccants as air purifiers for improving indoor air quality.

xiv
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C..omponents

• Developing low-cost, high-performance,compact solid and liquid dehumidifiers

• Reducing the cost and energy requirementsfor desiccant regeneration device

• Development of control strategies anti components.

Systems

• Demonstrationof the state-of-the-artdesiccant systems for air conditioning of various buildings

• Conducting system performance and economic analysis studies

• Development of efficient, cost-effective systems utilizing waste heat for desiccant regeneration

• Development of user-friendly design and analysis tools

• Transfer of technology to consultantengineers, building community,'and HVAC designers and
manufacturers.

Concluding Remarks

Desiccant cooling technology has the potential to significantly affect the air conditioning market and its
energy use. Desiccant cooling has many benefits including lower energy consumption, using renewable
energy or waste heat, lower use of CFCs, and improved indoor air quality. Advances in the last decade
have resulted in successful application of the technology in niche markets. However, penetration into the
air conditioning mass market requires further improvement in efficiency and reliability, reduction in size
and cost, and improvement in technology acceptance by the building community. Investments in further
research and development in materials, components, and systems are needed and justified considering the
potential of the desiccant cooling technology.
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1.0 Introduction

1.1 State of the U.S. Heating, Ventilation, and Air Conditioning Market: Trends and
Opportunities for Desiccant-Based Cooling

In 1990, the United States used approximately 29.3 quads of primary energy in residential"and commercial
buildings at a cost of $170 billion. Of this energy consumption, about 13% (3.9 quads) was used for air
conditioning (cooling and ventilation) of buildings. Over the last several years the use of energy for space
air conditioning has risen, and it will continue to rise in the 1990s and beyond because of population
shifting to warmer southern states and also increased usage of personal computers in office buildings.
(Source: Analysis and Technology Transfer Report 1989 and 1990: Building Technologies, 1991, Report
BNL 46559, Brookhaven National Laboratory, Upton, NY.)

Faced with indoor air quality and a growing concern for improved comfortand environmental control,
increased ventilation requirements, reduction of CFCs (chlorofluorocarbons), increased efficiency stan-
dards, and rising peak demand charges, new approaches to space conditioning will be required.

The acceptance of a new space conditioning technology may occur for a number of reasons, but economic,
environmental, or regulatory pressures for change are the primary drivers. There is growing evidence that
desiccant cooling, a concept that has been known for some time, may gain such acceptance and become
one of the important space conditioning technologies of the 1990s. Desiccant cooling technology may
provide important advantages in solving these problems. For these reasons, a technology review and
assessment is appropriate.

Small buildings (less than 50,000 ftc) dominate the commercial building stock and represent aLout half
-:" the total commercial floor area in the U.S. market as shown in Figure 1-1. Under speculative devel-

opment, the U.S. building industry tries to minimize initial cost. Heating, ventilation, and air conditioning
(HVAC) system choices generally have favored applied unitary equipment, packaged rooftop units, and
distributed heat pump systems, ali suited for individual tenant metering.

The efficiency of the various types of cooling equipment has steadily risen over the last 10 to 15 years,
largely in response to the pressures for increased efficiency stemming from the oil shocks of the
1970s and resultant federal and state minimum efficiency regulations. A new standard for energy-
conserving design of new commercial buildings has been developed by the American Society of Heating,
Refrigerating, and Air Conditioning Engineers (ASHRAE). This standard, ASHRAE 90.1-1989, forms
the basis for a U.S. Department of Energy (DOE) standard that is mandatory for ali federal buildings and
proposes minimum efficiency requirements for HVAC equipment. These requirements introduce for the
first time partial-load and full-load minimum efficiency levels. With the recent fluctuation in oil prices
and uncertainty in the supply of imported oil, the pressures for higher equipment efficiency wi.llcontinue.

For the air conditioning and re_geration industry, there is also the new pressure for regulating production
and eventually eliminating CFCs. To complicate matters, increased ventilation standards for ali new
buildings will, ostensibly, increase the overall building load, particularly the latent-to-sensible-heat ratio.
The recently approved ASHRAE standard 62-1981R increases the minimum of outdoor air from 2.4 L/s
(5 cfm) to 7.1 L/S (15 elm) per person; this will provide a large incentive for developing equipment that
can handle increased fresh-air loads.

Conservation measures and energy-efficient building designs are helping to reduce dependency on
imported oil, but usage, especially in peak periods, ha_ grown faster than the added capacity supplied by
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Figure1-1. Distributionof floor area in commercialU.S. building stock (Source: Energy
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Report #DOE/EIA-0246(89), Department of Energy, Washington, DC.)

new utility plants. Therefore, utilities have introduced costly peak demand charges and significant
financial incentives to help levelize their loads.

The trends discussed previously about the future of the air conditioning technology (release of CFCs),
economy, energy prices, and concerns about the environment and health provide opportunities for
desiccant-based air conditioning technology.

1.2 Background

Vapor compressionrefrigeration is the most common type of cooling and dehumidification system in use
today. Absorption refrigeration is the second most common air conditioning system. Both systems rely
on cooling by evaporating a liquid refrigerant into vapor in a closed loop, condensing it back to liquid,
and removing the heat from the space and rejecting it into the _nosphere.

In vapor compression refrigeration (Figure 1-2), the refrigerant is maintained in a closed system consisting
of a liquid reservoir, an expander, an evaporator, a compressor, and a condenser. The process is as fol-
lows: liquid at high pressure in the reservoir is allowed to expand into the lower pressure evaporator,
and is transformed into its vapor phase. In so doing, it consumes or absorbs heat from the surroundings,
usually the space or substance being cooled. The vapor then proceeds to the compressor where its pres-
sure is increased, lt is then fed to the condenser where it returns to its liquid state and accumulates in the
reservoir. In this transformation, the liquid rejects heat to the surroundings of the condenser. The major
power consumer is the compressor, which usually uses electricity. Ancillary fans, blowers, or pumps are
required to move fluids being cooled or heated in the evaporator or condenser. The efficiency of a vapor
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compression system is defined in terms of electric coefficient of performance,(COP), which is cooling
output divided by electric energy input. Today, the electric COP of vapor compression machines is
about 2-3.

In absorption cooling (Figure 1-3), the compression of the vapor is accomplished chemically. An
absorption cycle provides cooling in the same way that vapor compression cycle does, i.e., evaporation
of refrigerant in the evaporator. The difference is that the vapor compressor is replaced by an
absorber/regenerator/pump in the absorption system. An absorption cycle uses the chemical affinity of
an absorbent for a refrigerant (e.g., lithium bromide salt as the absorbent and water as the refrigerant) to
maintain a vacuum at the evaporator (cooler) end of the chiller, and uses a source of heat to maintain a
high pressure at the condenser (hot) end. This pressure difference allows the refrigerant to boil at a lower
temperature than it condenses, so it moves heat from a cooler piace to a wanner piace, just like a vapor
compression machine. The refrigerant vapor is absorbed in a secondary liquid, and its pressure is
increased to condenser pressure by a liquid pump that consumes much less electrical energy than a vapor
compressor. The mixture of absorbent and refrigerant flows to a generator where heat is added to separate
the refrigerant from the absorbent. The refrigerant in vapor form flows into the condenser. The source
of the heat added in the generator can be natural gas, waste heat, or solar energy. The efficiency of an
absorption system is defined in terms of thermal COP, which is cooling output divided by thermal energy
input. Today, the thermal COP of an absorption system is about 0.5 to 0.8. Advanced systems with
projected COPs of up to 1.7 are under development. Absorption systems aremainly used where electricity
costs and usage are too high.



An alternative to vapor compression and absorption cooling is desiccant cooling. Desiccant cooling is not
a new technology. An excellent tutorial on psychometrics, methods of dehhmidification, and many
applications including typical success stories for desiccants are presented in a recent new publication, The
Dehumidification Handbook----SecondEdition, edited by L. Harriman for Munters Cargocaire (Harriman,
1990).1 Moisture load calculations, typical desiccant dehumidifier performance, and system designs are
ali discussed with commercial and industrial examples. For those readers who are unfamiliar with the
general type of desiccants and desiccant system options and operation, a review of this book is suggested.
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Figure1-3. Absorptioncoolingcycle

t Almost all of the references are listed in the desiccant cooling bibliography. References not listed
in the bibliography are provided as footnotes.

4



Gas Research Institute (GRI) has recently released a 20-minute video entitled "An Introduction to
Commercial Desiccant Systems." This video shows, by example, desiccants being used successfully in
a variety of applications. In a recent condensed but comprehensive article, various desiccant cooling
cycles and recent national research and development efforts are described (Kini, Waugaman, and
Kettleborough, 1990).

Further details about the basic theory of desiccant cooling and dehumidification, material, components,
various types of systems, and applications are discussed in Sections 3, 4, 5, and 6. Figure 1-4 shows
various types of desiccant cooling systems and their elements. An extensive bibliography that draws
together a comprehensive listing of relevant work on the subject of desiccant cooling and dehumidification
is presented at the end of this report.

In the next section, a brief historical overview of desiccant technology is presented with a focus on the
progressive advances made or being pushed to achieve lower cost, Eigher performance, and CFC-free
cooling.

Desiccant
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Technology
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Solid Liquid Solid & Integrated
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Materials Materials Materials Comp,.,nents
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Figure1-4. Varioustypes of desiccantcoolingsystem_-,_nd their elementsdiscussedin this
document
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2.0 Historical Overview and Recent R&D History

2.1 Historical Overview

2.1.1 Open-cycle desiccant cooling cycles

The simple evaporative cooler is the oldest open-cycle cooling system. During the 1930s, it was
developed to the form that is still widely marketed today (Watt, 1986)2. The small amount of energy
it consumes for fans and pumps can be reduced considerably by applying modem knowledge of heat- and
mass-transfer and fluid mechanics (Dunkle et al., 1980)3. Simple evaporative coolers only cool down
to the wet bulb temperature, which limits their effective use to the hot, dry areas of the Southwest.

Indirect and regenerative evaporative coolers were developed as an improvement to the simple evaporative
coolers of the 1930s (Watt, 1986)_. Later, however, these coolers did not compete economically with
conventional vapor compression or simple evaporative coolers. The large size of the me_ plate heat
exchangers was an important disadvantage. More compact and economical heat exchangers for these cool-
ers have been developed and marketed (Dunkel et al., 19803; Pescod, 19804) with further improvements
possible (Maclalne-cross, 1983)5. Theoretically, indirect and regenerative evaporative coolers cool down
close to wet bulb temperatures without providing excessively humid supply air, which gives them a
broader climatic range than the simple evaporative coolers. This range does not extend to humid climates.

Pennington (1955) solved the problem of limited climatic range of evaporative cooling systems. He
saturated a rotary heat exchanger matrix with a desiccant solution, making an adiabatic regenerative dehu-
midifier. He coupled this dehumidifier with a heat source to a double regenerative evaporative cooler
(Figure 2-1). Pennington's cycle is now routinely referred to as the ventilation cycle. Pennington gave
a sound description of the phenomena in a regenerative dehumidifier but.did not give the performance of
his prototype. He discovered that rotating the regenerative dehumidifier at a reasonably high speed would
make it transfer the total heat or enthalpy to the incoming fresh airstream during winter heating.

lt is interesting to note that the concept of desiccant cooling was first introduced by Hausen (1935).
This concept used solid desiccants that were regenerated periodically to dehumidify moist air for air
conditioning. Several inventors (Shipman, 1936; Fleisher, 1939; Larriva, 1941; and Altenkirch, 1941
and 1944) followed Hansen's idea of trying to develop commercial desiccant cooling devices. But these
and other possible cycles were not developed during the following 30 years. The rotary silica gel dehu-
miditier was invented in 1933 by Miller and Fonda (1933). However, its potential use in cooling

2Watt, J.R., 1986, Evaporative Air Conditioning Handbook, 2hd edition, Chapman and Hall, New
York, NY.

3Dunkle, R.V., P.J. Banks, and I.L. Maclalne-cross, 1980, "Wound Parallel Plate Exchangers for Air-
Conditioning Applications," Compact Heat Exchangers, R.K. Shah et al., eds., ASME HTD Vol. 10,
pp. 65-72.

4pescod, D., 1980, "An Advance ic Plate Heat Exchanger Geometry Giving Increased Heat Transfer,"
Compact Heat Exchangers, R.K. Shah et al., eds., ASME HTD Vol. 10, pp. 73-78.

5Maclaine-cross, I.L., 1983, "Optimizing Rotary Exchanger Matrices for Conditions Close to
Ambient," ASME Paper 83-WA/HT-87, Boston, MA.
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Figure 2-1. Schematic and psychometric chart for Pennington's cycle

cycles to reduce energy for air conditioning applications was not realized because of a lack of theoretical
understanding.

Munters (1968) improved Pennington's regenerative dehumidifier by introducing parallel passages.
Regenerative dehumidifiers for drying conditioned spaces are commercially available from a number of
suppliers (e.g., ASI-IRAE Handbook, HVAC Systems and Equipment Volume, 1992). Total heat or
enthalpy regenerators for building exhaust air to fresh air energy recovery are also available (e.g.,
ASHRAE Handbook, HVAC Systems and Equipment Volume, 1992).

The Institute of Gas Technology (IGT) recognized the potential of the ventilation, or Pennington, cycle
for gas-fired air conditioning and built a number of prototypes in the 1960s (Rush and Macriss, 1969).
Solar energy prototypes were built in the late 1970s by IGT (Macriss and Zawachi, 1982), AiResearch
Manufacturing Company (Rousseau, 1982), and Exxon Research and Engineering Company (Husky et al.,
1982). By 1981 thermal coefficients of performance (COP; ratio of cooling energy delivered to heat
energy supplied) over 0.5 had been achieved experimentally at Air Conditioning Refrigeration Institute
standard test conditions (indoor conditions of 26.7"12,and 0.0111 kg water/kg dry air; outdoor conditions
of 35.0"C, and 0.0142 kg water/kg dry air).



The early IGT effort was hampered by the lack of a satisfactory analytical method for predicting the
performance of regenerative dehumidifiers. The available methods (Bullock and Threlkeld, 1966) could
only predict performance at rotational speeds so low that the whole matrix was in equilibrium with the
entering airstream at the end of both dehumidification and regeneration periods. Over the last 20 years,
there have been many analytical methods developed for understanding the performance of desiccant
dehumidifiers and desiccant cooling systems. Among ihese are the analogy theory of Banks (1972), the
finite difference method of Maclaine-cross (1974), the pseudo-steady-state model of Barrow (1982) for
adiabatic dehumidifiers, and the f'mite difference method of Worek and Lavan (1982) for cross-cooled
dehumidifiers. Collier (1988) developed a model based ot_the finite difference method of Maclaine-cross
and pseudo-steady-state of Barrow that is currently being widely used by desiccant-cooling researchers.
These models have helped desiccant-cooling investigators understand the factors and physical properties
that can affect the performance of dehumidifiers and cooling systems. The models also "allowresearchers
to understand new desiccant materials and cooling cycles.

Dunkle (1965), in response to a request from the Australian mining industry, had developed a proposal
for an adiabatic desiccant open cooling (ADOC) cycle independently of Pennington (1955). Johnston
(1967) used the results of tests on packed beds of silica gel beads to predict the performance of Dunkle's
cycle. The predictions were disappointingly low, and Dunkle's _oup realized that the regenerative
dehumidifier needed to be understood before ADOC cycles could be improved.

Banks, working in Dunkle's laboratory, initiated the development of a comprehensive theory of combined
heat- and mass-transfer in regenerative dehumidifiers and related devices in 1967. He introduced
combined potentials, analogous to temperature, andcombined specific capacity ratios, analogous to specific
heat ratios, in terms of which combin_,dheat- and mass-transfer can be described (Banks, 1972). These
quantities can be calculated from the vapor pressure isotherms, the specific heat of the matrix, and the
thermodynamic properties of moist air. Maclaine-cross and Banks (1972) used combined potentials and
specific capacity ratios in predicting the performance of the regenerative dehumidifier and enthalpy
regenerator. This analogy theory makes the many phenomena of regenerative dehumidifiers understand-
able and has subsequently been simplified for rapid calculation by Jurinak (1982).

Clark et al. (1981) at UCLA designed and tested a thin adiabatic desiccant bed for solar cooling
applications and found that packed bed configurations are not economical alternatives because of large
pressure drop and poor thermal performance. Nelson et al. (1978) applied the analogy theory of
regenerative dehumidifiers to predicting the performance of ADOC cycles. They proposed a regenerative
dehumidifier with a matrix consisting of thin parallel plates of silica gel separated by uniform air passages.
Their predicted performance was much better than previously measured for ADOC cycle performance.

Maclaine-crGss (1974) included the effect of solid side resistance to moisture diffusion in the analogy
theory and found good agreement with an accurate finite difference solution of the partial differential
equations for silica gel. This finite difference algorithm was based on detailed numerical analysis and
extrapolation to zero grid size using three carefully chosen grid sizes. His program, MOSHMX, has been
widely used by subsequent investigators.

Jurinak and Mitchel (1984) used MOSHMX to study the effect of isotherm shape, maximum water
content, heat of adsorption, regenerative matrix thermal capacitance, matrix moisture diffusivity, and
adsorption hysteresis on dehumidifier performance. They found that the best performance was obtained
with a Braunuer-Type 1 vapor pressure isotherm shape, characteristicof a microporous silica gel desiccant.
They concluded that commercially available microporous silica gels were attractive materials for
dehumidifier construction.



Jurinak (1982) also studied the effect of matrix properties on the ventilation cycle performance. Adding
heat capacity to a desiccant regenerative dehumidifier matrix increases COP and, hence, reduces energy
consumption slightly. However, it reduces cooling capacity greatly, which increases capital costs.
Minimum life-cycle cost requires a minimum desiccant matrix heat capacity. Jurinak and Mitchell (1984)
used MOS.HMX to predict the optimum purge rate for a regenerative dehumidifier. For operating
conditions typical of the ventilation cycle, the predicted benefit of purge was small.

Packed-bed dehumidifiers are inexpensive; however, their high-pressure drop and, thus, high parasitic
power consumption make them unsuitablefor air conditioning applications. More expensive dehumidifiers
with laminar-flow passage designs that offer low-pressure drops and high heat- and mass-transfer rates
have been used in desiccant cooling systems (Macriss and Zawachi, 1982; Lavan and Gidaspow, 1982;
Biswas, Kim, and Mills, 1984; Schlepp and Barrow, 1984; Coellner, 1986; and Cargocaire, 1982).

Effective Lewis numbers measured on packed beds of silica gel spheres have been between 3 and 30,
indicating excessive mass-transfer resistance (van Leersum and Close, 1982; Kutscher and Barlow, 1982).
Mass-transfer resistance of silica gel has been investigated at UCLA (Pesaran and Mills, 1984). The Solar
Energy Research Institute (SERI), now the National Renewable Energy Laboratory (NREL), fabricated
and tested parallel plate matrices and dehumidifiers of desiccant-coated polyester films (Schlepp and
Barlow, 1984; Bharathan et al., 1987) based on the UCLA dehumidifier concept (Kim et al., 1985). The
smaller particle size used by NREL greatly reduced the mass transfer resistance, and the dehumidifier
approximates the Nelson et al. (1978) proposal previously discussed.

A thermal COP of 1.1 wes predicted at standard test conditions for ventilation cycles using this
dehumidifier (Schlepp and Barlow, 1984). This could make a gas-fired ventilation cycle competitive in
primary energy consumption with electric vapor compression (Jurinak et al., 1984; Booz-Allen and
Hamilton, 1982). However, higher COP and reduced capital costs arc necessary for a solar desiccant
cooling system to compete with conventional alternatives.

Recent theoretical research into advanced ADOC cycles has shown the possibility of substantially higher
6

thermal COPs. Maclaine-cross and Banks (1981) proposed a regenerative evaporative cooler that
minimized the temperature differences across which heat was transferred and the concentration differences
across which moisture was transferred. The second law of thermodynamics would lead one to expect
improved performance, and the predicted performance was substantially better than less thermodynamically
ideal regenerative evaporative coolers. Lavan et al. (1982) calculated the thermal COP for a thermo-
dynamically reversible ventilation cycle at standard ARI test conditions as 4.66. Maclaine-cross (1985)
has proposed an ideal ADOC cycle (different than ventilation cycle) with ideal components requiting no
thermal energy (i.e., infinite COP) at standard APa test conditions. Note that thermal COP is defined
as cooling-energy output divided by thermal-energy input.

In 1984 the American Solar King Company fabricated and marketed a rotary (lithium chloride)
dehumidifier cooling system for residential applications. The system was originally designed to be
regenerated with fiat-plate solar collectors. Later it was converted to run on natural gas. Under the
sponsorship of GRI, Tecogen Corporation (Cohen et al., 1989) has fabricated and tested prototype
desiccant cooling systems for restaurant applications.

6Maclaine-cross, I.L., and P.J. Banks, 1981, "A General Theory of Wet Surface Heat Exchangers and
its Application to Regenerative Evaporative Cooling," J. Heat Transfer, Vol. 103, pp. 579-585.
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Collier et al. (1986) identified desired properties of a solid desiccant material (called Type lM desiccant)
that can yield optimum performance for desiccant cooling systems. Laroche Chemical, under We
sponsorship of GRI, and NREL, under the sponsorship of DOE, are developing these materials for high
and low regeneration temperatures, respectively. The concept of staged regeneration, originally proposed
by Glav (1966), has been reintroduced for dehumidifier regeneration. Combined with Type lM desiccant,
staged regeneration can provide thermal COPs over 1.3 with high cooling capacities. Worek et al. (1991)
showed that high performance for a ventilation cycle could be achieved by using Type lM material
regenerated at 165"C, with a staged regeneration fraction of 16%. The advantage of this design is that
lower heat exchanger effectiveuess (i.e., lower heat exchanger sizes) could be used with minimum loss
in performance. Several advanced open-cycle cooling cycles that use a desiccant dehumidifier have been
proposed that can have COPs greater than the COP of the ventilation cycle (Maclalne-cross, 1985;
Waugaman and Kettleborough, 1987). These concepts will be discussed in detail later.

Similar to solid desiccants, liquid desiccant cooling dehumidification systems have been used for many
years for industrial dehumidification applications such as dehydration of natural gas. Such systems are
commercially available and use either lithium chloride solutions (e.g., Kathabar Systems, 1989) or
triethylene glycol (e.g., Niagara Blower Company, 1989). These systems have also been used for
dehumidificationof institutional buildings and industrial processes. Kakabaev and Golaev (1971) were
among the first to investigate the use of solar energy for regeneration of a liquid desiccant flowing over
a slanted, blackened surface. Robinson (1982) tested a desiccant cooling system with well water for
removing sensible heat and a calcium chloride-watermixture, regenerated ina solar collector, for removing
latent heaL Wood et al. (1983) has investigated the concept of flowing liquid desiccant over the roof of
a building for desiccant regeneration using solar energy. Recently, Tecogen Inc. and Kathabar Systems
(Ryan et al., 1989) have developed and tested a residential gas-fired dehumidifier using lithium chloride
solutions.

2.1.2 Closed-cycle desiccant cooling cycles

Closed-cycle cooling systems using solid adsorbent such as zeolite were initially based on daily cycles or
intermittent operation (Guillemin"t et al., 1980). These systems had COPs smaller than unity. In the last
10 years, Tchernev and Emerson (1986) have been developing a heat pump based on the principle of a
closed-cycle desiccant system. By adding a regenerative heat exchanger, Tchernev and Clinch (1989) have
built and tested a prototype closed-cycle zeolite/water heat pump with cooling COP of above 1.2. Based
on the prototype results, a 3-ton zeolite heat pump unit for residential and light commercial applications
is expected to enter the market in the near future. This system has costs comparable to electric vapor
compression machines. Numerical simulations have shown that regenerative closed-cycle adsorption
cooling systems using zeolite/water can achieve cooling COPs around 2. Some other investigators have
used zeolite/ammonia or carbon/ammonia as pairs for the adsorptionprocess.

2.1.3 Integrated or hybrid desiccant cooling cycles

Vapor compression systems are efficient in sensible cooling, while desiccant dehumidifiers are efficient
for removing latent load. Combining the two systems into a hybrid or integrated cycle with the condenser
providing most of the regeneration heat gives substantial overall energy conservation. This concept has
been proposed by many investigators (e.g., Meckler, 1986; Schlepp and Schultz, 1984; Sheridan and
Mitchell, 1982; How et al., 1983). Meckler (1986, 1991) has designed and installed several air
conditioning systems that integrate solid or liquid desiccant dehumidifiers with conventional vapor
compression systems for air conditioning of commercial and institutional buildings. Integration of
commercially available dehumidifiers for latent heat removal and conventional vapor compression systems
for sensible heat removal for supermarket applications is economical today (Bowlen et al., 1988). Many
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supermarkets have been equipped with the integrated desiccant vapor compression systems. In the last
few years, hotel and motel operators have been looking into using integrated desiccant vapor compression
systems for moisture control and air conditioning of rooms.

2.2 Recent R&D History

2.2.1 United States research and development

Many organizations have been working on various aspects of desiccant cooling and integrated HVAC
options. Figure 2-2 provides a partial list of U.S. organizations that were and are contributing to the
desiccant cooling and dehumidification R&D. These organizations range from universities, state and
national research laboratories, manufacturers, private research laboratories, consulting firms, utilities, and
private and federal agencies. The majority of R&D activities have been funded by DOE and GRI. The
Eleclric Power Research Institute (EPRI), local utilities, private organizations, and state agencies have
funded some R&D efforts.

DOE has been funding long-term, high-risk research and development efforts that would not be pursued
by the private sector under normal incentives. DOE-funded projects have focused on developing high-
performance, low-cost desiccants and other system component materials; researching fundamentals of heat-
and mass-tramfer phenomena in adsorbent and absorbent geometries; developing fundamental
mathematical models for performance predictions of materials, components, and systems; researching
contamination of desiccant materials; testing of materials, components, and systems under near-real
conditions; and analyzing advanced desiccant cooling system concepts as a mechanism for quantifying the
impact of materials and components progress. A conscious effort has been made to leave engineering
development to the private sector, which is investing their own resources to commercialize the technology.

DOE has funded many organizations over the last 15 years. Among these organizations are NREL
(formerly SERI), Argonne National Laboratory, Oak Ridge National Laboratory, University of
Wisconsin--Madison, University of Texas, Texas A&M University, University of South Carolina, UCLA,
IUinois Institute of Technology fliT), Colorado State University, University of Arizona, University of
Illinois--Chicago, Florida Solar Energy Center, and Lawrence Berkeley Laboratory. The results of some
of these R&D efforts are discussed throughout this report.

GRI is conducting one of the larger gas-fired desiccant cooling research and development efforts. GRI's
strategy (Kosar and Novosel, 1988; Novosel, 1991) for cooling systems is to develop cost-effective, gas-
fired, and recovered-heat.driven adsorption and absorption equipment for a range of sizes and applications
within the residential and commercial markets. GRI' s desiccant dehumidification/coolingprogram includes
both near- and mid-term projects. Ali hardware development projects currently involve HVAC
manufacturers on a cost-shared basis. GRI believes that integrated dehumidification/chiller systems that
separate latent and sensible load control show good potential for the near term, especially when cost-
optimized systems are packaged using existing or readily modified technology. These systems are being
developed first for supermarkets, which are an ideal early market application because of the high latent-
sensible load ratio. The next near-term application of the technology is moisture control in hotels and
motels. Later, the technology is expected be extended to the broader commercial market in the 20- to
100-ton size range.

GRI is also looking into the technical and economic feasibility of combining desiccant dehumidification
with passive and other sensible cooling techniques for residential buildings. Advanced desiccant cooling
technology, based on the early work by Exxon Corporation, is being developed for residential and light
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Figure2-2. Past and presentU.S. organizationscontributingto desiccantcoolingand
dehumidificationresearchanddevelopment

commercial applications in the 2- to 20-ton size range. Two parallel development projects are in piace,
each involving a major HVAC manufacturer,for designing and fabricatinglaboratoryprototype units.

Aside from these larger hardware projects, GRI and its subconU'actorsare investigating the processes to
manufacture desiccant materials with desired desiccant properties. These propertieshave been identified
by GRI subcontracts(Collier et al., 1986; Collier, 1988) and a few organizationshave been investigating
fabricationof new materials. The co-sorptioncapabilities of desiccants to removepollutantsfor improving
indoor airquality have been investigated in a programjointly funded by GRI and ASHRAE(Hines et al.,
1990). The details of some of GRI's work will be discussed in Sections 3 through 6.

EPRIhas funded the University of Wisconsin-Madison to compare the use of desiccants for supermarket
dehumidification with conventional, modified conventional, and ice stor_e electric-driven concepts.
EPRI has been participatingin desiccant workshops and technicalconferences. Many local utilities such
as CaliforniaEdison Company, TennesseeValley Authority,GeorgiaPower, and Florida Power and Light
Company have supportedprojects related to desiccant cooling.

Manufacturers have also been developing new products. They have been working with GRI or DOE-
funded organizations to develop more efficient, compact, reliable, and less costly dehumidification
systems. These manufacturersinclude Cargocaire, Tecogen, Bry Air, Dryomatic, Kathabar, Niagara
Blower, ICC Technologies, and American Solar King. Meckler Associates and Meckler Energy Group
have been among the consulting firms involved in desiccant cooling R&D. Table 2-1 provides the
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Table 2-1. Desiccant Cooling R&D Areas of Active U.S. Organizations
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research focus of some of the U.S. organizations currently contributing to desiccant cooling and
dehumidification R&D.

2.2.2 International research and development

Internationally, there have been a number of research institutions and manufacturers that are or have been
active in the R&D of desiccant cooling systems, lt appears that Japan has the most extensive R&D
program after the United States. Matsuki and Saito (1988) provide a comprehensive review of desiccant
cooling R&D in Japan. Desiccant cooling activities of several countries are discussed in the final report
of a workshop sponsored by the International Energy Agency (J.V. Anderson, editor, 1992, Air Quality,
Desiccant and Evaporative Cooling Systems, final report on IEA Workshop, Orlando, FL, January 14-16,
1991, Swedish Council for Building Reszarch, Stockholm, Sweden).

The following is a list of organizations outside of the United States that contribute to desiccant cooling
R&D.

In Europe:
• Dokuz Eylul University, Izmir, Turkey
• Schiedel GmbH & Company, Munich, West Germany
• LIMSI Centre National de la Recherche Scientifique, Orsay, France
• Centre National de la Recherche Scientifique, Perpignan, France
• Tampere University of Technology, Tampere, Finland
• AB Carl Munters, Sollentuna, Sweden
• DelaJr BV, Netherlands
• CNR Institute for Transformation and Storage of Energy, Pistunina-Messina, Italy

lt should be noted that most of the European activities are limited to basic research. The climate in most
European countries is not too humid or too warm to require extensive R&D in desiccant cooling and
dehumidificatiorL

In Asia:

• National Sun Yat-Sen University, Kaohsiung, Taiwan
• Industrial Technology Research Institute, Chutung, Taiwan
• Sharp Corporation, Nara, Japan
• Seibu Giken Company, Ltd., Fukuokas-ken, Japan
• Government Industrial Research Institute, Nagoya, Japan

• Osaka Institute of Technology, Osaka, Japan
• Daikin Industries, Ltd., Osaka, Japan
• Nichias Corporation, Tokyo, Japan
• Department of Non-Conventional Energy Sources, Ministry of Energy, New Dehli, India
• Korean Gas Research Institute, Korea

Most of the activities in Taiwan are focused on product development. Japan has done both basic and
applied research. Seibu Giken is a manufacturer of and silica gel and zeolite desiccant wheels. Daikin
and Nichias are manufacturers of silica gel and lithium chloride wheels. Nichlas also manufactures
molecular sieve wheels. Sharp has developed a lithium chloride wheel and a prototype evaporative
desiccant cooling system but is not currently active in this technology.
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In Australia:

• University of South Wales, Kinsington
• Monash University, Monash
• Commonwealth Scientific and Industrial Research Organization (CSIRO), Clayton
• Rotary Heat Exchangers Pty, Ltd., Bayswater

The major contribution of Australian researchers has been the development of several methods for analy-
zing rotary dehumidifiers to better understand their performance. Current activities focus on gas engine
desiccant hybrid air conditioning systems for commercial buildings.

2.3 Summary

Desiccant cooling and dehumidification is not a new technology, lt has been under study since the
mid-1930s. The use of liquid and solid desiccants for dehumidification purposes has grown into a
$50 million industry. Most of the dehumidification applications have been for industrial and storage use
such as process humidity control, corrosion and condensation protection, mold/fungus avoidance, moisture
prevention, and product drying. Desiccants have also been used for dehumidifying and cooling
commercial and institutional buildings. The use of desiccants for cooling applications did not receive
much attention until the energy crisis of the 1970s. Because of interest in solar energy and potential for

regenerating desiccants using solar heat, DOE funded R&D projects on solar desiccant cooling in the
late 1970s. In the early 1980s, GRI started a comprehensive R&D prog_am on gas-fired desiccant cooling
and dehumidification systems as a gas cooling technology. Many research organizations (universities,
national and local laboratories, and private firms) and manufacturers have been involved in these.

R&D activities. As a result of R&D efforts during the last 20 years, the thermal COP of open-cycle,
desiccant cooling systems has doubled, and their first cost has been reduced significantly. A closed-cycle,
desiccant cooling/heating system is being developed that may be competitive with electric heat pumps.
Desiccant dehumidification devices integrated with conventional cooling systems have been used
successfully in several commercial and institutional buildings and supermarkets. In addition to the United
States, other countries in Europe, Asia, and the Pacific have been or are involved i,ndesiccant cooling and
dehumidification R&D. Japanese companies have apparently made the most progress in solid desiccant
wheels and have the most extensive R&D program next to the United States. Ongoing R&D is expected
to improve the performance of the components and systems, reduce costs, and improve reliability, making
desiccant cooling and dehutnidification technology competitive in the HVAC market early in the next
century.
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3.0 Desiccant Materials: Status of Science and Technology

3.1 Background and Fundamental Understanding of Water/Solid Interactions

A number of inorganic porous solids available have large internal surface areas and pore volume with an
enormous affinity to sorb water. Some types of inorganic solids may sorb as much as 40% of their Weight
and remain physically dry (Gregg and Sing, 1982)7, which is desirable for desiccant-cooling applications
(Collier, Barlow, and Arnold, 1982). Some organic polymers may sorb over 50% of their weight (Bulygin
et al., 19838; Czanderna and Thomas, 1986). The uptake of water here is internal to the polymer, and as
with many porous solids, the dynamics of the sorption process is diffusion controlled.

i

The sorption of water vapor, H20 (v), oy the desiccant is given by the reaction scheme:

D(s)+ H20(v) ---) D'H2Osurfae¢ (3-I)
and

D(s)+ D'l'I2Ostnfac' ---) D'H2Ointn.naI+ D(s) (3-2)

where D(s) is a solid desiccant adsorption site. Water vapor adsorbs onto the surface (Exluation 3-1) and
permeates into the solid by several possible diffusion processes (Equation 3-2) to provide the total
sorption. Empty surface sites are filled by further adsorption (Equation 3-1). Desorption of water vapor
from the desiccant occurs by the reverse sequence:

D'H2Osm4a_ ---) D(s) + H20(v) (3-3)

and

D'H2Ointmml+ D(s) ---> D'H2Osurfac* + D(s) (3-4)

where empty surface sites are generated (Equation 3-3) by desorption, and water sorbed in the material
must firstoccupy a surface site (Equation 3-4) before desorption via Equation 3-3.

Although the details of the molecular processes are much more complex than illustrated by Equations 3-1
through 3-4, they illustrate that the sorption capacity is gained by at least two kinetic steps involving the
rate of adsorption (Equation 3-1) and the rate of permeation into the solid (Equation 3-2). Equations 3-3
and 3-4 illustrate the reverse steps of desorption and diffusion. The adsorption and desorption rates are
usually much faster than the permeation and diffusion rates. The permeation (diffusion) steps provide the
solid-side resistance in the sorption-regeneration sequence, which can provide a fundamental understanding
of these interactions and how they can be used for synthesizing or modifying materials to obtain the
desired desiccant properties. The principal limitations to advancing desiccant cooling systems are related
to finding .adesiccant material with the required combination of isotherm shape, sorption capacity, sorption
heat, sorption rates at the bed temperature, desorption rate at a minimally elevated temperature, cyclic
stability of the sorption properties, and stability of the desiccant itself.

The forces primarily responsible for the sorption processes arise from interactions of the electric field at
the surface of the solid (desiccant) with adsorbate molecules (water). Because of its large dipole moment
and polarizability, the water molecule produces a heat of adsorption ranging from 10.8 to 20 kcal/mole.

7 Gregg, S.J., and K.S.W. Sing, 1982, Adsorption, Surface Area, and Porosity, NN: Academic Press.

zBulygin, A.N., Ye. L. Vinogradov, A. Ye. Luk'yanov, Ye. I. Mal'ko, and A.A. Tagger, 1983, "Study
of the Structure of Polymeric Sorbents," Polymer Sci., SSSR, Vol. 25, No. 3, pp. 1179-1187.
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The total interaction between the water molecules and the adsorbent surface contains contributions from

several types of interactions, such a_dipole-dipole, dipole-quadrupole, and dipole-induced dipole. Because
water is a polar molecule and the sorption sites are primarily ionic, it appears conceivable that the electric
field at the surface could be modified by introducing different inorganic ions or organic functional groups
at the surface, changing the heat of adsorption. Modifications could be done by ion-exchange techniques
on inorganic surfaces and during the preparation of organic materials. The modifications will influence

the sorption capacity and isotherm shape, so the desired material must have the optimal combination of
capacity and adsorbate-binding energy.

From sorption isotherms, the binding energy of the water adsorbate to the solid can be determined. The
rate of diffusion through the porous material can be calculated, and, in principle, the rate of desorption
from the solid can be determined and compared with experimental results. The comparison must be made

using materials that at least approach the configurations used for the calculations. The sorption rate
processes will be reduced by pore volume diffusion and intraparticle diffusion in a packed bed of particles.
However, ideal geometries must be chosen and used for measurements designed to yield fundamental

gas/solid interactions.

To understand the molecular processes for water/solid adsorbent desiccant systems, there is an obvious
opportunity to combine the use of microbalances, temperature-programmed desorption,'infrared, surface
spectroscopies, and work function measurements to correlate rates and amount sorbed with the chemical
bonds formed (related to heats of adsorption) and surface composition (effects of chemical modification).
Furthermore, any changes in the amount sorbed and the rate of desorption should result in changes in the
bonding at the surface (infrared). The results of using the modern surface science approaches of
vibrational spectroscopies and compositional surface analysis should also be supplemented with the con-
ventional measurements using microgravimetric, scanning electron microscopic, and pore volume analysis
techniques. The most helpful understanding will be obtained using methods normally employed by surface
chemists (Adamson, 1990) 9 rather than surface physicists.

The results of the fundamental studies will serve two major purposes. First, they will be used for guiding

the synthesis of materials, which are designed to be optimal desiccants, and, second, they will provide
valuable understanding of how surface interactions can limit or expand the opportunities of using

desiccants to remove contaminants in the airstream (e.g., co-adsorption processes are simply limited or
enhanced by the relative binding energy of the different gas [vapor] species).

3.2 Advanced Desiccant Materials

Based on the preceding section, the scientific objective of advanced desiccant materials (ADM) research
is to understand how the materials modifications and surface phenomena influence the sorption properties

so the desired performance can be predicted. As a natural extension of the fundamental research, the tech-
nological objective is to identify a next-generation, low-cost material with which solar radiation or heat
from another low-cost energy source can be used for regeneiating the water vapor sorption activity of the
desiccant. This section provides background about desiccant materials, how they relate to desiccant cool-
ing systems (DCS), those that have been used to date, and recent ADM research results. Of course, the
solid desiccant in a DCS processes water vapor to remove the latent load.

9 Adamson, A.W., 1990, Physical Chemistry of Surfaces, 5th cd. New York: Wiley. pp. 329-356

and pp. 609-614.
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Commercial thermally regenerated DCSs must compete with vapor compression and ali other space
cooling technologies, so electrical and thermal coefficients of performance (COPs) and initial capital costs
are primary concerns. From thermodynamic analyses of desiccant cooling cycles, it is apparent that the
adsorption characteristics of the desiccant can have a large influence on the cooling capacity and COP of
the cycle (Collier, Barlow, and Arnold, 1982; Jurinak, 1982). This effect was quantified in a computer
parametric systems analysis study (Collier, Cale, and Lavan, 1986). Although this study assumed a regen-
eration temperature of 160°C, the conclusions about an "ideal" desiccant are also applicable for solar
regeneration temperatares of 60° to 95°C. Collier concluded that if an "ideal" desiccant can be identified,
the thermal COP of a DCS can be improved from 0.85-1.05, which can now be obtained with silica gel,
to a minimum of 1.3-1.4 (with staged regeneration), which is closer to the theoretical maximum of about
4.66, identified by Lavan et al. (1982). (Ideal is in quotes because there are other properties of an ideal
desiccant that were not included in his study. Isotherm shapes are discussed below and are important for
desiccant technology.) At the same time, the cubic feet per minute (cfrn) per ton for a ventilation cycle
can be reduced from a range of 310 to 400 for silica gel to a range of 200 to 250 for an "ideal" desiccant.
The reduction in cfm/ton must not be overlooked because this factor can reduce the physical size of
commercial DCSs and keep electrical parasitic consumption low. If both these factors were achieved,
DCSs could be cost competitive with other current air conditioning systems; this may not be possible for
silica gel because silica gel isotherm shape is close to linear and not close to "ideal" shape (Collier, 1988).
A similar analysis has not been carried out for liquid desiccants, which have equal opportunities, lt should
be noted that the concept of isotherm shape category has been introduced for desiccants and other
absorbents in chemical literature for many years (e.g., Perry and Green, 1989)l°. Investigators used
these shapes to identify "favorable" or "unfavorable" isotherms and adsorbents for particular applications.
Collier applied the concept of isotherm shape to predict the performance of desiccant cooling systems. .

For the computer parametric analysis, Collier et al. (1986), and Collier (1988) chose five types of
isotherms that are designated as Brunauer Type 1 extreme, Type 1 moderate, linear, Type 3 moderate, and
Type 3 extreme. Type 1 isotherm is characterized by the constant separation factor equation:

W* = W/Wmax = RH*/(Sf + RH* - Sf • RH*),

where W* = normalized desiccant water content
W = actual desiccant water content at RH*

Wmax = maximum desiccant water content at RH = 100%
RH* = relative humidity corrected for temperature effects
Sf = separation factor

Note that for Type 1 moderate Sf is 0.1, and for linear isotherm Sf is 1. Values of Sf larger than 1
provide Type 3 isotherm shapes.

Figure 3-1 shows the Type 1 moderate; Brunauer, Emmet, and Teller (BET) Type 2; Type 3 moderate;
and linear isotherms used for the study. The Type lM (moderate) isotherm is the optimum shape for the
"ideal" desiccant, and the sorption should follow this isotherm between 5% and 60% relative humidity
(R.H.) for best results (Collier, 1988). The isotherm for a silica gel is also plotted, where the 37% water
uptake at 100% R.H. is normalized to a loading fraction of 1.0, and part of the isotherm for PSSASS
polymer, where the 40% water uptake at 60% R.H. is normalized to a loading fraction of 1.0. The silica
gel isotherm shape is approximately linear and not close to a Type lM isotherm shape--that is why

lo Perry, R.H., and D. Green, 1989, Chemical Engineers' Handbook, 6th cd., McGraw Hill. New
York, NY.
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Collier (1988) did not consider it an "ideal" desiccant. No existing silica gel has a Type lM isotherm
shape. Chemical modification of silica gel may result in improved isotherm shape, but'further R&D is
needed. As is seen, PSSASS (polystyrene sulfonic acid sodium salt) is close to the Type 1 moderate
isotherm shape as normalized, which is part of the reason why the modification of this polymer is
emphasized.

At low R.H. of water vapor, the BET Type 2 isotherm has a knee that becomes more pronounced as the
BET c value increases from 50 to 200 or more. Larger c values correspond to increasing interactions
between the gas and the solid. With c values below 10 (weaker interactions), the isotherms become linear
and then Type 3 (moderate and then extreme). Thus, an objective of modifying polymers with Type 2
behavior is to increase the water vapor/solid interactions to sharpen the knee to track the Type 1 moderate
shape. Interactions that are too strong produce a Type 1 extreme isotherm, which has nearly ali its uptake
or loading at a low R.H. Desiccants with Type 1 extreme isotherms are more difficult to regenerate,
which is why the Type 1 moderate isotherm is favored (Collier, Cale, and Lavan, 1986). Type 1 extreme
isotherm represents a desiccant with stronger bonds between water molecules and the desiccant surface
than those of Type 1 moderate. The difficulty of regeneration is referred to as a need for higher
regeneration temperature and higher heat of desorption to break the strong physical bonding between
adsorbed molecules (i.e., water) and adsorbent surfaces (i.e., desiccant).

Farooq and Ruthven (1991) have disputed the importance of the shape of isotherm on the performance
of a desiccant cooling system. They suggested that the effect of isotherm shape on the moisture removal
rate can be adequately compensated by appropriate adjustment of the cycle time between adsorption and
regeneration. The benefits of type lM isotherm can be realized when staged regeneration is used
(Worek et al., 1991).
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3.2.1 Purpose of ADMs research

One purpose for performing long-range research on materials is to secure an understanding of the behavior
of low-cost, high-performance technological materials, with a goal of extending the lifetime of these mate-
rials, or to identify new materials that will offer new options for components used in operating systems.
The cost-effective deployment of DCSs is currently Limitedby the sorption performance, durability, and
Life-cyclecost of the inorganic materials used. Long-term materials research is needed that focuses
on improving the properties of AI)Ms and identifying the rea._ons for degradation of their sorption
performance.

The purpose of ADM R&D is to provide new materials options for DCS. The ultimate purpose is to iden-
tify materials with optimal performance in the temperature range used in a DCS in which the sorption
activity of the desiccant can be routinely regenerated with an appropriate energy source. The performance
of these materials can be ranked similarly to the performance of silica gel, which on a relative scale is
typical of available industrial products now being sold. The Life-cyclecost (i.e., initial cost, performance,
and durability) has a direct relationship to the cost-effective deployment of any regenerative DCS. The
identification of materials with extended lifetimes, enhanced reliability, and sustained desirable sorption
properties for use in DCSs can be anticipated from a sustained R&D effort. Thus, an ADM can advance
buildings technology not only by loweringthe cost of DCSs to compete with conventional air conditioning
but also by eliminating the need for electric utilities to add peak-load generating capacity.

3.2.2 Relationship of desiccant materials to desiccant cooling systems

Desiccant materials must have a favorable performance/cost ratio, provide satisfactory performance, and
have cost-effective lifetimes. Widely available materials need to be certified, modified, or, in some cases,
developed specifically for use in DCSs. Some of the important parameters for the water/solid desiccant
material system include isotherm shape, sorption capacity, heat of sorption, rate of sorption at or near the
desiccant bed temperature, rate of desorption at an elevated temperature, physical and chemical stability
of the desiccant, and cyclic repeatability of the sorption amount and rates. Some important conclusions
and recommendations on these parameters were reached in the recent modeling study for regeneration at
160"C (Collier, Cale, and Lavan, 1986), but the possibility of identifying new materials with optimal
properties was not considered.

Silica gel and lithium chloride are now the most widely used desiccant materials in DCS wheel
geometries. Extensive optimization studies of the engineering design of DCS units have been carried out
using silica gel (Barlow, 1982; Judnak, 1982; Pesaran and Mills, 1984; Schlepp and Schultz, 1984;
Worek et al., 1991). Models in systems analysis studies for estimating the achievable thermal and
electrical COP also use the properties of silica gel became they have been documented extensively over
several decades. Because the water sorption properties of the desiccant are crucial to the performance of
any system, a desiccant materials research effort was initiated at NREL to search for and measure the
properties of materials that could not only be better desiccants than silica gel but could also approach the
"ideal" desiccant material in its sorption performance. In addition, manufacturing methods with new
materials could have a profound impact on reducing the dehumidifier cost.

Except for recent materials research at NREL and research funded by GRI, most of the published work
in the past decade has been on silica gels and zeolites. These materials have performance limitations (e.g.,
isotherm shape, large heat of adsorption, and high regeneration temperatures, that restrict their potential
for use in DCSs (Collier, Barlow, and Arnold, 1982; Collier, 1988). Activated carbon and _,iivated
alumina are other inorganic desiccants, but they have not been seriously studied for potential DCS
applications because silica gel has better sorption properties. Therefore, an ADM is a natural research
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need for enhancing the potential of cost-effective DCSs. These results led GRI to initiate a multiyear
desiccant materials research program in 1986; in 1987, GRI began supporting work on hydrate-type
inorganic materials at LaRoche Chemicals, Inc., proprietary organic formulations at the Eaton Corporation,
and porous glass at the Research Triangle Institute, as well as fundamental efforts at the University of
Pittsburgh and Penn State University.

3.2.3 Polymers as ADMs

Czanderna and Thomas (May 1986) identified both inorganic and organic (i.e., polymeric) materials as
potential candidate ADMs for use in DCSs. To focus the research, they initially selected 21 commercially
available polymeric materials for further study. These were listed in two reports (Czanderna and Thomas,
May 1986; Czanderna, 1988). The process used to narrow the list of over 300 commercially available
polymers was also reported (Czanderna and Thomas, June 1986). They identified several additional
polymers as the studies progressed.

By considering the available polymeric desiccants, the following can be noted:

• Polymershave the potential of being modified so that sorption isotherms of both the desired shape
and heats of adsorption of approximately 10.8 kcaYmol are obtained.

• Polymers have been identified that sorb water from 5% to more than 80% of their own weight.

• Polymers have the potential for being readily fabricated into shapes required for DCSs; e.g., a
honeycomb structure 10 x 0.04 x 0.06 in.; when a desiccant polymer is not a structural material,
it may be gr-M-tedonto a structural polymer.

• Polymer structures have the potential of being synthesized to provide high diffusivities of water
vapor through the material.

• Polymers have the potential for being regenerated at temperatures below 80"C for thermally
desorbing water.

• Polymers have the potential for maintaining long-term stability through thousands of sorption-
desorption cycles.

• Commercial polymers are available atless than $2/!b, comparable to the cost of commercial-grade
silica gel.

Accordingly, polymeric materials could not only serve as both the desiccant and :he support structure in
a desiccant wheel but may be easily and inexpensively replaced if their water sorption capacity degrades
by washing, dipping, and coating processes. The initial need of this research was to characterize th_:water
sorption performance of polymeric materials that could serve in an economically competitive DCSI The
current and future needs include modifying candidate polymeric materials identified in prior work and
synthesizing new polymeric materials that have the desired water vapor sorption performance Woperties.

The following are key technical questions in seeking candidate polymers for DCSs:

• Will any commercially available polymer have the properties required for use in a DCS? Several
promising candidate materials have been identified, but none have optimum or "ideal" properties.
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• Can the polymeric material be modified to improve performanceproperties suck as isotherm
shape,heat of adsorption,regenerationtemperature, cyclic stability, and diffusivity?

• If commercially available polymers are not suitable, can laboratory-preparedpolymers be
synthesized with suitable sorption, desorption, and stability properties?

• What impuritiesin the airstreamresult in a loss of sorption performance of candidate polymers?

• Are there other degradation processes that cause a candidate polymer to lose sorption
performance?

NREL researchduringthe past5 yearshasinvolvedtheuseof arapidquarlz-crystalmicmbalancemethod
for evaluatingthe performancepropertiesof ADMs, with an emphasison polymers. Thesepmpe_es
includewater vapor sorptionisotherms,adsorptionanddesorptionkinetics,andcyclicstability. From
studies f_om1987 through1989, the commerciallyavailablepolymers were narrowedto eight seriouscan-
didates for furtherstudy or modification. These are:

• Polystyrenesulfonicacid lithium salt (PSSALS)
• Polystyrenesulfonicacid sodium salt (PSSASS)
• Polyacrylic acid ammonium salt (PAAAS)
• Poly(methacrylic acid) sodium salt (PMAASS)
• Poly(n-vinylacetamide, vinyl sulfonate) sodium salt (PVAVSSS)
• Polyacrylic acid sodium salt (PAASS)
• Cellulose sulfate sodium salt (CSSS)
• Methyl cellulose (MC)

Isotherms have been published for these anionic (exchange cations) materials (Czanderna, 1988), but their
cyclic stability has not been tested. Variouspreparations of PSSASS have been studied further(Czandema
and Neidlinger, 1990; Czanderna, 1990) and tested in prototype commercial wheels by Cargocaire
Engineering. The latter tests are encouraging, which is stronglysupportive of NREL's idea of searching
for a polymeric desiccant.

Additional potential candidate polymers identified in FY 1990 research at NREL (Czanderna, 1990)
include the following:

• PolyAMPSASS/sodium methacrylate copolymer
• PolyAMPSASS/acrylamide AMPSA sodium hydrogel
• Polyvinylbenzyltrimethyl ammonium chloride (PVBTAC)
• n-Vinylpyrrolidonedimethylaminoethyl methacrylate copolymer
• PolyAMPSASS
• PolyAMPSASS/dimethyl acrylamide copolymer
• PolyAMPSALS
• PolyAMPSASS/sodium acrylate copolymer
• PolyAMPSAKS

where AMPS is the abbreviation for 2-acrylamido-2-methyl-1-propane-sulfonicacid and is a water solu-
ble monomer, and polyAMSASS is the sodium salt of polyAMPSA. The AMPSA and their salt deriva-
tives are the new classes of polymers Kodak Company thought could have desirablewater vapor sorption
behavior. As is indicated, this class of materials and several cationic (exchange anions) polymers have
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more than doubled the number of potential candidate polymers. Five of the Kodak-generated polymers
have sorption behavior equal to or better than the best PSSASS or PSSALS.

Further research and development are needed on ali the polymers to improve and to optimize their sorption
performance prope_es for DCS applications. Measurements on larger samples and cross-linked
formulations are also needed in addition to testing the optimized formulations for cyclic stability.
Other research issues are summarized in Section 8.

3.3 Other Materials Research Activities

In addition to research funded by DOE on polymers as advanced desiccant materials, GRI has funded
other materials research activities. Enerscope, Inc. (Collier, 1988) under GRI funding, has identified the

. desired properties of a desiccant for open-cycle solid desiccant systems. The desired isotherm shape for
a desiccant is Brunauer Type lM (Type 1 moderate) isotherm shape as discussed earlier. GRI has funded
several research activities in developing Type lM materials. The Eaton Corporation (Pusatcioglu and
Novosel, 1989) has worked on developing an advanced desiccant (Type lM) material based on ionic gel
polymers. LaRoche Chemicals (Belding and Novosel, 1989; Belding et al., 1989)and Innovative Research
Enterprises (Belding et al., 1991) are developing Type lM desiccant based on hydratable salts that are
capable of being directly regenerated at high temperatures using natural gas. The Research Triangle
Institute has shown that porous glass can perform as a desiccant. Michigan Technological University is
attempting to develop a Type lM desiccant based on porous glass (Mullins and Cornilsen, 1990). Penn
State University researchers (Komarneni, 1989) have determined the capability of nano-composite
materials to perform as effective desiccants. They have identified Type lM composites and are
characterizing them. University of Pittsburgh researchers (Stockhausen and Marcelin, 1989) are
determining the capability of layered double-metal hydroxides to perform as effective desiccants. They
have identified Type lM materials and are characterizing them.

The 3M Company and NREL, under funding from GRI, have collaborated on novel composite materials
that bind fmc desiccant particles (Anderson and Pesaran, 1990). The objective was to fabricate desiccant
substrates with high moisture capacity that can eventually be incorporated into a dehumidifier wheel cost-
effectively. As the first desiccant, 9-micron-size silica gel particles were captured in the fibrous web
structure of polymeric s_lbstrates with minimal effect on their moisture sorptive properties. A test
dehumidifier matrix fabricated from polytetrafluorethylene(PTFE)/silica-gel composite showed a 47%
increase in dynamic dehumidification capacity over the state-of-the-art silica gel matrix. The desiccant/
PTFE composite has the potential to be used in fabricating prototype desiccant dehumidifiers. Manville
Corp. has combined various desiccant materials with promising results. A combination microceU E with
lithium chloride at a,0%R.H. showed four times more sorption capacity than silica gel.

Texas Tech University researchers (Ertas et al., 1990) are investigating the properties of solutions of
lithium chloride and calcium chloride. Researchers expect to obtain a solution that has high moisture
capacity, low cost, and low viscosity suitable for liquid desiccant systems.

Studiesto optimize thermophysical properties of liquid desiccants for open-cycle cooling applications have
not been conducted in detail yet. Present systems use several types of liquid desiccants, both organic and
inorganic. Some of these are triethylene glycol and salt solutions (lithium chloride, lithium bromide, and
calcium chloride). Although some salt solutions such as lithium chloride have very good properties for
dehumidification applicatic;is, they are corrosive and require special contact surfaces and containers. The
problem with glycol solutions is their relatively high vapor pressure and potential for carry-over, which
may cause contamination of the supply air. Future R&D activities should focus on development of liquid
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desiccants with improved properties. GRI is funding a project at NREL to investigate the development
of improved liquid desiccants.

The "ideal" materials of choice for closed-cycle desiccant systems have not been studied in detail yet. The
state-of-the-art system uses zeolite/water as the desiccant/refrigerant pair. Other pairs such as activated
carbon/ammonia or activated carbon/methanol have also been used. Future studies should focus on
understanding the effect of desiccant materials and refrigerants on system performance.

3.4 Desiccant Degradation

The useful life of desiccant dehumidifiers for heat-regenerated desiccant cooling applications is a concern
of manufacturers and end users. The useful life of a dehumidifier depends mainly on the useful life of
the desiccant material in the dehumidifier. The useful life depends on the process and magnitude of
degradation,whichcanbecausedbyhydrothermalcyclingandexposuretocontaminants.Basedonhypo-
theticaldegradationscenarios,itisestimated(PesaranandBingham,1988;PesaranandBingham,1991)
thatdesiccantdegradationcansignificantlyreducetheperformanceofa desiccantcoolingsystem(upto
35%).

Desiccantdegradationhasbeenobservedinsomeindustrialdehumidificationapplicationsinwhichthe
processstreamcontainshighconcentrationsofharshpollutants.Forresidentialandcommercialair
conditioningapplications,degradationisexpectedtobeless.However,nosubstantiatingexperimental
dataexisteduntilrecently.Few publishedstudieshavequantifiedthemoisturesorptionchangecaused
bycontamination.Farouketal.,(1980)IIfoundthattherateofmoistureadsorptionbythreedesiccants
(molecularsieve,activatedalumina,andsilicagel)wasreduced50% bythepresenceof5% dustinair
typicallyfoundinagriculturalgrainprocessingareas.TheyalsofoundthatdustparticlesI0to20Jam
indiameterdidnotreducetheequilibriummoisturecapacityofdesiccants.MosemanandBird(1982)]2
carriedoutexperimentsondesiccantdegradationbynaturalgasandfoundthatafteronly284regeneration
cycles,thesilicagelcapacitydroppedbyalmost20%. Witha limitednumberofdatapoints,Pesaran
etal.(1986)foundthatfrom7% to50% ofthemoisturecapacityofsilicagelcanbelost,dependingon
theregenerationandexposuremethoct

Comprehensiveexperimentaldataon degradationofdesiccantsunderconditionsexperiencedinheat-
regenerateddesiccantcoolingapplicationsareneeded.NREL hasconductedcontaminationtests.Six
differentsoliddesiccantshavebeenexposedtocigarettesmokefor10monthsandtheirsorptionandother
propertieshavebeenmeasured(PesaranandPenney,1991).Furtherdetailtabouttheirworkispresented
inAppendixA. Figure3-2showsthecapacitylossofseveraldesiccantsamplesexposedtohumidair
chargedwithcigarettesmokeunderworst-caseconditions.Basedonobtainedexperimentaldata,Pesaran
(1990)haspredicteda 10% to35% dropinthermalCOP andcoolingcapacityofa ventilationcooling
systemundertheworstconditions.Pesaran(1990)concludedthatundermorerealisticconditions,
desiccantdegradationwouldnotbe a majorproblemforapplyingdesiccantcoolingtechnologyto
commercialandresidentialbuildings.

IIFarouk' S.M., G.H. Brusewitz, and P.D. Bloome, 1980,"Desiccant Moisture Sorption as Altered by
Dust," ASAE, Paper No. 80-3084.

12Moseman, M.H., and G. Bird, 1982, "Desiccant Dehydration of Natural Gasoline," Chemical
Engineering Progress, Vol. 78, No. 2 pp. 78-83.
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Figure 3-2. Moisture capacity loss of several desiccants because of thermal cycling and exposure
to cigarette smoke under worst-case conditions for an estimated 10 years

3.5 Summary

The performance of desiccant cooling and dehumidification systems depends strongly on the thcrmophy-
sical properties of the desiccant material used. Existing solid desiccant materials (silica gel, lithium
chloride salts, molecular sieve), though satisfactory for industrial dehumidification, arc not optimal for
cooling applications. An analytical study has identified the "ideal" or desired shape for sorption isotherm
of desiccants to be Brunauer Type I M (moderate).

R&D efforts are under way to synthesize/fabricate desiccant materials with Type IM isotherm

characteristics---desiccant polymers for low-temperature applications (less than 100°C) and inorganic
desiccants such as hydratable salts for high-temperature applications (higher than 120°C). Regardless of
the solid desiccant material type, it must be easily and inexpensively integrated into structures for
manufacturing dehumidifiers. The major focus of future R&D efforts for solid desiccants should be in
the direction of developing cost-effective desiccant structures. A research study indicated that desiccant
contamination will not be a problem for HVAC application of solid desiccant cooling technology.

Leading commercially available liquid desiccants are lithium chloride solutions and _cthylcnc glycol.

Though they are quite satisfactory for industrial and some commercial dehumidification appti,:ations, they
have perceived problems of corrosion or carryover in widespread HVAC applications. However, liquid
desiccants have not received much R&D attention in the past. Studies to optimize ',hermophysical
properties of liquid desiccants for cooling applications are limited. Future R&D efforts should focus on
development and characterization of liquid desiccants that have high moisture capacity, are not corrosive
or toxic, and have low vapor pressure.
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4.0 Desiccant Components: Status of Science and Technology

4.1 Introduction

The major components in a desiccant cooling system are: dehumidifier, regenerative heat exchanger,
direct or indirect evaporative coolers, fans, heaters, and control hardware. In addition to these
components, advanced desiccant cycles use cooling towers, and hybrid desiccant systems use vapor
compression components. Most of the components, except the desiccant dehumidifier, have been evolving
for many years within other technologies. For example, relatively inexpensive and efficient heat
exchangers, evaporative coolers, and fans are available commercially. Therefore, the desiccant
dehumidifier has received the most attention over the last 15 years of desiccant cooling R&D. Recent
R&D efforts on dehumidifiers have focussed on improving their performance andreliability andreducing
their cost and size. In this section, we will present the recent chronology of commercial and
experimental/developmental dehumidifiers.

The performance, cost, size, and reliability of a dehumidifier depend on two interdependent parameters:
desiccant material and matrix geometry. The physical form of the material affects the shape of the matrix
geometry. For example, inexpensive desiccant particles with sizes of 2-4 mm cannot be fabricated into
low pressure-drop parallel-passage geometries.

The desirable characteristicsfor high-performance solid desiccant dehumidifiers are:

• Suitable desiccant properties (as discussed in Section 3.0)
• High heat- and mass-transfer rates or high Number of Transfer Units (NTUs) (see Figure 4-1)
• High ratio of heat-transfer rate (Stanton number) to pressure drop (friction factor) (see Figure 4-2)
• Small resistance to moisture diffusion in the desiccant or low Lewis number (see Figure 4-2)
• Large transfer surface area per unit volume
• Low thermal conductivity materials
• Use of common materials and inexpensive manufacturing techniques
• Low heat input for regeneration.

The desirable characteristics for high-performance liquid desiccant dehumidifiers are similar to those of
solid systems:

* Suitable desiccant properties (as discussed in Section 3)
• High heat- and mass-transfer rates or high NTUs
• . Low pressure drop
• Small liquid-side resistance to moisture diffusion
• Large contact transfer surface area per unit volume
• Compatible desiccant/contact materials
• Use of common materials and inexpensive manufacturing techniques
• Low heat input for regeneration.

A number of investigators have concluded that for the air conditioning applications, a solid dehumidifier
matrix must have a parallel passage configuration (as opposed to packed-bed type). Under laminar flow
conditions, a parallel passage configuration is compact and provides a high heat- and mass-transfer rate
with low pressure drop. Figure 4-2 shows the theoretical heat-transfer and pressure drop characteristics
of various flow geometries. Since early 1980s, dehumidifiers with a packed-bed configuration have not
been considered for air conditioning applications because of excessive pressure loss. Corrugated (sine-
wave), honeycomb, and parallel plates are among various parallel passage configurations. Desiccant
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materials for use in solid dehumidifiers should have the capability of being impregnated, embedded, or
coated within a matrix. There are trade-offs between choices of materials, geometries, manufacturing
techniques, costs, reliability, and maintenance.

4.2 Commercial Dehumidifiers

A number of commercial dehumidifiers, traditionally used for industrial and special drying applications,
are available from several manufacturers. In recent years, these dehumidifiers have increasingly been used
for air conditioning purposes. The circumstances that provide an opportunity for their use are: the need
for dryness for very low dew points, high latent load versus sensible load, high electricity cost versus low
thermal energy cost, and the need to avoid condensed water in air handling systems.

U.S. manufacturers of solid desiccant dehumidifiers include Bry-Air, Inc., Cargocaire/Munters, Miller-
Picking Company, and Airflow Company. In the last few years, a number of Japanese firms have also
marketed solid dehumidifier wheels. The Bry-Air dehumidifieris a modular vertical bed system consisting
of rectangular bed sections mounted vertically in a circular arrangement. Each packed bed contains a
granular desiccant (usually silica gel) that moves verticallyinto the reactivation orprocess airstreams. The
Cargocaire dehumidifier is a corrugated/honeycomb structure impregnated with lithium chloride. The
dehumidifier is a rotary wheel that rotates between the reactivation and the process airstreams for
removing the moisture. Miller-Picking produces both dual packed-bed and impregnated rotary dehumidi-
tiers utilizing silica gel or molecular sieves. The Airflow dehumidifier consists of desiccant (silica gel
or molecular sieve) granular filled in a disc rotating between the process and reactivation air streams.
Among recent products of Airflow are corrugated rotating dehumidifiers impregnated with molecular sieve
or silica gel. The Japanese dehumidifiers are corrugated or honeycomb rotary wheels that contain either
silica gel, lithium chloride, or molecular sieve. Among the Japanese manufacturers are Daikin, Nichias,
Seibu-Giken, Sharp, and Toyobo. In 1984, American Solar King (ASK) introduced a lithium-chloride-
impregnated corrugated dehumidifier wheel as part of a gas-fired or solar desiccant cooling system
(Energymaster).

Among the U.S. manufacturers of liquid desiccant dehumidifiers are Kathabar Systems (of Somerset
Technologies) and Niagara Blower Company. The Kathabar Systems dehumidifier utilizes a packed-tower
spray chamber with lithium chloride solution. The Niagara Blower dehumidifier uses sprayed coil con-
figuration with triethylene glycol. Both dehumidifiers have a conditioner (to dry air) and a regenerator
(to remove absorbed moisture from desiccant). In the past few years, other companies have purchased
desiccant components from others and have built and are selling packaged systems that can include
cogeneration, hybrid (with vapor compression), and dual-wheel options using direct and or indirect
evaporative coolers. These companies include ICC Technologies, Gershon Meckler Associates,
Kohler Company, IAQ F_oducts, AJrexchange, and others.

Not ali of the commercia qy available dehumidifiers are suitable for air conditioning applications. Because
most of them were designed for industrial applications they are typically expensive and quite large.
However, a number of these dehumidifiers have been used in systems for special (niche market) air condi-
tioning applications. These systems will be discussed in Section 5.

4.3 Prototype Dehumidifiers

A number of experimental and prototype dehumidifiers have been developed and tested as part of the
national R&D programs. The Institute of Gas Technology (IGT) developed and tested a molecular sieve
impregnated corrugated rotary dehumidifier wheel in 1970s. IGT, the AiResearch Manufacturing
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Company, and the Exxon Research and Engineering Company were involved in testing the dehumidifier
in a ventilation cycle and obtained cooling coefficient of performance (COP) slightly over 0.5.

A number of investigators predicted better performance (cooling COP over 1.0) with silica gel in a parallel
plate configuration. UCLA researchers build and tested a bench-scale test dehumidifier with parallel plates
coated with a layer of fine silica gel particles. NREL combined the UCLA concept with one using a
rotary heat exchanger construction developed by CSIRO in Australia.

NREL, with the assistance of a plastic parallel-plate heat exchanger manufacturer, built and tested two
rotary dehumidifier prototypes. These dehumidifiers had parallel plate channels coated with fine particles
of silica gel. The first dehumidifier used 300-micron particles, and the second dehumidifier used
100-micron silica-gel particles. Although the length of the second dehumidifier was half that of the first
and used one-third the silica gel mass, the second dehumidifier performed slightly better due to higher
NTUs. The test results indicated that a cooling COP of over 1 could be achieved in a ventilation cycle
using this dehumidifier design. Later, NREL researchers built a bench-scale dehumidifier matrix with
silica gel and staggered-parallel-strip configuration (Pesaran, 1987). The staggered configuration caused
break-up of the boundary layers in the channels and increased both pressure drop and moisture (or heat)
transfer rate. Tests indicated that the increase in moisture transfer rate was higher than pressure drop.
They concluded that a smaller dehumidifier was possible with this design. However, the cost of

• "°a

fabrication might be higher than a parallel-plate configuration.

The majority of solid dehumidifiers including the rotary devices work adiabatically. The Illinois Research
Institute (HT) has developed and tested a cooled-bed dehumidifier that worked near isothermal conditions.
The IIT cooled dehumidifier consisted of two fixed, parallel-plate, crossflow exchangers. The flow chan-
nels were formed by aluminum trays lined with Teflon-bonded silica gel sheets. Although ideal cooled
dehumidifiers may be more efficient than adiabatic dehumidifiers, their fabrication into compact units is
difficult.

Semco, supported by GRI, is developing a low-cost solid desiccant dehumidifier design based on cost-
effective manufacturing techniques. LaRoche Chemicals, with funding from GRI, is developing
dehumidifier structures incorporating Type lM desiccant based on hydratable salts. In recent years, the
concept of "staged regeneration" patented by Glav (1966) has been reintroduced and has improved the per-
formance of dehumidifiers. The basic idea of this concept is to heat only a fraction of regeneration air
stream to the maximum regeneration temperature. The regeneration process consists of two stages. In
the first stage, the air exiting from the warm side of the sensible heat exchanger is used for regeneration
of the desiccant without adding external heat. In the second stage, the remainder of the air exiting the heat
exchanger is used with additional external heat to regenerate the desiccant.

For a closed-cycle desiccant cooling system, Zeopower Company has developed and tested an adsorber/
desorber device, lt consists of two sealed containers each having a serpentine-like zeolite and heat trans-
fer fluid. The fluid removes the heat of adsorption when the zeolite adsorbs moisture or transfers heat
to regenerate the zeolite. One container adsorbs moisture while the other is regenerated. Using this
adsorber/desorber combination, Zeopower has achieved a cooling COP above 1.2 in a closed-cycle regen-
erative heat pump prototype.

A numberof developments have also occurred for liquid desiccant dehumidifiers. Kathabar has developed
a gas-fired liquid desiccant dehumidifier module, called a "humidity pump." In this dehumidifier, lithium
chloride solutiot_is sprayed over a packed colunm for moisture exchange. The humidity pump, designed
to remove the latent load, is added to the electrically driven refrigeration air conditioner of a commercial
building to provide a to_l of 20 to 100 tons of cooling.
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Tecogen, Inc. and Kathabar, under sponsorship of GRI, have developed and tested a prototype residential
dehumidifier that can also be used for retrofit applications. The indoor air is dehumidified in the con-

ditioner, which consists of a plate heat exchanger. The indoor air is sprayed with lithium chloride as it
passes through the plates. The dehumidifier also uses a direct evaporative cooler, a boiler regenerator,
an interchanger heat exchanger. Bacchus Industries, with the support from GRI, is improving this proto-

type for commercialization.

Most of the other developmental liquid desiccant dehumidifiers (absorber/regenerator combinations) are
an integral part of a desiccant cooling system. We discuss these systems in Section 5.

4.4 Summary

Rotary dehumidifiers with laminar flow geometries (corrugated, hotmycomb, or parallel plate) have
become the choice for solid-desiccant cooling systems. Solid desiccants are either coated, embedded, or

impregnated on or within the walls of the dehumidifier. Commercial dehumidifiers with these char-
acteristics are available in the market. However, they are somewhat expensive. Mass production is

expected to reduce their cost when the demand for desiccant cooling systems increases. Available
commercial dehumidifiers use either silica gel, molecular sieve, or lithium chloride salt. R&D efforts are .
under way to develop dehumidifiers with the desirable Type lM isotherm shape using polymeric
desiccants or hydratable salts.

Commercial liquid dehumidifiers that use lithium chloride or tfiethy_ene glycol are also available for
industrial and institutional applications. R&D efforts are under way to develop liquid dehumidifiers for
residential and commercial applications.
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5.0 Systems: Status of Technology

Since N.A. Pennington introduced his patent on a desiccant cooling cycle in 1955, there have been a
number c_fimprovements in components and cycle configurations. In this section we will discuss the
recent history of both solid and liquid desiccant cooling cycles. Closed-cycle, hybrid, and integrated
desiccant cooling systems will be also discussed.

5.1 Open-Cycle Solid Desiccant Cooling Systems

Solid desiccant cooling systems have been investigated extensively at the component and system levels
both analytically and experimentaUy. Several system configurations have been proposed. These systems
will be briefly described here.

Two open-cycle systems that use adiabatic dehumidifiers have received most of the attention to date.
These are the Pennington or "ventilation cycle," shown in Hgure 5-1, and the recirculation cycle shown
in Figure 5-2. A similar cycle with two heat exchangers, proposed by Dunkle (1965), has not received
much attention.

In an adiabatic dehumidifier the temperatures can become fairly high because of the heat released during
the adsorption process. This either limits the amount of dehumidification or increases the required
regeneration temperature. By cooling the dehumidification process, either increased dehumidification (and
therefore cooling capacity) or reduced regeneration temperatures (and therefore better solar system
performance) can be expected. The ventilation and recirculation cycles are not appropriate for use with
a cooled dehumidifier.

An appropriate configuration for nonadiabatic operation, shown in Figure 5-3, has been proposed by
researchers at the Illinois Institute of Technology (IIT) (Lavan, Worek, and Monnier, 1981). Evaporatively
cooled ambient air is used to cool the dehumidifier while adsorption is taking piace. While this may
improve the dehumidification process, it also throws away the heat of adsorption that is reclaimed in the
adiabatic cycles. For this reason, overall system performance with COPof 0.6 (Schultz, 1983) is not
improved. Note also the need for an additional heat exchanger and evaporative cooler in the cooled
system. The cross-cooling configuration of the isothermal dehumidifier makes fabrication of a compact
system difficult. Overall, cooled systems do not appear to have any advantage over adiabatic systems
though other isothermal dehumidifier configurations may have some potential.

A number of investigators have analytically studied the Pennington (ventilation) cycle with different
desiccant materials, components, and ambient conditions. The performance is a strong function of heat
exchanger effectiveness. The predicted cooling COP varied from 0.5 to 1.4. Table 5-1 shows some of
the predicted performances for several desiccant cooling cycles under ARI standard design conditions.
With Type lM desiccant material and staged regeneration, one can realistically obtain COPs over 1.1
with ventilation or recirculation cycles. Tests at Colorado State University have shown COPs varying
from 0.7 to 1.5 under various conditions for the ventilation cycle. Recent theoretical research into
advanced open-cycle desiccant cooling cycles has shown the possibility of substantially higher thermal
COPs. Using second-law analysis, Lavan et al. (1982) calculated the thermal COP for a thermodynami-
cally reversible ventilation cycle at standard test conditions as 4.66. Maclaine-cross (1985) has proposed
an ideal open-cycle desiccant cooling cycle requiring no thermal energy at standard test conditions, which
translates into an infinite thermal COP (---cooling output/thermal energy inpu0.
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Table 5-1. Desiccant Cooling Cycle COP Values at ARI Standard Conditions

Cycle Investigators Thermal COP* Comments

Pennington Schiepp and Barlow (1984) 1.2 Ehx= 0.93, Eec = 0.95, high
dehumidifierperformance

Pennington Jurinak,Mitchell, Beckman (1984) 0.53 to 1.02 Ehx= 0.85, Eec = 0.90

Pennington Grolmes, Epstein (1982) 1.4 High heat capacity,EK =
0.95, Eec = 0.95

Pennington Husky et al. (1982) 1.1 Staged regeneration,Ehx=
0.90,

E_ = 0.90

Pennington Majundar,Worek, and Lavan (1982) 0.5 Low dehumidifier
performance

Recirculation Majundar,Worek, and Lavan (1982) 0.7 Normal heat exchanger effec-
tiveness

Cooled bed Lavan, Worek,and Monnier(1981) 0.6 Cooled bed configuration

Recirculation Jurinak, Mitchell, Beckman (1984) 0.50 to 0.78 Ehx= 0.85, Eec = 0.90

Pennington CoWer,Novosel, Worek (1990) 1.1 Type lM desiccant and staged
regeneration, F_ = 0.93,
Eec= 0.90

REVERS Kang (1985) 1.25 Ideal components

SF.NS Kang (1985) 2.58 Ideal components

DINC Waugaman and Kettleborough(1987) 1.10 to 1.93 Ehx= 0.95, Eec= 0.95, high
dehumidifierperformance

i li

*Comparisonsmay not be valid because of use of different heat exchanger effectiveness.
= Heat ExchangerEffectiveness

Eec = Evaporative Cooler Effectiveness

In early designs of the ventilation cycle, high heat exchanger effectiveness (>0.92) was needed to achieve
high COPs (>1.0). The size (and cost) of the heat exchanger increases with its effectiveness. Using
Type lM material, high regeneration temperature (165°C) and staged regeneration (0.16 fraction) can
reduce the need for high heat exchanger effectiveness. Worek et al. (1991) projected that minimum losses
in performance can be obtained when heat exchanger effectiveness was reduced from 93% to 87% (a 50%
reduction in heat exchanger size). Thus, a combination of advanced materials and staged regeneration and
high regeneration temperature could result in an order-of-magnitude reduction in heat exchanger size.

Several modifications of the ventilation or recirculation cycles have been proposed that suggest higher
COP values can be achieved by modifying the cycle. One important modification was proposed by
Maclaine-cross (1988). This system is called the simplified advanced solid desiccant (SENS) cycle, and
he has predicted that COP values of above 2.0 can be achieved. The schematic of the SENS cycle is
shown in Figure 5-4. In this cycle, ambient air is first dehumidified in a rotating desiccant wheel, then
cooled in the rotating heat exchanger. It is then mixed with air recirculated from the building and passed
through a finned-coil heat exchanger supplied with cold water from a small cooling tower. Some of the
cooled air fTom the finned coil is supplied to the cooling tower where it is discharged to the atmosphere;
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Figure 5-4. SENScycle

the remainderis suppliedto the building conditioned space. On the desorption(regeneration)side, outdoor
air is passed through the heat exchanger, is heated in the regenerator,and is finally passed through the
desiccant wheel where the desiccant is regenerated. The SENS cycle has been tested at the SolarEnergy
Applications Laboratory(SEAL) at Colorado State University(LOf and Appleyard, 1988).

The SENS cycle has been investigated further by Kang (1985), who predicted a COP of 2.58, assuming
ideal components. Because of the additional heat exchanger and the nature of the finned coil and cooling
tower components, this cycle is more complicated and expensive to construct than the Pep_ningtoncycle.
The "REVERS" cycle proposed by Maclaine-cross (1985) and shown in Figure 5-5 is similar to the SENS
cycle but is simpler because there is one less heat exchanger. Apparently the name "REVERS" was
chosen for the reversible nature of the evaporative cooling in the fumed coil. Kang (1985) predicted a
COP of 1.25 for ARI standard conditions, but again, this prediction was for ideal components. The low
thermal COPs found in the Pennington cycle, and recirculation cycle, and the complexity of the "SENS"
cycle, have motivated the direct, indirect evaporative coolers (DINC) cycle proposed by Waugaman and
Kettleborough (1987).

Figure 5-6 is a schematic of the DINC cycle. A commercially available, plastic-plate, indirect evaporative
cooler followed by a direct evaporative cooler replaces the cooling-tower and finned-coil components of
the "REVERS" cycle. Depending on the dehumidifier size, desiccant material, and other component
performance, Waugaman has predicted COPs from 1.1 to 1.93 under AIR standard conditions.

A number of prototype desiccant cooling systems have been developed and field tested. Most of them
operate based on the Pennington cycle. The Institute of Gas Technology (IGT) built and tested a number
of prototypes in the 1970s. The COP of the prototypes was generally low (below 0.7) primarily because
of limited dehumidifier performance. With the addition of the concept of "staged regeneration," Exxon
Research/Engineering Company and IGT could achieve COPs near 1.1. The regenerator temperatures were
about 500C to 70°C for the solid lithium chloride wheel. An auxiliary boiler provides heat if necessary.
Testing at SEAL produced COP valu*_sof about 2.45 at 26°C ambient and 26% relative humidity.

In 1984, American Solar King introduced a packaged desiccant cooling/heating system (called
Energymaster) for residential applications (Coellner, 1986). The system used the Permington cycle and
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a litlfium chloride impregnated honeycomb wheel that could be regenerated with solar or natural gas. A
thermal COP around 1 was achieved with the nominal 3- or 4-ton Energymaster system.

Tecogen, Inc., with funding from GRI, has built and tested a 3- to 5-ton laboratory prototype of a
Pennington cycle and has achieved COPs above 0.8. Arthur D. Little (ADL) has developed a 1- to 3-ton
desiccant dehumidifier system for residences that can be integrated with the electric vapor compression
systems Creagan and Novosel, 1989). McDonald's Corporation has evaluated the potential of using a
5-ton desiccant dehumidification system as make-up air units integrated with existing air conditioners for
restaurants. Prototype desiccant units were tested for several months at an actual restaurant, and the results
were encouraging (Koopman and Kosar, 1989).

The technical viability of desiccant cooling systems based on the Pennington cycle has been demonstrated.
Currently, the system is economically viable where the _hermalenergy is much cheaper than electrical
energy and the latent fraction of the cooling load is high. Initial equipment costs need to be lowered to
achieve acceptance in the HVAC market. Reducing the size and improvingthe efficiency must also be
considered for market penetration.
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5.2 Closed-Cycle Solid Desiccant Cooling Systems

The operation of a closed-cycle solid desiccant cooling system is similar to that of a thermally activated
heat pump. The cooling and heating effects are achieved by the evaporation and condensation of an
adsorbate (as refrigeran0 on the walls of desiccant containers. Zeopower is the only company that
investigates fabricationof this closed-cycle. In the Zeopower design, the system has two zeolite containers
acting alternativelyas evaporatorand condenser (Tchemev and Clinch, 1989). A simple schematic of the
Zeopower system is shown in Figure 5-7.

This system uses vaporization and condensation of water within containers 1 and 2 to exchange heat with
chilled water circulated to the cooled space. Oil is used to cool and heat the desiccant (zeolite) within
the containers 1 and 2. A pump is used to circulate the oil in a closed loop through the oil-air heat
exchangers and the zeolite containers. The evaporator/condenser is located inside the zeolite container as
shown in Figure 5-8. The outside cooling coil circulates water throughthe evaporator and is used to con-
duct the heat of vaporization to the chilled water according to cooled space requirements.

The oil leaving the adsorberis heated furtherby the gas boiler to about 200°C and is passed into the con-
miner operatingin the desorption mode. As the temperature of the zeolite is increased, the refrigerant
(water)is desorbed and the pressure in the containerincreases. The refrigerant condenses on the walls
of the containerand the heat of condensationis rejected to the outside air duringthe cooling sea._n or
is used to provide part of the heating load during the heating season. The oil is furthercooled in an oil-
to-air heat exchanger to about 38°C, which can provide heat to the conditioned space duringthe heating
season. With supportfromGRI, Zeopower hasbuilt andtested a prototypeZeolite heat pump. Zeopower
has found that a cooling COP of above 1.2 can be achieved (Tchernev and Clinch, 1989). Zeopower
expects that the manufacturingcost of a 3-ton Zeolite heat pump would be only slightly higher than a
comparableelectric unit. Hajji, Worek, and Lavan (1989) numerically investigated the performance of
a closed-cycle adsorption cooling system and found that at infinite mass- and heat-transfercoefficients,
the cooling COP can reach 2.05. A Japanese manufactureris investigating a similarheat pump system
using the activated-carbon/ammoniapair.

5.3 Open-Cycle Liquid Desiccant Cooling Systems

Liquid desiccant systems have not been extensively investigated in the past because of the modest
COP values predicted were usually below 1.0. However, liquid desiccants have some advantages over
solid desiccant systems. Because the energy is stored in the form of chemical energy rather than thermal
energy, the reliance on continuous thermal energy supplies is reduced, and the amount of energy stored
is greater. Liquid desiccants do not require complex dehumidifier geometries as the desiccant is usually
sprayed over the incoming air and can be regenerated on relatively inexpensive open-flow collectors or
tanks. Liquid desiccant systems also offer greater design flexibility than solid systems because the
components can be installed in different locations and the liquid pumped between them. The advantage
of this is that the supply and exhaust air ducts can be installed in separate locations. The disadvantages
of liquid desiccant system can be its large size at low capacities. Liquid desiccants can have either carry-
over problems (such as glycols) or corrosion problems (with salt solutions) if not designed properly.

In a liquid desiccant cooling system, the air is dehumidified by contact with a strong solution of liquid
desiccant (in the conditioner) on removal of moisture. The solution becomes dilute (weakens). The dilute
solution is directed to the regenerator where heat drives out the moisture and strengthens the solution to
be returned to the conditioner. Figure 5-9 provides an example of a liquid desiccant cooling system.
Cooling in liquid systems can be achieved by water from cooling towers, a weil, or a chilled water system,
or by cooler air (from evaporative or refrigerative coolers).
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Griffiths (1979) and Robison (1982) have proposed the system configuration shown in Figure 5-10.
Return air from the conditioned space (1) contacts concentrated liquid desiccant solution in the absorber
and is dehumidified. Simultaneously, the heat of absorption and possibly some sensible heat is rejected
to the heat sink. This dried and cooled air (2) is then evaporatively cooled (3) and delivered to the
conditioned space. During periods of favorable insolation, weak solution is pumped from storage and
heated in the collector. Ambient air (6) is then contacted with the solution, removing moisture (7) and
concentrating the solution.

Robison (1982) proposed using a thin-film, open-flow collector for the collector and regenerator as shown
in Figure 5-11. A complete system using this concept was designed and installed in a test house.

A counterflow packed tower was used as the absorber, and well water was used as the heat sink. The
collector/regeneratorwas constructed of plywood coated with neoprene liquid roofingmaterial and covered
with low-iron glass. Calcium chloride solution was used as the desiccant. The system was operated for
two cooling seasons. The average ratio of cooling supplied to incident solar energy was 0.6, and the
electric COP was 2.9 (Robison and Harris, 1982). Several problems occurred with the roofing materials,
insulation, and storage tanks, .but overall the performance was satisfactory (Robison 1983).

Turner(1979) and Peng and Howell (1981) have proposed a system configuration similar to Griffith's in
which part of the airstream leaving the absorber is used in a packed cooling tower to produce the cooling
water for the absorber. Ambient air is taken in with the recirculated room air to maintain the mass
balance. Peng and Howell (1981) have proposed using recirculatedroom air to produce the absorbercool-
ing water. Numerical analysis of these systems shows thermal COPs on the order of 0.5.

Ullah (1986) has investigated liquid desiccant system regenerationin an open-flow solar collector. The
average seasonal thermal COP was predicted to be approximately2.0 for a cooling season from April
throughOctober for Houston, TX.
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The two most important components in liquid desiccant cooling systems are the absorber and the regenera-
tor. The absorber has received less attention. Turner (1979) proposed using a finned-tube surface in
which desiccant solution is sprayed over fins and air is blown through the fin passages. Cooling water
is then pumped through the tubes. The absorber installed in Robinson's system (1982) consisted of a
packed column rather than fins. This was an adaptation of the current technology in commercial liquid
desiccant drying systems.

In Grif-fith's system, a packed column is also proposed for the regenerator with the solar collector pre-
heating the desiccant solution. These functions can be combined by using an open-flow collector in which
the desiccant solution flows over the collector surface in a thin film in direct contact with the ambient air

(Figure 5-11). Unglazed collector/regenerators have been built and tested in both dry (Wood et al., 1983)
and humid (Grodzka et al., 1981; McCormick et al., 1983) climates. Both collectors were constructed on

conventional asphalt shingled roofs with some precautions taken to protect against corrosion by the
desiccant solution. This results in a very inexpensive collector. Satisfactory operation of the collector/re-
generators was obtained with only minor problems because of contamination by dust, bugs, and birds.

The major problem encountered was rain. The desiccant was either diluted (if rain was collected to save

the desiccant washed from the roof) or lost (if rain was drained away). Wood and coworkers at Arizona
State University (Wood, 1982; Wood et al., 1984) have been investigating the heat- and mass-transfer
characteristics of liquid desiccant open-flow collectors. Adding glazing has been recommended to reduce
the problems caused by rain and contamination, which Robison (1982) did in constructing his collector.
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Adding the glazing may cause materials problems because of the higher temperatures involved. Recently
Wood at Arizona State University has initiated an experimental program to determine the effect of glazing
on a collector/regenerator.

Colorado State University (CSU) researchers have investigated and field tested a system that employs

commercially available dehumidifying equipment using triethylene glycols as a desiccant and a sprayed
coiled type dehumidifier regenerator performance (Lenz et al., 1987; LOf et al., 1981). Solar heat was
used to regenerate the desiccant. CSU has also been involved fin improving the heat- and mass-transfer

rate of liquid desiccant systems in packed columns.

Patnaik et al. (1988) and Chert et al. (1989) have studied the effects of liquid desiccant properties on the
dehumidification rate. Their results can be used to identify operating conditions that should be maintained
to achieve maximum COP.

Ertas et al. (1990) have studied the effect of combining lithium chloride and calcium chloride solutions.
This combination is currently being tested in a desiccant-regenerator loop at Texas Tech University.

University of Texas at Austin researchers (Studak and Peterson, 1988) compared and ranked the properties
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of existing liquid desiccants for use in desiccant dehumidification for buildings. Calcium chloride was
suggested to be the best liquid desiccant for the anticipated application.

Albers Air Conditioning Corporation (Albers et al., 1991) has developed a prototype liquid desiccant air
conditioner that should be commercially available in 1993. In this air conditioner, concentrated lithium
bromide desiccant solution is sprayed into a process airstream to be dried through a heat exchanger. The
dry air stream passes through a water spray to lower its temperature and adjust humidity before entering
the conditioner space. Exhaust air stream is then cooled by sprayed water, enabling the air to draw heat
from intake air via the heat exchanger. After absorbing moisture from the incoming airstream, the
diluted lithium bromide flows to a regenerator, where it is heated enough to evaporate extra moisture.
Natural gas is used to regenerate the desiccant. British Gas of London is financing the manufacturing and
commercialization of this liquid desiccant air conditioner.

Recently, AIL Research, Inc., under funding from GRI, has investigated the improvements in performance
of absorber (Lowenstein and Gabruk, 1992) and regenerator (Lowenstein and Dean, 1992) for an open-
cycle liquid desiccant cooling system. Lowenstein and Gabruk (1992) modeled a liquid desiccant air
conditioner with adiabatic and internally cooled absorbers using a single-effect boiler/regenerator. At
desiccant flow rates that are approximately an order of magnitude less than those of current practices, the
thermal COP of the liquid desiccant air conditioner increases by 25%. Lowenstein and Dean (1992)
modeled the performance of a lithium chloride liquid desiccant air conditioner with the following four
types of regenerators: (1) air-dried, packed-bed units, (2) simple boilers, (3) multiple-effect boilers, and
(4) engine-driven, vapor compression distillation units. For ali systems, the absorber was a counter flow
adiabatic packed-bed unit. At ARI conditions, the regenerators produced the following thermal COPs:
(1) packed bed: 0.69 at 116°C desiccant spray temperature, (2) simple boiler: 0.79 for subatmosphere
boiler with pressure of 11.7 kPa (an 18% increase over atmospheric boiler), (3) multiple effect boiler:
1.36 and 1.89 for double-effect and triple-effect units with subatmospheric pressure of 11.7 kPa, and
(4) engine-driven vapor-compression distillation: 2.4. The increase in COP is achieved by an increase
in the complexity of the components and added hardware. Economic trade-offs between increased COP
and increased initial cost should be made to arrive at a cost-effective system. From the above two studies,
it is concluded that using advanced regeneration methods can result in higher improvements in COP of
a liquid desiccant air conditioner than using advanced absorber designs.

Other than those sold by Kathabar Systems and Niagara Blowers, no stand-alone liquid desiccant cooling
system is commercially available. A number of liquid desiccant dehumidifier/regenerator prototypes are
being developed for hybrid or integrated desiccant cooling systems. New liquid desiccant materials with
desirable properties should be developed for improving the perceived image of liquid desiccant cooling
systems.

5.4 Hybrid and Integrated Desiccant Cooling Systems

Conventional vapor compression systems are very good at providing sensible cooling. To generate a latent
cooling capacity, however, they must cool the air past the dew point to condense and remove the excess
moisture as shown in Figure 5-12a. Desiccant dehumidifier cooling systems are very good at producing
latent cooling but must over-dry the air so sufficient sensible and latent cooling capacity remains after the
evaporative cooling process. A portion of the solid desiccant recirculation cycle process is shown in
Figure 5-12b.

By combining a desiccant dehumidifier to meet the latent load and a vapor compression system to meet
the sensible load, a very efficient system can be built. As shown in Figure 5-12c, the dehumidifier in the
hybrid system is required to remove less moisture than in the desiccant system. This allows the desiccant
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to be regenerated at a lower temperature; e.g., by using solar energy more efficiently. Also, waste heat
can be used; e.g., from the condenser of the vapor compression unit, from a thermally activated heat

pump, or from cogeneration systems. The vapor compression unit needs to handle only the _-ensible load,
so a smaller unit may be used. Performance of the unit is also improved by operating at a higher
evaporator temperature because it does not have to condense moisture. Most of the hybrid systems
proposed to date have been for commercial applications.

In a supermarket or food store, much of the sensible cooling is provided by the freezer and refrigeration
cases; however, additional dehumidification is often required. By using a desiccant dehumidifier to
remove this moisture, the size of the vapor compression unit and the electrical power consumed can be
substantially reduced. Additionally, the freezer and refrigeration cases can be operated more efficiently
because of reduced frost buildup.

A cooperative effort ,among Thermoelectron, GRI, and Jewel Supermarkets has resulted in the installation
of a hybrid system in a Jewell store (Cohen et al., 1983). The simple configuration of components shown
in Figure 5-13 is used in the store. An adiabatic silica gel dehumidifier is used to dry ambient ventilation
air. After passing through a heat exchanger to remove a portion of the heat of adsorption, the air is mixed
with recirculated store air and sensibly cooled by the air conditioner to the required inlet temperature.

Many problems were encountered during the first year of operation, yet definite indications of reduced
energy use and economic viability were obtained. Optimization of system performance and control remain
to be made as the study continues.

A similar system called SuperAJre TM has been developed and tested by Cargocaire in two supermarket
chains (Bowlen and Kosar, 1989; Manley et al., 1985). In this system the mixed recirculation airstream
is dehumidified. The unit has a gas-fired lithium chloride dehumidifier wheel, indirect evaporative
cooling, and a down-sized electric air conditioner. Field tests have shown that the combined energy cost
of the refrigeration and air conditioning of supermarkets can be reduced by 7% to 14%.
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Exhaustsource _ ......|

I _..._ [Heat I
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Ventilation .._ 2 a Transmission
1 - . load
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Figure 5-13. Desiccant cooling system used in a supermarket
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Integrated systems can also use liquid desiccant dehumidifiers. Gershon Meckler and Associates have
designed and installed the system shown in Figure 5-14 in a Veterans Administration hospital (Meckler,
1986). Outside ventilation air is dried by a lithium chloride solution (with external cooling) and passed
on to the vapor compression unit. The solution is regenerated by heating it with solar energy or recovered
waste heat and subsequent contact with a heated airstream. This hybrid system reduced building cooling
costs by 30%. Gershon Meckler and Associates have applied different variations of this concept to various
types of buildings such as a courthouse, a museum, and office buildings. In some of these applications,
natural gas has provided supplemental heat for regenerating desiccants.

Current desiccant system installations tend to be somewhat specialized because of cooling requirements
and favorable economics. Analytical studies of a hybrid system for general small office building
applications have been done by University of Wisconsin-Madison (Sheridan and Mitchell, 1985; Howe
et al., 1983). The system has an adiabatic silica gel dehumidifier and is shown in Figure 5-15. Room
air (1) is mixed with the required mount of ventilation air (6) and dehumidified (3). The air is then
cooled (4) to near the ambient wet-bulb temperature (9) in an indirect evaporative cooler. This removes
much of the cooling load from the vapor compression unit and is thermally "free" cooling. The
dehumidifier is regenerated using combinations of solar energy, condenser waste heat, and auxiliary
energy. Simulations of this hybrid system show that resource energy consumption can be reduced to
35%-55% from the standard vapor compression system (Howe et al., 1983). The reduction depends
significantly on how much cooling can be obtained from the indirect evaporative cooler. The indirect
evaporative cooler is very effective in dry climates, and therefore energy savings can be large. However,
the indirect evaporative cooler may provide too much sensible cooling. In this case, insufficient heat
would be rejected from the condenser to fully regenerate the dehumidifier, reqtfiring auxiliary energy
input.

Milton Meckler of the Meckler Energy Group (Meckler, 1989)has proposed a hybrid cogeneration cooling
cycle that incorporates packaged cogenerated electrical power with a solar powered Rankine cycle and a
means of utilizing the heat rejected at the condenser to regenerate the desiccant. A case study was done
on a representative building, and it was found that this system decreases the energy consumption by 12%
as compared to a conventional HVAC system.

Gershon Meckler (1989) has developed a two-stage solid desiccant dehumidification system that integrates
with the HVAC system of commercial buildings. The first stage is a desiccant-impregnated enthalpy
exchange wheel that accomplishes 30% to 50% of the dehumidification task without addition of external
heat or regeneration. The second stage is a desiccant dehumidifier wheel that accomplishes the remainder
of the dehumidification task with addition of external heat for regeneration. The thermal COP of the two-
stage dehumidification system is expected to be lower than the single-stage system. This system can be
applied to office building/shopping centers, supermarkets, restaurants, and nursing homes. Kathabar
Systems, under funding from GRI (Novosel and Griffiths, 1989), has developed a gas-fired desiccant
humidity pump to supplement electrically driven refrigeration equipment. A schematic of the humidity
pump is shown in Figure 5-16. lt is designed as a make-up air system coupled to a new or existing
conventional air conditioning system via a duct. lt consists of a gas-fired regenerator with an air-to-heat
exchanger to recover the heat of regeneration, lt incorporates an evaporative cooler to reduce the
temperature of the make-up air. The make-up air is passed through the liquid desiccant conditioner, where
the moisture is absorbed by the concentrated desiccant solution, and its temperature is reduced by the
scavenging airstream that has been cooled in an evaporative cooler. This dehumidified and cooled air is
then passed on to the conventional system for sensible cooling. Novosel and Griffiths (1989) have pre-
dicted a COP of 0.71 based on cooling outside air at ARI standard conditions to 89.7"F and 50 grains
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moisture/lb air. They have also predicted an increase in COP of about 14% (from 1.4 to 1.6) when a gas-
engine-driven chiller is integrated with a humidity pump. The system is developed for a commercial
rooftop cooling (20-100 ton) system.

The concept of a desiccant-enhanced air conditioner (DEAC) has been patented by Cromer (1988) of
Florida Solar Energy Center (FSEC) to improve the performance'of a vapor compression refrigeration air
conditioner by adding a desiccant dehumidifier. In this concept, a desiccant dehumidifier removes the
moisture from the saturated cold air leaving the evaporator coil, lowering its humidity and increasing its
temperature by adding heat of sorption. As a result, there is no neeo for reheat. The desiccant is
regenerated by the warm return air from the building. Desiccants capable of being regenerated at low
temperatures (55"C) are needed for this concept. Under DOE funding, FSEC is currently performing a
simulation study comparing energy use for a variety of cooling/dehumidification systems (including
DEAC), operating in three different climates and three different building types.

Milton Meckler and Tecogen, Inc., with funding from GRI, have started evaluating the practical
application and the economic viability of a liquid desiccant energy storage system that utilizes prime
mover waste heat; i.e., gas engine chiller, cogenerators, etc.

Tecogen, Inc. and Kathabar Systems, under funding from GR/(Ryan et al., 1989) have developed and
tested a residential gas-fired dehumidifier using an aqueous lithium chloride desiccant. This system
(Figure 5-17) uses a direct evaporative cooler, a boiler regenerator, a liquid desiccant conditioner, and an
interchange heat exchanger. The water it removed from the desiccant directly by boiling. Therefore, a
large mass of air need not be heated, and the physical size of the desiccant unit is reduced. The
indoorreturn air is dehumidified in a fiat-plate heat exchanger. The interchange heat exchanger transfers
the heat from the hot regenerated desiccant leaving the boiler to the cool dilute desiccant leaving the
conditioner, thus resulting in energy savings. This system delivered 1 ton of dehumidification with the
supply air within 4*F of the return air. The average COP of this unit calculated over the test period was
0.5. An economic analysis compared this desiccant system to a state-of-the-art vapor compression system
coupled with an electric dehumidifier. The lower operating cost of the desiccant system resulted in pay-
back periods of around 2 years with the additional advantage of cleaner indoor air. This system will be
further developed for commercialization by Bac.cnus Industries.

A number of investigators have proposed using desiccant systems in conjunction with conventionalHVAC
equipment to produce a cold-air distribution system. For example, M. Meckler (1989) has used a liquid
dehumidification system and G. Meckler (1990) has used a two-stage solid dehumidification system
combined with chillers to produce cold air. M. Meckler has predicted that the desiccant cold air system
provides a cost-effective alterative to a 40*F all-air thermal storage system and a conventional all-air
variable air volume (VAV) system.

Several investigators have studied combining a desiccant dehumidification system with a thermally
activated heat pump. Turner and coworkers (Turner et al., 1988) at the University of Nevada have
compared the economics of operation of various heat-pump desiccant-wheel configurations driven by a
natural gas internal combustion engine. The engine exhaust heat is used to supply part of the regeneration
energy for the desiccant unit. Mathematical modeling predicted that the operating cost of these systems
is less than an all-electric heat pump for ,,ight different U.S. cities located in climates ranging from hot
and humid to hot and dry to moderate summer conditions.

Parsons et al. (1989) at NREL studied two configurations for couplinga desiccant dehumidification system
to a gas-engine-driven heat pump. They studied molecular sieves, lithium chloride, and silicagel
dehumidifiers for coupling with the heat pump and found that silica gel provided the best performance.
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They found that adding the desiccant system increased the gas-based coefficient of performance by 40%
and increased the cooling capacity 50% without increasing per-ton cost of the system.

Maclaine-cross and coworkers (Smith, 1990; Kang 1990) at the University of New South Wales in
Australia have studied a gas engine desiccant hybrid air conditioning system for retrofit applications. The
major components of the system are a regenerative dehumidifier with layered silica gel/zeolite desiccant
matrices and a gas-engine-powered chiller. Waste heat from the engine regenerates the desiccant unit.
Using this system for a commercial building in Sydney, Australia, the pay-back period was estimated to
be about 2 years, assuming availability of cost-effective dehumidifiers.

With funding from GRI, Battelle Columbus Laboratories (Saunders et al., 1989; Wilkinson, 1991) have
developed a new concept called the DUBLSORB system that incorporates a conventional liquid desiccant
unit with a conventional absorption chiller. The heat rejected from the chiller condenser is used to
regenerate the desiccant with supplemental regeneration energy being provided by an auxiliary gas-fired
burner. This system uses a cooling tower to cool both the chiller absorber and the desiccant dehumidifier.
Because the chiller has to meet only the sensible load, it is smaller than a conventional chiller. In an
economic analysis, Saunders et al. (1989), have shown that the pay-back period is less than 3 years when
compared to a conventional electric chiller with reheat. The mathematical modeling of the system has
resulted in COP values of around 0.9 to 1.2 depending on the indoor humidity ratio (outdoor conditions
were near standard ARI conditions).

Howell and Peterson (1991) have proposed an all-electric hybrid vapor compression/liquid desiccant air
conditioner for building applications. Liquid desiccant is sprayed in air over the condenser or evaporator
coils, for heat and moisture transfer. During periods of peak electric demand, which coincide with hot
and moderately humid ambient conditions in Texas, the hybrid system is operated as a conventional air
conditioner; i.e., water vapor is condensed rather than sorbed. In this mode, the condensate is carried in
solution and recirculated over the condenser, lowering condensing temperature as it is evaporated. In
effect, the condenser operates as an evaporative condenser without the problems of biological fouling and
scaling; triethylene glycol solutions are biostatie and contain no scale-producing chemicals. During off-
peak periods, which coincide with cool and extremely humid ambient conditions in Texas, the system is
operated as a desiccant dehumidifier, with desiccant solution recirculated between and through both evapo-
rator and condenser. Consequently, the system provides for both improved comfort and summer electric
load leveling. An experimental prototype of this system will be tested in 1993 at the University of Texas
at Austin.

Fairey and coworkers at the FSEC (Falrey et al., 1986; Swami et al., 1990) have developed and are
studying a passive-solar cooling concept using a desiccant. This concept is called the "desiccant enhanced
nocturnal radiation" (DESRAD) cooling and dehumidification system. The concept is a passive cooling
approach and utilizes a desiccant bed integrated in the roof and a conventional vapor compression system
to achieve both the latent and sensible cooling in hot and humid climates. This concept utilizes the
capacity of household materials to store moisture and thermal energy during the day and the desiccant bed
to remove moisture during the night. Sensible cooling is provided during the night, and the desiccant is
regenerated during the day by solar heat.

The system basically operates in two modes as shown in Figure 5-18: the nighttime adsorption mode and
the daytime desorption mode. During the night, room air is circulated to the desiccant bed on the roof
where the moisture is removed. The heat of sorption is transferred to the atmosphere. After the air passes
through the desiccant bed it is passed through an evaporative cooler to increase the humidity level and to
further cool the air. This air is then passed into the room where it absorbs the heat and moisture from
the room. During the day, the desiccant system is disconnected from the house and the desiccant is
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regenerated by venting it with ambient air, which is heated by the sun-absorbing metal roof. The heat
exchanged between the metal roof and the desiccant along with the hot air regenerates the bed. The
system relies on the internal thermal mass and the moisture capacitance of special construction materials
and household articles to carry the cooling and dehumidifying loads during the day. A conventional air
conditioning system is used as a backup. Swami et al. (1990) have studied a building-integrated DESRAD
system, and they have found 79%, 81%, and 75% reductions in the total, sensible_and latent loads, respec-
tively. This suggests that this concept is a promising solar cooling alternative; however, the initial costs
may be high. The DESRAD concept is also being experimentally investigated (Rudd 1990).

Natural Energy Resources Unlimited (Shelpuk et al., 1992) has described an approach for producing a
cost-effective isothermal dehumidifier using heat pipes and solid polymer desiccant materials. The
desiccant is coated on the external surfaces of the heat pipe. The air is dehumidified as passed over the
heat pipe. The heat of adsorption is removed by the heat pipe keeping the process isothermal. Isothermal
operation reduces the temperature requirements for desiccant regeneration and opens the possibility for
increased use of waste heat from refrigerant condensers and other similar sources. Their design and
analysis indicate that thermally-driven and hybrid air conditioning systems can be built using this
component. This technique appears to offer the possibility of lower first system cost by virtue of a less
expensive dehumidifier component and easing of effectiveness requirements for the system heat
exchangers.

5.5 Summary

Open-cycle solid desiccant cooling systems have been investigated extenSively, both analytically and
experimentally. Many system configurations have been studied. These systems use desiccant dehumidi-
tiers for latent load removal, direct and indirect evaporative coolers, and cooling towers and heat
exchangers for sensible cooling. With the simplest cycles, such as the ventilation or recirculation
cycle, COPs of about 1 have been achieved, and, with advanced components, thermal COPs of about 1.4
can be obtained. The combination of using Type lM desiccants, staged regeneration, and high regener-
ation temperatures are expected to reduce the size and cost of the ventilation desiccant systems. New
advanced cycles with more components or complex configurations have been proposed with COPs of
about 2. Although the R&D effort on closed-cycle desiccant cooling has been limited, a gas-fired
prototype has been built using zeolite/water pair and shown to have cooling COP above 1.2.

Open-cycle liquid desiccant systems offer greater design flexibility than solid systems and can be installed
in buildings with supply and exhaust air ducts in separate locations. The disadvantage of liquid desiccant
systems are their larger size and small capacities. Liquid desiccants can have either carry-over or cor-
rosion problems if not properly designed. The thermal COP of liquid desiccant systems is usually lower
than solid systems, except for recently advanced liquid desiccant concepts that can have comparable COP
with solid systems. Solid or liquid systems utilizing open-cycle desiccant-cooling cycles are being com-
mercially developed, and several packaged systems are expected to be on the market by 1995. Integrated
desiccant-cooling systems utilizing desiccants for dehumidification and conventional vapor compression
for cooling have had some success in the HVAC market. Several integrated desiccant systems have been
installed successfully in commercial and institutional buildings. Another successful application of
integrated cooling systems in the HVAC market has been in supermarkets.

In order for desiccant systems to penetrate the HVAC market significantly, their capital costs must be
lowered. Improving performance and reliability while reducing size will also contribute to a faster market
acxeptance and penetration.
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6.0 Models

Analytical tools have played a crucial role in the development of desiccant technologies. Basic property
models were used to define the behavior of desiccants, fundamental heat- and mass-transfer models were

used to explore potential improvements in the processes and components, and comprehensive systems and

building models have supported the integration of technological improvements into present state-of-the-art
systems.

As discussed by Howell et al. (1986), there is a hierarchy for developing analytical tools. The relationship
among the several levels of analytical tools is illustrated in Figure 6-1. Properties and fundamental mate-
rials models are used in components models. The components models are used to develop system models
that can interact with building energy analysis programs. There have been extensive modeling efforts for
open-cycle solid and liquid desiccant components and systems. Less attention has been paid to closed-
cycle desiccant systems. The developed models have been verified with experimental data with varying
degrees of accuracy. Validated analytical models have been and continue to be important tools in guiding
the R&D efforts. In this section, we briefly discuss available., analytical tools.

PROPERTIES/

FUNDAMENTAL
MATERIALS

MODELS

.
COMPONENT

MODELS

SYSTEM

MODELS

BUILDING
ENERGY

ANALYSIS

PROGRAMS

Figure 6-1. Model level hierarchy for desiccant cooling analysis
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6.1 Solid Desiccant Components and Systems

Dehumidifier performance depends on many variables. The available regeneration temperature affects the
choice of desiccant. The thermal properties of the supporting matrix affect dehumidifying capacity. The
heat- and mass-transfer coefficients and the friction factor are determined by the matrix geometry.
Dehumidifier performance can be improved by optimizing flow rate ratios and wheel rotation speed and
by using purge streams. The effects of these variables can be conveniently determined by using detailed
models of desiccant dehumidifiers. Preliminary decisions based on model results can greatly improve the
effectiveness of a development or design program.

System performance depends on the interaction of the various components under the influence of changing
ambient conditions and the cooling load. Design point calculations provide a preliminary estimate of
performance on which the potential viability of a particular system concept can be judged. (Note that
adequate component models are needed to do system design point calculations.) However, the competi-
tiveness of a desiccant cooling system depends on its seasonal performance, which is difficult to deduce
from design point data alone. Computer simulations of seasonal performance provide a more accurate
estimate of system viability and the potential impact on the consumer and utilities in terms of energy and
costs. System simulations are also a tool for investigating control strategies that maximize the thermal
performance and minimize the parasitic power requirements of desiccant cooling systems.

6.1.1 Detailed models for desiccant dehumidifiers

Much of the potential for further increases in desiccant cooling system performance lies in the
dehumidifier. Detailed models of the heat- and mass-transfer processes that occur in a dehumidifier can
be used to judge the potential benefits of various materials and matrix geometries. Optimization of
performance in terms of flow-rate ratios, rotation speed, and the desiccant/matrix thermodynamic properties
is also easily accomplished with these models.

Finite difference techniques have been used by many researchers to obtain detailed models of dehu-
midifiers (e.g., Pla-Barby, 1978; Holmberg, 1979; Barker and Kettleborough, 1980; Mathiprakasam and
Lavan, 1980; Pesaran and Mills, 1984). The finite difference program MOSHMX (Method of Solving
Heat and Mass Xfer), developed by Maclaine-cross (1974), has been used extensively to model
dehumidifier operation, including transient performance (Brandemuehl, 1982), purging (Jurinak and
Mitchell, 1984), desiccant property effects (Col!ier, 1989; Jurinak and Mitchell, 1984), desiccant
contamination effects (Pesaran, 1990) and optimization (Jurinak et al., 1984). In MOSHMX, a dehumidi-
fier is described by five nondimensional parameters (a "number of transfer units" and a "mass capacity
rate ratio" for each airstream and a "Lewis number"). Two step sizes in the time (rotation angle) coor-
dinate are used, one to follow the initial rapid transfer wave and a second larger step to efficiently cover
the rest of the period. Both a matrix technique and successive substitution are used to provide fast conver-
gence to the periodic steady-state solution. To increase precision, the results of three successively smaller
grid sizes are extrapolated to zero size, making use of the known second order accuracy of the difference
equations. This increases the computation time excessively.

Pesaran and Mills (1987) have used the finite difference method to solve heat- and mass-transfer governing
equations in a packed-bed dehumidifier by solving conservation equations both in gas phase and spherical
solid particles. Charoensupaya and Worek (1988) solve Lhcgoverning energy and mass conservation equa-
tions for a dehumidifier matrix consisting of parallel passages. Implicit finite difference schemes were
used to solve governing equations both in the air and in the desiccant.
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The program DESSIM (Barlow, 1982) was developed at NREL. In the original DESSIM procedure, the
matrix is discretized and each node is treated as a counterflow heat and mass exchanger in which the mass
transfer and heat transfer are assumed to be uncoupled. Although DESSIM's results agree relatively well
with experimental data, the procedure is not fundamentally correct, and Schultz (1987) has shown that
unless sufficiently small step sizes are used, inaccurate results may be obtained. This problem can be
easily corrected by substituting a set of finite-difference equations derived from the partial differential
equations into the numerical procedure.

DESSIM is a well documented program that is easy to follow and modify as needed, lt is also a very
flexible program providing a wide range of investigative options (e.g., Barlow and Collier, 1981; Collier,
1985; Schultz et al., 1985). In addition, the dehumidifier is described in terms of simple geometrical
design parameters. These features make DESSIM an attractive analysis and design tool. Schultz and
Mitchell (1989) have compared the DESSIM program with the more fundamental model MOSHMX and
found that the predictions of DESSIM are within 5% of the predictions of MOSHMX under most
conditions. Swami et al. (1989) have used a modified version of the DESSIM algorithm to model the
performance of the DESRAD concept by incorporating intersurface radiation.

Enerscope and Tecogen Inc. (Collier and Cohen, 1988)developed a model basedon the DESSIM program.
This code (ET/DESSIM) has several improvements over the NREL/DESSIM. ET/DESSIM uses
(1) parallel-flow operations rather than counter-flow, (2) vapor-pressure driving potentials in the mass
exchanger rather than concentration driving potential, and (3) an additional iterative loop on the mass-
transfer process. The ET/DESSIM model is more stable numerically and closer to physical reality than
DESSIM models. Collier (1989) added the approach of MOSHMX for solving the heat- and mass-transfer
in a deb':midifier node to the ET/DESSIM. This code, called DCSSMX, is more accurate than
ET/DESSIM and is widely accepted and used for modeling solid rotary dehumidifiers. The results of
various finite-difference models agree well with each other.

These codes (MOSHMS, DESSIM, and DCSSMX) have been validated, with varying degrees of accuracy,
with experimental data (Barlow and Schlepp, 1982; Schultz, 1987; and Collier et al., 1989). Recently,
Kang (1990) has modified MOSHMX to model the performance of a silica gel/zeolite, layered desiccant
dehumidifier. A ventilation cycle using this dehumidifier performs slightly better than a cycle with a silica
gel dehumidifier.

Several models have been developed for "ideal" dehumidifiers; that is, dehumidifiers in which the
airstream and the matrix are in equilibrium at ali times and locations (e.g., Epstein et al., 1985; Grolmes
and Epstein, 1985). Van den Buick et al. (1985) have solved the conservation equations for an
equilibrium dehumidifier using a wave analysis that includes the effects of "shocks" (irreversible
sharpening of the wave fronts). An analytical expression for dehumidifier performance results for the case
of either complete regeneration or complete saturation during adsorption. Intermediate cases are found
by interpolation. The model currently employs property correlations for a nominal silica gel dehumidifier.

Hajji et al. (1989) have numerically modeled the performanceof a closed-cycle desiccant cooling system
using a water vapor-zeolite pair. Equations governing the transport of the heat- and mass-transfer that
occurs in the adsorption system are derived, and the performance is determined using finite and infinite
transport coefficients.

6.1.2 Simplified models for desiccant dehumidifiers

As noted previously, detailed models of dehumidifie:s are valuable tools in desiccant cooling research.
However, their computational complexity limits their application in systems studies to parametric and
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design-point calculations. Efficient hour-by-hour simulations of desiccant cooling systems have been
undertaken to estimate seasonal performance and investigate optimal control strategies; these simulations
require simple, quickly computed models of the dehumidifier.

One method of obtaining a simple dehumidifier model is to correlate the results of a detailed model.
Correlations of the outlet states of the dehumidifier can be made (Barker and Kettleborough, 1980) or
the performance of a complete system that incorporates a detailed dehumidifier model can be correlated
(Majumdar et al., 1982). Investigations using this technique are generally restricted to a particular
dehumidifier and to a limited number of describing parameters, which are limited in range.

A simplified version of the so-called "analogy methoa_'has been used extensively in system simulations.
In the analogy method, the normal dependent variables of temperature and humidity ratio are transformed
to two variables termed the Fl and F2 potentials (Banks, 1972). The outlet state is then determined by
superposing Fl and F2 effectiveness, which is directly analogous to the heat exchanger effectiveness. The
F1 potentials are functions of the desiccant/matrix properties. In the simplified version, the Fl potentials
are represented as nonlinear analytic functions of the temperature and humidity ratio for a particular
desiccant; to date, this has only been done for silica gel and lithium chloride dehumidifier. Many
organizations (e.g., University of Wisconsin-Madison, NREL, University of Nevada-Reno, etc.) have used
this method in their analysis.

Van den Buick et al. (1985), have defined an enthalpy and a humidity ratio effectiveness based on their
ideal model. They have correlated these in terms of inlet conditions and operating parameters (NTUs and
capacity rate ratios) for a silica gel dehumidifier. While the functional form of the effectiveness
correlations is more concise than the direct correlation of outlet states, this method is currently applicable
only to a matrix composed entirely of silica gel.

Confidence in system simulation results requires confidence in the models used. The analogy method has
been shown to agree sufficiently well with MOSHMX for silica gel and simulation purposes (Jurinak,
1982). Van den Bulck's effectiveness model was generated using MOSHIV_ results. The level of confi-
dence of these simplified models, as well as the correlation models, depends on the confidence level of
the detailed models. This provides further justification for experimental validation efforts.

6.1.3 Other component models

Simulation of desiccant cooling systems requires quickly computed models of the other components that
make up the system such as heat exchangers, evaporative coolers, and vapor compression eqtu_'pment.Heat
exchangers are conveniently modeled using the e-NTU concept (Kays and London, 1984).13 Typically,
the use of a constant effectiveness is satisfactory for system simulations. However, for systems in which
flow rate modulation is used to control cooling capacity, it may be desirable to include the variation of
effectiveness with NTU.

The e-NTU concept can also be used to adequately model both direct and indirect evaporative coolers;
again, constant values of effectiveness are usually satisfactory. Maelaine-cross and Banks (1981)14have

13Kays,W.M., andA.L. London, 1984, Compact Heat Exchangers, Third Edition, McGraw-Hill Book
Company, New York, NY.

14Maclaine-cross, I.L., and P.J. Banks, 1981, "A General Theory of Wet Surface Heat Exchangers
and Its Application to Regenerative Evaporative Cooling," ASMF, Journal of Heat Transfer, Vol. 103,
pp. 579-585.
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analyzed wet surface exchangers and have proposed a heat exchanger-cooling tower combination in which
part of the air conditioned in the heat exchanger by the chilled water from the tower is used as the inlet
cooling tower airstream. The advantage of this device is that, unlike evaporative coolers, the heat and
moisture transfer processes become reversible for an ideal component. A model of this device based on
the analysis of Maclaine-cross and Banks is comlautationally too extensive for direct use in system
simulations. Crum (1986) has developed a simplified model in which the performance at the desired
conditions is interpolated from a table of values generated by the more detailed model.

Models of vapor compression units are needed to simulate the performance of hybrid systems. In addition,
simulation of vapor compression systems is important to provide information by which to judge the
competitiveness of desiccant cooling systems. Jurinak (1982) used an interpolative routine based on
manufacturer's data to simulate the performance of a residential heat pump. Howe (1983) used a non-
linear regression fit of manufacturer's data to model a commercial-scale vapor compression system. In
hybrid systems, nonstandard vapor compression unit operating conditions are encountered that may be
beyond the range of the available data. Burns (1985) extrapolated vapor compression unit performance
to high condensing temperatures using the functional dependence of the Carnot COP on condensing
temperature. ..

The Florida Solar Energy Center has developed a computer model called FEMLAP (Kerestecioglu et al.,
1990)15that uses a finite-element approadh to the problem of heat- and mass-transfer in solids. This
model has been integrated into the building energy analysis program FSEC 1-1 to predict moisture
transport within the building structure. This model has not been used for solving any specific desiccant
problem.

6.1.4 Systems models

Desiccant cooling system models are easily developed by appropriately connecting the various component
models together. Simulations can then be run by drivingthe system with time-dependent forcing functions
such as weather data. The program TRNSYS (TRaNsient SYstem Simulation, Klein et al., 1983)16 pro-
vides a very flexible structure for doing this. TRNSYS contains models for solar collection/storage
systems and building cooling loads along with routines for reading weather data and summarizing results.
The modular nature of TRNSYS makes it convenient to consider a variety of component arrangements
or replacement of one component model with another. The hour-by-hour nature of the simulation allows
investigation of control strategies for responding to changing conditions and of the potential impact on
the power utilities.

Jurinak et al. (1984) simulated the performance of the solar-assisted ventilation cycle for residential
applications using TRNSYS. Several levels of the analogy method, along with MOSHMX, were used as
dehumidifier models. Howe (1983) has simulated a desiceantJvaporcompression hybrid system for a small
office building. The simplified analogy method was used to model the dehumidifier. Standard TRNSYS
models were used to model the building cooling loads. Burns (1985) has simulated the hybrid system at
the Jewel supermarket in Chicago. The dehumidifier model used is a combination of the simplified
analogy method and van den Bulck's effectiveness correlations. Crum (1986) has simulated a desiccant

15KeresteciogluA.A., M.V. Swami, A.A. Kamel, Theoretical and computational investigation of
simultaneous heat and moisture transfer in buildings: "Effective penetration depth" theory, ASHRAE
Trans., Vol. 96, Part 1, pp. 447-454.

16Klein,S A., etal., 1983, "TRNSYS--A Transient Simulation Program," University of
Wisconsin--Madison, Engineering Experiment Station Report 38-12, Version 12.1, Madison, Wisconsin.
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cooling system proposed b) Maclaine-cross (1985), which incorporates a heat exchanger/cooling tower
in piace of an evaporative cooler.

The DESSIM program also models the performance of ventilation and recirculation desiccant cooling
cycles (Barlow, 1982). Collier and Cohen (1988) and Collier et al. (1990) have modeled the ventilation
and recirculation cycle using DCSSMX model. They have studied the effects of change in desiccant
isotherm shape and staged regeneration. They have found that a dehumidifier containing Type lM
isotherm desiccant operating under staged regeneration conditions gives the tdghest COP. Smith (1990)
and Kang (1990) working with Maclaine-cross have simulated the performance of a gas engine desiccant
hybrid air conditioning system using a fast modified version of MOSHMX. The system was a silica
gel/zeolite layered dehumidifier. For hourly analysis of a building using this hybrid system, a building
simulation program called BUNYIP (Building Energy Investigation Program) developed in Australia was
used.

Under funding from GRI, GARD of Chamberlain National in conjunction with Lawrence Berkeley
Laboratory is incorporating models of desiccant cooling systems in the computer code of the DOE 2.1
building load and HVAC simulation program. In a similar effort, S.E.I. Associates of Boulder, Colorado,
has incorporated several desiccant dehumidification systems in the Trane Company's energy and economic
program TRACE ___.ane Air Conditioning Economics). TRACE is an HVAC simulation program that
has been designed by Trane to perform a variety of analy'_,'oesincluding demonstrating the impact of both
energy use and operating costs between common HVAC systems, and incorporating various energy
efficient system equipment and control strategies.

6.2 Liquid Desiccant Components and Systems

6.2.1 Absorber

The most important component in a liquid desiccant system is the absorber, in which water vapor is
removed from the humid air, and cooling may occur. Peng and Howell (1981), Queiroz et al. (1984) and
Ameringer et al. (1983) provide analyses of this component, and the latter two give comparisons with
experimental data for different absorber designs.

Adaptations of the packed-column technologies used in commercial liquid desiccant drying and other
processes have been considered. Modeling of absorption in packed columns is well developed, but
applying the general principles to specific configurations may not be as straightforward as desired;
therefore, more effort may be needed in this area. Peng (1980) has developed a finite-difference model
for a finned-tube absorber and has used this model to optimize absorber design. The model has not been
checked against experimental data. Siebe and Wood (1983) have proposed a simplified two-parameter
model of a generic absorber, lt is useful for long-term simulations of system performance.

Queiroz et al. (1984) analyzed and performed experiments on a system similar to Peng's system in which
the I_oolantflow was parallel rather than in counterflow to the airstream. Measured values of the
isothermal and adiabatic mass-transfer coefficients, as a function of air and desiccant solution mass flow
rates, absorber cross-section, and packing length (i.e., mass-transfer area per unit volume), were found to
be equal within the ;xperimental error.

LOf,Lenz, and coworkers (e.g., Patnaik et al., 1988) have analyzed and performedexperiments on packed
beds and various liquid desiccants (glycols, lithium chloride, and lithium bromide) for cooling and
dehumidification purposes. Rigorous heat- and mass-transfer analyses have been carried out by
Gandiaidasan et al. (1986) for Raching rings and Berl Saddles packed beds using calcium chloride.
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Ullah et al. (1988) have attemptedto circumvent the computationalcomplexity of finite-differencemodels
by defining an effectiveness factor for moistureremoval in a packedtower using calcium chloride as the
desiccant. Stevens et al. (1989) have developed a computationallysimple effectiveness model for packed-
bed liquid-desiccant heat and mass exchangers. This effectiveness model has been used to evaluate two
cooling systems using the TRNSYS simulaton program.

6.2.2 Collector/regenerator

An analytical closed-form solutionto the unglazed, thin-film, open-fiow collector has been developed by
Collier (1979). Severalassumptions, including small evaporationrates, constant transfercoefficients and
heat of absorption,and a particularmathematicalform for the equilibriumrelationship, were requiredto
obtain the solution. Good agreementwas obtained with available experimental data. Siebe and Wood
(1983) and McCormicket al. (1983) have comparedthe predictions of Peng's model with experimental
data and Collier's model and found good agreement. McCormicket al. (1983) found that the thermal
cP@acitanceof the roof can cause a transienteffect not accounted for in the steady-state model, although
daily averageperformance is predictedby the model.

The Collier andfinite-differencemodels providesimilarinsight into collector performance. Although the
finite-difference models are much easier to calculate than those of the solid desiccant dehumidifier, the
Collier's model is faster and almost as accurate. For these reasons, Siebe and Wood (1983) used Collier's
model for the unglazed collector in long-term simulations of system performance.

Robison (1982) presents a simplified model for a glazed, open-fiow collector. The overall evaporation
rate is calculated based on the arithmetic average of the inlet and outlet conditions. This model does not
account for any temperature or concentration profiles in the solution or airstream over the length of the
collector. No verification of the model is indicated.

Gandhidasan (1983) has derived the differential equation describing the water evaporation rate in a glazed
open-flow collector with parallel flow between the solution film and the air. Constant transfer coefficients
and heat of absorption were assumed as was a particular mathematical form of the equilibrium relation-
ship. The equation is solved numerically. The model has been used to parametrically study the effect of
ambient conditions, initial solution concentration, and insolation level on evaporation rates from the
regenerator. The model has not been experimentally verified.

Howell and Shephard (1982) have developed a finite-difference model for a glazed collector with air and
solution film in counterflow. An iterative solution is required to obtain steady-state performance. The
air is assumed to be in turbulent flow and the thermal entry length is accounted for. A parametric analysis
of the effects of inlet conditions, insolation, and flow rates on the concentration and temperature profiles
in the regenerator has been done. Again, the model has not been verified against experimental data.

6.2.3 Systems

Similar to solid desiccant systems, liquid desiccant cooling system models have been developed by
appropriately connecting the various component models together. The liquid system models have been
connected with other building or HVAC programs such as DOE 2.1, TRNSYS, and TRACE.

6.3 Summary

A variety of tools exist for modeling desiccant cooling systems, both detailed and simplified. More atten-
t.ion has been given to open-cycle solid desiccants than to open-cycle liquid and closed-cycle solid
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desiccant systems. These tools have significantly aided the analysis and development of competitive
desiccant cooling systems, and they have greatly enhanced R&D programs. However, further efforts in
the areas of experimental verification and model development are needed. Further experimental work is
needed to ensure that the detailed dehumidifier models properly describe real dehumidifiers. More data
on actual systems is needed to ensure that component interactions are being properly modeled and that
simulation results are accurate. Currently, there appears to be a lack of simplified, fast models for
dehumidifiers with desiccants other than silica gel. While system design-point studies can be used to
choose an appropriate desiccant/matrix combination, simulation of the system requires a quickly computed
model that incorporates the chosen properties. There is also much modeling work to be done in opti-
mizing specific system operation and control. There is a need for fast and user-friendly computer models
for general-purpose users, designers, and others who are not experts in the field of desiccant cooling.
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7.0 Desiccant Cooling Potential: Energy Impact

7.1 Introduction

In previous sections, we discussed the advantages of desiccant cooling systems:

• They use no CFCs.

• They are appropriate for reducing electricity peak load through fuel switching.

• They improve indoor air quality.

• They conserve energy and can be operated using renewable form of energy (e.g., solar or waste heat).

In this section, we estimate the potential energy impact of using thermally driven desiccant cooling
systems in piace of conventional electric-driven cooling systems. This estimation of the energy impact
is simplified and thus should be considered prelin inary. However, it provides an order-of-magnitude
estimate for the energy impact. The energy impact is estimated based on comparing the primary energy
of conventional cooling systems and desiccant cooling systems. The comparisons aremade based on the
following assumptions:

• The pdJ ary energy consumption for electric-driven residential and commercial cooling is 1.73 and
2.24 quads I7 ._n1990, respectively, is

• The primary exergy in converted to electricity by a factor of 30%, i.e., each Btu of electricity is
generated by 3.4 Btu of primary energy.

• The electrical COPs of conventional cooling systems are between 2.0 and 3.0 as suggested by
Blue et al. (1979) 19

• The market penetration of desiccant systetas is 30% for residential buildings and 20% for commercial
buildings, i.e., either 30% or 20% of existing conventional systems will be replaced with desiccant
systems. For commercial applications, the desiccant system will be probably used for latent load
removal and will be integrated with the existing HVAC systems.

• The electrical COP for desiccant cooling systems is taken to be 13.

• The thermal COPs of desiccant systems are taken as 1.0, 1.4, and 1.8. We are assuming that with
recent and expected advances in desiccant technology taese higher thermal COPs will be attained.

171quad is 1015Btu.

18Source: Energy Consumption and Conservation Potential: Supporting Analysis for the National
Energy Strategy, Office of Energy and Markets and End Use, Energy Information .Administration,
SR/NES/90-02, December 1990.

19Blue,J.L., et al., Building Energy Use Data Book, ORNL-5552, 2nal cd., Oak Ridge National
Laboratory., Oak Ridge, Tenn., December 1979.
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7.2 Energy Impact

Table 7-1 shows the results of our energy impact calculatic ns. With a conventional electric COP of 2 for
residential buildings, about 0.127 to 0.265 quads of primary energy could be saved (i.e., between 7 to
15%) if 30% of conventional cooling systems are replaced with desiccant systems. The higher the thermal
COP, the larger the savings in primary energy consumption. Table 7-1 shows that as the electric COP
of the conventional system increases to 3, the primary energy consumption for the desiccant system with
thermal COP of 1.0 is higher than the primary energy consumption of conventional systems. At thermal
COPs of 1.4 and 1.8, the primary energy savings are 0.064 and 0.139 quads (4% and 8%) for residential
buildings using conventional cooling systems with electric COPs of 3.0.

Table 7-1 also shows that savings of 5% to 10% for commercial buildings with conventional systems that
have electric COPs of 2.0. For commercial buildings, the quad savings is between 2% and 5% with
thermal COPs of 1.4 and 1.8, respectively, when the electric COP of conventional systems is 3.0. As can
be seen from Table 7-1, desiccant systems can have a significant energy impact if high thermal COPs are
achieved. In our opinion, desiccant systems are not likely to penetrate in the residential market in the near
term because of their high cost, large size, and immaturity. In the near term, desiccant technology has
more potential for growth in commercial buildings because the desiccant technology is more adaptable for
commercial buildings, and these systems can be integrated with existing HVAC systems.

In our analysis we assumed that the alternative primary energy source is natural gas. If solar energy or
waste heat is used for regenerating the desiccant, more energy savings can be realized. Using solar energy
co_erves energy and it is also an eleca'ic peak load reduction strategy. For example, the Tennessee
Valley Authoriqi2° (TVA) has calculated that by using desiccant technology enormous energy and capital
saving for the utility can be realized. Assuming load management using thermal storage, TVA estimated
residential-sized desiccant air conditioners could shave or shift up to 4 kW per residence from the peak
demand during the extreme peak hour of a hot summer afternoon. Up to 2 kW average peak demand
reduction could be realized for the entire mulfihour daily peak period during the cooling season.
Estimated market penetration in the year 2005 was projected using conservative assumptions. Using
desiccant systems in approximately 300,000 residence, TVA could save 1.100megawatts of electricity or
replace the need for one new nuclear power plant. When these projected reside,atial savings are combined
with the opportunities in the commercial market, the numbers can be staggerint;

The waste heat from industrial processes is estimated to be between 6-7 quads with more than 80% at
temperatures suitable for desiccant regeneration. If desiccant technology is applied to industrial
dehumidification and cooling utilizing waste heat from industrial processes, tremendous amounts of energy
could be saved.

7.3 Summary

A simplified energy impact analysis indicated that desiccant systems can save up to 15% and 10% in
primary energy for residential and commercial buildings, respectively. The energy savings can be even
higher if solar energy or waste heat is used for desiccant regeneration.

2°Article by Cl_anery in the Proceedings of 1986 Desiccant Cooling and Dehumidification
Opportunities for Buildings Workshop (Penney 1989).
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8.0 Research and Development Needs

8.1 Scope

While significant progress has been made in efficiency and the cost effectiveness of desiccant cooling
systems for air conditioning, commercially available systems and designs are available for special
applications such as supermarkets and numerous other applications requiring low humidity. Improvements
are necessary in the efficiency, cost, size, reliability, and life-expectancy of components and systems to
penetrate the broader commercial air conditioning (A/C) market.

In our o0inion, the critical performance and cost goals for successful penetration of desiccant cooling
systems into this competitive market are:

• For open-cycle solid desiccant cooling systems: themaal COP of 1.3 or higher; electrical COP of
12 or higher; flow cooling capacity of 225 elm/ton or lower; life expectancy of 15 years or more;
compact size (slightly larger than conventional A/C equipmen0; cost competitive with
conventional A/C equipment; reduction in the use of CFCs.

• For open-cycle liquid desiccant cooling systems: development of noncorrosive, low-vapor-
pressure, efficient, and inexpensive liquid desiccant materials; thermal COP of 1 or higher;
electrical COP of 8 or higher; life expectancy of 20 years or more; compact size; cost competitive
with alternative technologies, reduction in the use of CFCs.

• For closed-cycle solid'cooling systems: thermal COP of 1.3 or higher; electrical COP of 10 or
higher; flow cooling capacity of 225 elm/ton or lower; compact size (slightly larger than
conventional A/C equipment); cost competitive with conventional A/C equipment; reduction in the
use of CFCs.

• For hybrid and integrated desiccant cooling systems: cost-effective and reliable components to
reduce life-cycle cost of the integrated system relative to the conventional MC system; reduction
in the use of CFCs.

Achieving these performance goals will require advances in materials, components, and systems. In this
section, we have identified R&D needs. We have proposed a program to implement the R&D activities
needed in another document21.

It should be noted that a matured $40-50 million desiccant dehumidification industry exists in the United
States that mostly services industrial applications. In recent years, the industry has been successful in
implementing the technology for air conditioning of some institutional and commercial buildings. Future
development and advancement of the technology may have profound impact on the commercialization of
the technology for broader air conditioning markets. Depending on the industry's particular needs and
strategy, better materials, components, or systems may need to be employed. The R&D needs identified
here are based on argumentative discussions at various meetings we had with the leaders of the
technology. We have summarized what could be done with sufficient resources. The R&D needs and
the program plan have to be reviewed and revised annually to be responsive to the needs of the industry
and users.

21pesara_%A.A., 1992, Research and Development Needs for Desiccant Cooling Technology, 1992-
1997, NREL/TP-4320-5182,Golden, CO: National Renewable Energy Laboratory.
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8.2 Summary of Research and Development Needs

Based on the previous R&D activides, we have identified some future R&D needs for achieving cost-
effective, high-performance, and reliable desiccant cooling systems.

8.2.1 Desiccant materials

• Fundamental research on water vapor/desiccant interactions for improving sorption behavior

• Synthesis of new materials or modification of existing ones for improving sorption performance
and reducing cost

• Synthesis and/or preparation of composite desiccants

• Characterization of materials and development of models to predict equilibrium and dynamic
performance

• Identification of optimum properties of liquid and solid desiccants for cooling and
dehumidification for low-, medium-, and high-temperature applications

• Development of noncorrosive, low-vapor-pressure, and environmentally acceptable liquid
desiccants with desirable sorption properties

• Determination of durability of new desiccants with regard to thermal cycling and exposure to
contaminants

• Study of desiccants as air purifiers for improving indoor air quality.

8.2.2 Components

• Improving heat- and mass-transfer rate in solid and liquid desiccant dehumidifiers while keeping
the pressure drops low

• Developing low-cost, high-performance, compact solid dehumidifiers

• Developing low-cost, high-performance, compact liquid dehumidifiers

• Developing high-effectiveness (>0.89), compact, low-cost heat exchangers

• Investigation of materials and methods for improving storage techniques for liquid desiccant
cooling systems for peak-shifting application.

• Developing low-cost, high-performance, compact direct and indirect evaporative coolers

• Developing advanced liquid desiccant absorbers and regenerators for higher thermal COP

• Improving performance and reducing cost of regeneration equipment such as solar collectors,
boil'rs, and other advanced regenerators
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• Improving performance and reducing cost of hutaidity measuring sensors and instruments for
control applications.

8.2.3 Systems

• Developing compact systems with reduced cost aad improved performance

• Developing systems with advanced configurations so the size of components can be reduced

• De_,elopment of modular, easy-to-use system models that can be easily incorporated into HVAC
and building simulation programs

• Evaluation of economic potential of various desiccant cooling systems for comparing with
conventional cooling alternatives

• Development of easy-to-use design tools such as handbooks, look-up tables, charts, and user-
friendly computer software for general use

• Development of control strategies for full-load, part-load, and off-design operations

• Investigation of using waste heat for desiccant regeneration, particularly for industrial applications

• Investigation of the possibility of using desiccant cooling and dehumidification for utility demand-
side management applications

• Demonstrating the potential of desiccant-cooling systems for various applications and markets.

8.3 Summary

In this section, we identified research, development, and demonstration needs for advancing desiccant-
cooling technology and ensuring its increased penetration in the marketplace. We identified R&D needs
in the area of desiccant materials, components, systems, and applications. The major need for desiccant-
cooling technology is the development of a low-cost, high-performance, and reliable desiccant system for
mainstream HVAC applications. In a companion :r_ocument,we have identified a comprehensive
R&D plan and implementation program to achieve results that satisfy these needs. Though desiccant
cooling technology hasdeveloped significantly in recent years, the continuation andstrengthening of the
federal/industry partnership addressed in this program establishes the necessary framework for stimulating
even greater technical progress, lt is, however, the mutual commitment to anti continuing confidence in
desiccant cooling as a viable, near-term option as well as formulation of a logical approach to achieving
technical goals that are critical to overall success.
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Appendix A

DOE/NREL Investments in Desiccant Test
Equipment/Procedures

A considerable amount of test equipment is available in the United States and abroad for obtaining data
on desiccant materials, components, and system performance. Most of the test equipment has been
developed under funding from DOE, GRI, and utilities in the United States, and from government agencies
in other countries. Manufacturers of desiccant dehumidification and cooling components and systems also
have test equipment for evaluating the performance of their products. In this appendix we will focus on
test equipment available at NREL.

A.1 NREL Desiccant Cooling Test Facilities: Full Spectrum Relationships

NREL, with funding from DOE,has developed a complimentary set of experimental facilities (Figure A-1)
to evaluate new and promising desiccant materials and matrices, and to validate mathematical models.
The f_ilities were designed to measure the important characteristics of desiccant materials, dehumidifier
matrices, and components under conditions expected in the operation of thermally regenerated desiccant
cooling systems.

The output from each facility is designed to be input for another facility and for validating analytical
models. The observed results and validated models can be used to gather information on new test
specimens. The sorption properties of a new desiccant are measured with the quartz crystal microbalance
(QCM), a Sartorius beam microbalance, or the sorption test facility (STF) depending on its form and shape
to be tested. The sorption properties of special interest are water vapor equilibrium isotherms, rates of
moisture adsorption and desorption, cyclic stability, and diffusivity. An isotherm is desiccant moisture
capacity as a function of relative humidity at a constant temperature and also contains information about
maximum water capacity and capacity change between any two relative humidities, as well as hysteresis
between adsorption and desorption.

After initial evaluation that a desiccant material is promising (based on its sorption properties), it is made
into a dehumidifier matrix tt_aterial. If the desiccant is bonded to or embedded in a support material for
structural integrity, its sorption properties are measured in the STF again. When it is assessed that the
matrix material (desiccant and support) is still a promising desiccant, a dehumidifier matrix is fabricated,
and its pressure drop and heat- and mass-transfer characteristics are measured in the desiccant heat- and
mass-transfer test facility (HMTF). The characterization includes obtaining the nondimensional pressure
drop data (friction-factor x Reynolds number), heat- and mass-transfer Nusselt numbers, and dehumidifica-
tion capability at various flow conditions. The experimental data can also be used to validate fundamental
momentum and heat- and mass-transfer models for the matrix.

When it is determined that the dehumidifier matrix is promising and feasible to build, a prototype rotating
dehumidifier component is built and tested in the HVACequipment test facility fflVACI'F), formerly the
desiccant cyclic test facility. This facility evaluates the performanceof a dehumidifier under real operating
conditions. The moisture removal effectiveness of the dehumidifier and its pressure drop are measured
at various regeneration and adsorption stream-flow conditions. The experimental data can be used to
validate dehumidifier models. The I-IVACTF is not limited to rotary dehumidifiers. Other HVAC
components, such as evaporative coolers, heat exchangers, heat pipes, cooling coils, etc., can be tested.
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There is a progression in the mass and the size of the items tested in the above test facilities. The QCM
uses samples with masses that areusually less than 1 mg with thicknesses of less than 10 _m. The STF
uses desiccant and matrix samples with masses between 0.5 and 10 g and sizes between 0.5 and i0 cm3.
Dehumidifiermatricesthat contain between 100 and 1000 g of desiccant andhave volumes between 2 and
8 liters can be tested in the HMTF. The HVACTF can test dehumidifiers that contain 2 to 20 kg and have
sizes of 20 to 100 liters. The approach of starting with small samples and, after screening and evaluating,
progressing to larger samples prevents undue expenses of fabricating costly experimental dehumidifier
matrices and prototype dehumidifiers and performing unnecessary experiments. Dehumidifiers are fabri-
cated and tested using only materials and matrices that have shown sufficient potential.

The desiccant contamination test facility is used to contaminate and degrade different desiccant samples
in a controlled manner. The purpose is to obtain experimental data on the magnitude and mechanisms
of desiccant degradation. The eventual goal is to evaluate strategies to prevent and mitigate degradation
of desiccants in order to develop desiccant systems with long service lives.

In the following sections, the hardware of each experimental facility at NREL is described, the
experimental procedures are explained, and ts dical output results from these facilities are provided.

A. 1.1 Quartz Crystal Microbalance (QCM)

The QCM is one of the best commercially available units (Czanderna and Thomas, 1986) suitable for
measuring water vapor-sorption performance properties of thin-film materials, especially polymeric
desiccants. In the QCM, a desiccant material is coated onto a quartz crystal oscillator. Changes in the
mass of the coating because of water vapor adsorption or desorption cause changes in the crystal
vibrational frequency that can be n_.easuredby a frequency counter. The measured frequency can then be
correlated to a mass gain or loss. At NREL, Czanderna and Thomas (1986, 1987) have developed a QCM
to detect frequency changes that correspond to a mass change of about 10-9 g. They have demonstrated
detectability of 10 ppm in a sample weighing 0.1 rag.

The QCM apparatus (Figure A-2) consists of vacuumsystem; a residual gas analyzer; a QCM controller;
a temperature bath for quartz crystal sensors; instrumentation to measure pressure, temperature, frequency;
and a data acquisition system. The vapor pressure can be measured to a precision of 10"4of total pressure,
and the temperature is maintained to a precision of less than 0.08"C. The apparatus has five crystal
holders, so one can measure the sorption capacity and kinetics for several desiccant materials at the same
time.

The experimental procedure consists of several steps (Czandema and Thomas, 1987). A quartz crystal
_s first cleaned ultrasonically. The crystal is weighed on an analytical balance. Then a polymeric
desiccant is dissolved in a solvent that is subsequently pipetted onto the crystal surface, and the solvent
is allowed to evaporate. After reweighing to find the mass of the polymer film, the crystal is attached to
the oscillator and is assembled in the vacuum system. The sample chamber is pumped to the 10-8torr
range, and the oscillator mass is zeroed after the mass loss or gain has equilibrated. The system is allowed
to equilibrate with the desired temperature. Water vapor is then introduced into the chamber to increase
the water vapor pressure incrementally as desired, which is typically in 1 to 2 torr steps. The pressure
and mass measurements are taken at the intervals of 2 seconds during the adsorption. After reaching the
desired maximum vapor pressure, the process is reversed by decreasing the water vapor pressure in the
desired decrements followed by equilibration intervals, and thus obtaining the desorption data.
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The water capacity is obtained by dividing the mass of watergained or lost by the mass of the desiccant.
The relative humidity is the ratio of water vapor pressure to the saturation water vapor pressure at the
crystal temperature. Figure A-3 shows a typical result of sorption capacity measurement of poly-
styrenesulfonic acid sodium salts obtained by the QCM apparatus. Of more than 30 commercial and
laboratory- synthesized desiccant polymers characterized (Czanderna, 1988) with this QCM, nine have
shown potential for desiccant cooling applications when compared with a hypothetical desiccant with the
"ideal" isotherm identified by Collier et al., (1986). Three of the most promising ones are polystyrene
sulfonic acid sodium salt, cellulose sulfate sodium salt, and polyacrylic acid ammonium salt.

NREL has'recently added a sartorius beam microbalance to the QCM vacuum system. The beam micro-
balance is capable of measuring the sorption capacity of desiccant in particle or liquid forms.

A. 1.2 Sorption Test Facility (STF)

The STF is used to measure the water-vapor sorption capacity of desiccant materials, as well as their
moisture transfer rates, under isothermal conditions (Zangrando et al., 1986). The sorption capacity
(i.e., the amount of moisture the desiccant can hold at various humidities) is obtained by a gravimetric
technique.

The sorption test facility (Figure A-4) consists of a dry air source, a humidifier, a sample test section,
a constant temperature bath, and instrumentation for measurements and data collection. Bone-dry air from
a compressed air cylinder enters a mass flow controller that measures and controls the air mass flow rate.
Then, the air flows through a humidifier to obtain the desired level of water vapor concentration. In the
humidifier, the air becomes saturated as it bubbles through deionized water kept at a desired temperature.
The dew-point temperature and absolute pressure of the air before entering a test cell are measured by a
chilled-mirror hygrometer and a capacitance-type pressure transducer, respectively. The test cell
containing a desiccant is immersed in the constant temperature bath, which is measured with a ther-
mocouple. Two types of test cells have been used: packed bed and parallel passage. The test cell is
connected to a bypass line and three-way switching valves. The dew-point temperature and absolute
pressure of the air leaving the test cell are measured with another hygrometer and pressure transducer,
respectively. The air pressure in the test cell is controlled with a set of valves before the air is exhausted
to the atmosphere.

We have developed a careful experimental procedure. A precision balance with repeatability of 0.1 mg
is used to measure the dry mass of the test cell. Then, the test cell is loaded with desiccant and dried by
passing bone-dry air through it at 100"--120"Cand near-ambient pressures for at least 24 hours. After
being air cooled, the sample is weighed to determine the dry mass of the desiccant. The test ceil is
inserted in the housingand installed in the apparatus and then immersed in the constant-temperature bath.

"nac process air, which is bypassing the air at this point, is conditioned to the desired humidity,
temperature, pressure, and flow rate. Once the process air conditions reach steady-state values, the air is
switched to the test cell. The outlet dew-point temperature and pressure are recorded as function of time
to provide kinetic data. When the air and the desiccant reach equilibrium with each other, the test cell
is removed, capped, and weighed to determine any mass change in the desiccant resulting from moisture
adsorption or desorption. The test cell is then reinstalled in the apparatus and exposed to the same air
conditions again. After 3--4 hours, the sample is removed for weighing again. This process is repeated
until the difference between consecutive masses is not noticeable with the b_ance.

The equilibriumcapacity is calculated by dividing the mass gain (or loss) by the dry mass of the desiccant.
The relative humidity is calculated from the measurements of equilibrium pressure, dew-point temperature,
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FigureA-4. Schematicof the NRELdesiccantsorptiontest facility

and bath temperatureusing a psychometricrelation. Generally the errorin the sorption capacity is less
than 2%, and the error in the relative humidity is less than 5%. Several.measurementsat the same test
cell temperature and various relative humidities enable us to construct the equilibrium isotherm of the
desiccant, which can be used to evaluate its potential for desiccant cooling applications. Figure A-5 shows
the typical results of the STF; i.e., equilibrium water capacity of several desiccants at different relative
humidities for 30°C. Among more than 10 desiccants tested, microporous silica gels (e.g., gr_e 40,
microbead grade 3A, and Syloid 63) have been found to have the most suitable sorption properties for
thermally regenerated solid desiccant cooling applicationsbased on these results and system performance
simulations.

A. 1.3 Heat- and Mass-Transfer Test Facility (HMTF)

The HMTF is used to test differentdehumidifier matrices that contain a desiccant material, with or without
a substrate, formed into a particular geometry. In the HMTF, the pressure drop and heat- and mass-
transfer rate data and dehumidification capacity of a promising dehumidifier matrix are obteJnedunder
adiabatic conditions. The HMTF (Figure A-6) consists of an air heater, a steam injector, a variable-speed
fan, an o_,fice plate, a test section, and instrumentation to control and measure airflow rate, air temper-
atures, pressure drops, and dew-point temperatures (Pesaran, 1986). The test section that contains a test
matrix, temperature sensors, air samplers for humidity measurements, and pressure taps has a rectangular
section with removable walls for inserting test matrices. Air temperatures are measured using copper-
constantan thermocouple wires with an uncertainty of less than 0.4"C. Air humidities are calculated fIom
the dew-point temperatures measured using chilled-mirror dew-point hygrometers with an uncertainty of
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less than 3% in humidity ratios. The pressure drop across the orifice plate and a test matrix are measured
using capacitance-type pressure trraasducers with an uncertainty of less than 1%. Air mass flow rates are
determined by ASME standard orifice plates with an uncertainty of less than 3%.

In the experimental procedure, each step-transient test basically consists of three parts: matrix condi-
tioning, process air preparation, and transient response. After the matrix is installed in the test section,
it is insulated to simulate adiabatic conditions. The dehumidifier matrix is conditioned to a desired
uniform state (temperature and desiccant water content) by passing conditioned air through the matrix.
Then the air is bypassed and the matrix is sealed by closing butterfly valves on both sides. The process
airstream is brought up to a new state (temperature and humidity) while passing through the bypass.
Finally, when the process alrstream reaches the desired humidity, temperature, and flow rate, it is abruptly
introduced to the matrix, and the transient response of the matrix is obtained by recording the outlet air
temperature and dew-point temperature (humidity) as a function of time. Both adsorption (dehumidifica-
tion) and desorption (regeneration) tests are performed. The pressure drop across the test matrix as a
function of mass flow rate is measured when equilibrium is reached.

Figure A-7 shows a typical adiabatic transient response of a dehumidifier test matrix. These typical
adiabatic responses are a measure of how fast the heat and moisture are transferred from (or to) the matrix
to (or from) airstreams and thus how effective the dehumidifier is in removing moisture from an airstream.
The humidity curves can also be integrated to provide the dehumidification capability of the maL-'ix.
Using theoretical models (Pesaran, 1986; Maclaine-cross and Pesaran, 1986; and van den Buick, 1987),
the temperature and humidity response curves can be manipulated to obtain the heat- and mass-transfer
coefficients of the matrix under tested conditions. Two sUica-gel/paraUel-plate matrices, a silica-
gel/staggered-parallel-strip matrix, a lithium-chloride/sine-passage matrix, a silica-gel/sine-passage test
matrix, and a parallel-plate matrix with silica-gel/Teflon composite substrate have also been tested.
Table A-1 shows the results of analysis of the transiet:t response and pressure drop characteristics of the
first three matrices. Higher heat and moisture transfer rates and lower pressure drops are desired since
these relate to higher moisture removal effectiveness and lower fan power, respectively. For these reasons
the microbead-silica-gel/staggered-parallel-strip matrix is expected to provide the highest dehumidifier
efficiency of the three for a given size and pressure drop (Pesaran, 1987).

A. 1.4 HVAC Equipment Test Facility (HVACTF)

The HVAC equipment test facility (formerly cell desiccant cyclic test facility) is used to measure the
performance of prototype HVAC components, such as rotary dehumidifier wheels. Although the facility
can be used to measure the performance of evaporative coolers, heat exchangers, heat pipes, cooling coils,
and other HVAC components, we focus here on the use of the facility for measuring the performance of
rotary dehumidifiers. The facility simulates operating conditions expected in thermally regenerated
desiccant cooling systems. The dehumidifier component, which consists of a desiccant in a dehumidifier
matrix and necessary support and hardware, rotates between an adsorption airstream and a regeneration
airstream. The dehumidifier adsorbs the moisture from the adsorption stream and releases it into the
regeneration stream. The facility generates data on the amount of moisture and heat transferred as a func-
tion of air temperatures and humidities, airflow rates, and rotational speed of the dehumidifier wheel.

The cyclic test facility (Figure A-8) consists of two duct heaters, two duct humidifiers (a boiler with
two steam injectors), two variable-speed fans, flow nozzles, and the dehumidifier section (Schultz, 1986
and Bharathan et al., 1987). A full set of automated controls maintains steady-state inlet conditions for
the temperature, absolute humidity, and airflow rate. Instruments are used to monitor and record the ambi-
ent air conditions, dehumidifier inlet and outlet air conditions for both airstreams, and wheel rotational
speed. Air temperatures are measured with copper-constantan thermocouple wires with an uncertainty of
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Figure A-7. Typical Results of the heat- and mass-transfer test facility, transient response of the
micmbesd silica-gel/parallel-plate test matrix (Pesamn, 1987)

Table A-1. Results of Analysis of Tmnslent Response Curves for Three Matrices Tested
In the Heat- and Mass-Transfer Test Faclllty (Peearan, 1987)

DehumidierMatrix Nuo Nu.. Le IRe NuyfRe

Crushedsilicagel parallelplate 3.59 3.15 1.14 25.49 0.141

Microbead sUicagel parallelplate 3.70 3.70 1.00 22.61 O.164

Microbead silica gel staggeredparallel strip 6.68 6.30 1.06 36.87 0.181

NUo Mean overall heat transferNusselt number
NU=o Mean overall mass transferNusselt number
Le Mean Lewis number (= NudNu=o)
f Mean friction factor
Re Mean Reynolds number

NUoand NU=oare measures of how fast heat and moisture are transferredfrom or to a matrix.

fRc is a measureof pressure dropacross a matrix.

0.4"C. The absolute humidities are obtained by measuring the dew-point temperatures using the chilled-

mirror hygrometers and psychometric correlations. The error in humidities is less than 3%. Capacitance-
type pressure transducers measure the pressure drops across the dehumidifier and the flow nozzles with
an uncertainty of less than 1%. Mass flow rates are measured with an uncertainty of less than 3% using
ASME standard flow nozzles. The dehumidifier wheel is rotated by a DC servomotor turning a rubber-

rimmed wheel in contact with the circumferences of the dehumidifier. An optical encoder mounted on
the drive motor allows measurement of wheel rotational speed with an uncertainty of less than 1%.
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After a prototype rotary dehumidifier is installed in the facility and insulated for simulation of adiabatic
operation, the transient and steady-state performances of the dehumidifier are obtained (Bharathan et al.,
1987 and Schultz, 1987). The process (adsorption) and regeneration airstreams are conditioned to achieve
the desired airflow rates, inlet air temperatures, and humidities. The dehumidifier is not rotating during
this conditioning period. When the outlet air conditions of both airstreams become uniform, the dehumidi-
fier is rotated at the desired speed, and the outlet air temperatures and humidifies of both process and
regeneration airstreams are measured with time. This provides the transient performance. When the inlet
and outlet conditions reach steady state, measurements of ali the test parameters are recorded to provide
the steady-state data. Data are obtained for a wide range of rotational speeds. The pressure drops across
the dehumidifier for both airstreams are measured as a function of airflow rate.

Two prototype test dehumidifiers were tested in the I-IVACTF(Bharathan et al., 1987 and Schultz, 1987).
Both had parallel-plate designs for the geometry because this geometry offers the highest heat-transfer-to-
pressure-dropratios among simple geometries (Kays and London, 1964). One had microbead (100 micron
size) and the other had irregularly shaped silica gel particles (300 micron size); particles were coated on
the air passages of the dehumidifier.

Figure A-9 shows typical steady-state test results for the microbead silica gel matrix. The process outlet
air humidities are plotted against the outlet air temperatures for a range of rotational speeds. For this
particular prototype and these operating conditions, the optimum dehumidification occurs at about
40,6 rev/h. The solid lines are the theoretical process lines. The overall heat- and mass-transfer units and
pressure drops were estimated using analytical tools. Comparing the data with fully developed laminar
flow models, it was found that the nonuniformity in the passage air gap in both matrices resulted in
significant reduction (up to 50%) in the overall number of transfer units available for dehumidification
(Bharathan et al., 1986). The tests showed that the microbead dehumidifier performed better in moisture
removal than the other dehumidifier, although the microbead dehumidifier was 50% smaller in volume
and had 25% less desiccant. Note that the HVACTF could be used to test most advanced concept dehu-
midifier designs such as liquid dehumidifiers or heat pipes as dehumidifier conditioners.
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A. 1.5 Desiccant Contamination Test Facility (DCTF)

The hardware, function, and purpose of the Dc'n: are described in detail by Pesaran and Bingham (1991).
In this section, the test facility is described briefly. The purpose of the DCTF is to provide data on the
degradation of desiccant materials with time because of hydrothermal cycling and airborne contaminants.
Specifically, the DCTF was designed to:

• Cycle desiccant samples between a hot and a warm stream of humid air
• Expose desiccant samples to airborne contaminants such as cigarette smoke
• Simulate the operation of a desiccant dehumidifier in a solar-regenerated desiccant cooling system.

The DCTF consists of two test cells that can each hold 100 desiccant sample tubes, two flow-through
heaters, two external booster heaters, air filters, a humidifier, a smoking machine, and an air blower. The
components are connected via 3.8-, 5-, and 7.6-cm galvanized steel pipes. After the air is humidified to
0.012 to 0.016 kg water/kg dry air, it is divided into two branches.

In each branch, air passes through a heater and a test cell. The hot heater (2 kW) heats up the air in one
airstream to about 120"C; the warm heater (0.5 kW) warms the air in the second branch to about 35°C.
"Ihe heat from the booster heaters compensates for the heat losses between the heaters and the test cells.
Depending on whether the valves in each branch are in the open or closed position, hot air can go in only
one test cell (for desiccant regeneration) while warm, humid air is going in the other test cell (for desic-
cant adsorption). After coming out of the two test cells, the airstreams in the two branches join in one
stream that is exhausted outside the building with an air blower. Cigarette smoke (or any other con-
taminant) is injected through a pipe connected to only one of the test cells. Figure A-10 depicts these
configurations schematically.

Note that the desiccant samples in the contaminated test cell of the DCTF represent worst-case scenarios
for desiccant materials for each of the following cases:

• The desiccant cooling cycle is in the ventilation mode and the outside air is very polluted.

• The desiccant cooling cycle is in the recirculation mode and the return air from the conditioned
space is very polluted.

• The desiccant cooling cycle is in any mode and the regeneration air is very polluted.

When a desiccant cooling system is in the recirculation mode, return air from the conditioned space (con-
taining air pollutants) is first passed through the dehumidifier. In the ventilation mode of a desiccant
cooling cycle, the outside air (containing pollutants) is first passed through the desiccant dehumidifier.

Temperatures and humidities of air at the entrance and exit of each test cell were monitored and recorded
during the contamination test by a set of thermocouple array and dew-point hygrometers. The flow rate
to each test cell was measured with a turbine flow meter. The pressure drop across each test cell was
measured with a pressure transducer. The absolute pressure in each test cell was measured by a differ-
ential pressure transducer with one side connected to ambient air with known pressure. The analog signals
from ali the sensors were taken with a digital-voltmeter/scanner. The analog signals were then converted
to digital signals and transferred to a personal computer for calculations, display, and storage. The data
were collected and stored in either 15-s or 1-rain intervals.
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Warm air in clean test cell & hot air in contaminated cell

............... Hot air in clean test cell & warm air in contaminated cell

CleanTest Cell
Warm Heater ...............................................
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- _ i 1 :_Fan
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I I" ContaminatedTest Cell

SmokingMachine

Figure ,6,-10.Schematicof the NRELdesiccantcontaminationtest facility

The actual air temperature going into each test cell was about 420C during adsorption and 80oc during
regeneration. The air humidity going into each test cell was about 0.014 (_+0.001)kg water/kg dry air.
The cycle time of 7.4 rain between regeneration and adsorption in each test cell was achieved by
simultaneously opening and closing a set of valves energized and de-energized by an electrical repeat-cycle
timer. The airflow rate through each test cell was 9.5 L/s (20 scfm). To obtain design concentration of
cigarette smoke in the airstream going through the contaminated test cell, cigarette smoke was generated
by a continuous smoking machine. The smoking machine, specified by NREL and designed and
fabricated by Fidus Instruments Corporation, injected fresh smoke at a rate of six cigarettes per hour into
one of the alrstreams of the DCTF, where it was diluted with air (at 2.5 L/S) to the desired concentration.
This injection rate was based on twice the upper bound of concentrationof particulate matter in smoking
residences, the airflow rate through a test cell, and the emission and burning rates of common cigarettes.
In the smoking machine, a hopper drum fed cigarettes from a hopper to a smoking drum. The smoking
drum brought the cigarette in front of an electric lighter, lt was lit, and it burned passively. After
10 minutes, the drums rotated, dropped the cigarette butt into an ash receptor, and fed another cigarette
for burning. The smoking machine was placed in a plexiglass box. The smoke generated was mixed with
about 0.15 L/s of ambient air and was drawn from the top of the plexiglass box into the contaminated test
cell where it was mixed with about 9.5 L/s of ambient air.

Each test contains 100 sample tubes containing desiccants. The sample tubes are held by individual
cylindrical brass sleeves. The sample tubes were made of brass, with an outer diameter of 8.7 mm and
a length of 7.6 cre. Sample tubes were loaded with six different desiccant materials. When possible, two
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different batches of each desiccant were used to account for batch-to-batch or lot-to-lot variations caused

by changes during manufacturing. For example, two different batches of microporous silica gel (Davison
grade 40) were tested. The test cells were insulated during the contamination test.

We prepared 10 sampletubes per desiccant for each test cell. Each test cell could hold 100 desiccant

samples, so we prepared 200 desiccant samples for testing in the DCTF. Sample tubes were prepared by
loading 1.6 g of particulate desiccants. Metal screens were placed at both ends of each tube to hold the
desiccant particles in the tubes. The samples were dried with air at 1.5% relative humidity and 100°12.
The desiccant tubes were capped on both ends with plastic caps to prevent ta'aedesiccant from interacting
with the ambient air when not in the test cells. Using a microbalance with a precision of 0.1 mg, we
measured the weight of each tube, the weight of the screens, the weight of the dried desiccants, and the
weight of the plastic caps. A set of 20 desiccant sample tubes was prepared in the same manner as the
virgin baseline for comparison with samples exposed in the ambient and contaminated test cells.

The desiccant sample tubes were installed in the two test cells. The ambient air at the designed flow rate,

humidity, and temperature was sent through the test cells. Cigarette smoke was injected only into the
contaminated test cell. The hot regeneration and warm adsorption airstreams were switched between the

two te.,;t cells at a cycle time of 7.4 min. The experiments were run for 24 hours a day since the start
of the contamination experiment in mid-August 1989 until mid-June 1990. After 0.5, 1, 2, 4, and
10 months, the appropriate sample tubes from each test cell were removed. At each time, about

20 samples were removed from each test cell and replaced with tubes containing glass beads or desiccant
materials. To account for the variation in properties in a single batch of desiccant, we tested two samples
from each desiccant batch each time the samples were removed. Each month of testing in the DCTF is

equivalent to 6 months of field operation, assuming that a desiccant dehumidifier works 8 hours a day for
6 months a year and the concentration of contaminant is the same in the field as in the experiment. We
believe smoke concentration is two to three times the amount found in buildings. Therefore, we expect
each month of testing to be equivalent to 1 year of field operation.

After the samples were removed from the clean and contaminated test cells, their sorption capacity was
measured in the NREL desiccant heat- and mass-transfer facility by using .a gravimetric technique. A set
of the silica gel samples (virgin, ambient, and contaminated) was sent to a commercial laboratory for
internal pore structure analysis. Another set of samples was sent for scanning electron microscopy and
x-ray photoelectron spectroscopy. The contaminants deposited on some of the samples were extracted
using a solvent and analyzed using the gas-chromatography/mass-spectroscopy technique. The results of
these techniques are discussed in detail by Pesaran and Dresler (1990).

The most important property of a desiccant for dehumidification and cooling applications is its ability to
remove water vapor. This is usually quantified in terms of moisture capacity (kg moisture removed/kg

dry desiccan0 as a function of relative humidity; i.e., equilibrium isotherm. The moisture capacity of
a desiccant may change on thermal cycling and exposure to pollutants. Comparisons among the moisture

capacity of virgin, thermally cycled, and contaminated samples were made to quantify degradation effects.
NREL measured the adsorption capacity of virgin, clean, and contaminated desiccant samples it 30.50C
and various relative humidities (14%, 29%, 44%, 58%, and 73%). The desiccant samples that were
removed were installed in the heat- and mass-transfer test facility and exposed to humid air at desired
conditions for about 20 hours. The samples were then removed and capped, and their moisture gain was
measured with a microbalance. The weight of moisture gain divided by the dry weight of desiccant
provided the moisture capacity of the sample.

Typical results of capacity measurements of virgin, clean, and contaminated samples for silica gel (lot #2,
Davison grade 40, MDF88) at 30.50C are given in Figure A-11. From this and similar data for other

88



desiccants, we found that a desiccant may lose 30% to 70% of its sorptive capacity on exposure to
cigarette smoke under worst-case conditions.

Using the obtained degradation data, the impact of desiccant degradation on the performance of a desiccant
cooling cyclewas estimated using a system model (Pesaran, 1990). Depending on the degree of desiccant
degradation, the decrease in thermal COP and cooling capacity of the system was 10% to 35% under
worst-case conditions. It was found that the COP and, to a lesser degree, the cooling capacity of the

degraded systems can be improved by increasing the rotational speed of the dehumidifier. This research
indicated that under more realistic field conditions, desiccant degradation would not be a significant factor

for desiccant cooling technology in commercial and residential HVAC applications.
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Figure A-11. Typical results from desiccant contamination test facility. Moisture capacity of virgin
and exposed silica gel samples at 30.5°C. (Pesaran, 1990) (Note: 1 monthof laboratory
testingshownhere is equivalentto 0.5 to I year of field operation.)
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Bibliography

Introduction

We have conducted a comprehensiveopenliterature search to compile this desiccant coolingbibliography.
The following is a list of major data bases searched and their dates of coverage:

• Engineering Index; 1970-June 1992
• National Technical Information Service; 1964-June 1992
• DOE Energy Data Base; 1974-June 1992
• Dissertation Abstract Online; 1861-June 1992
• Chemical Abstracts; 1967-June 1992.

Additional information about these data bases is given in this section. Some of the older references known
to the authors have been added to the bibliography.

Search Strategy and Results

The searchstrategy consisted of the following terms as they related to cooling, dehumidification, or air
conditioning:

• Desiccants
• Silica gel
• Molecularsieves
• Lithium chloride
• Lithiumbromide
• Adsorption/adsorbents
• Absorption

When possible, the search was limitedto the English language, although nearly ali the data bases have
international coverage.

After each data base was searched according to the above:strategy, the citations found were downloaded
and reformatted using a commercial bibliographical search program called Pro-Cite (from Personal
Bibliographic Software, Inc., P.O. Box 4250, Ann Arbor, Michigan 48106; Tel: 313 996-1580). The
citationswere then editedand reorganizedusing Pro-Citesoftware, and additional citationswere manually
input into the data base. lt is possible that some articles regarding desiccant or absorption cooling were
not cited.

The data base contains about 1340 citations. The breakdown of the citations are as follows: 582 con-
ferenee papers, 350 journal articles, 274 reports, 62 Ph.D. dissertations, 54 patents, and 18 books. Of the
1340 citations, 871 are about desiccant cooling and 533 are about absorption cooling, with about 64
citations common between the two. Two separate computerized data bases and bibliographies for each
topic (Desiccant Cooling and Absorption Cooling) were prepared. Hard copies of these bibliographies are
provided at the end of this report. The data bases (including most of the abstracts) are also available on
floppy disks for access and manipulation by IBM-PC eocapatible computers using the Pro-Cite software.
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Description of Data Bases

The following information is obtainedfrom the pro_4derof each data base.

Engineering Index or COMPENDEX ® PLUS

Coverage: 1970 to June 1992
File Size: 2.5 million records

Updates: Monthly
Provider Engineering Information_ Inc., New York, NY

The COMPENDEX PLUS data base is the machine-readable version of the Engineering Index, which pro-
vides abstracted information from the world's significant engineering and technological literature. The
COMPENDEX PLUS data base provides worldwide coverage of approximately 4,500 journals and selected
government reports and books. Subjects covered include: civil, energy, environmental, geological, bio-
logical engineering; electrical, electronics, and control engineering; chemical, mining, metal, and fuel
engineering; mechanical, automotive, nuclear, and aerospace engineering and computers, robotics, and
industrial robots. In addition to journal literature, over 480,000 records of significant published
proceedings of engineering and technical conferences are included in COMPENDEX PLUS.

National Technical Information Service (NTIS)

Coverage: 1964 to the June 1992
File Size: 1,410,264 records
Updates: Biweekly
Provider: National Technical Information Service (NTIS),

U.S. Department of Commerce, Springfield, VA

The NTIS data base consists of government-sponsored research, development, and engineering plus
analyses prepared by federal agencies, their contractors, or grantees. It is the means through which
unclassified, publicly available, unlimited distribution reports are made available for sale from agencies
such as NASA, DOC, DOE, HUD, DOT, Department of Commerce, and some 240 other agencies. In
addition, some state and local government agencies now contribute their reports to the data base.

Truly multidisciplinary, this data base covers a wide spectrum of subjects including administration and
management, agriculture and food, behavior and society, building, business and economics, chemistry, civil
engineering, energy, health planning, library and information science, materials science, medicine and
biology, military science, transportetion, and much more.

DOE Energy Data Base (DOE Energy)

Coverage: 1974 to June 1992
File Size: 2,278,215 records

Updates: Biweekly
Provider: U.S. Department of Energy, Washington, DC

DOE ENERGY, the data base of the U.S. Department of Energy, is one of the world's largest sources of
literature references on ali aspects of energy and related topics. DOE ENERGY provides coverage of jour-
nal articles, report literature,conferencepapers, books, patents, dissertations, and translations. The
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following energy topics areincluded: nuclear, wind, fossil, geothermal,tidal, andsolar. Relatedtopics
such as environment,energy policy, and conservationare also included.

Use of this data base is restrictedto the United States, Canada, the United Kingdom and Northern Ireland,
France, Italy, Japan, Spain, The Netherlands, Norway, Finland, Denmark, and Sweden.

Dissertation Abstracts Online

Coverage: 1861 to June 1992
File Size: 1,043,613 records
Updates: Monthly
Provider: University Microfilms International, Ann Arbor, MI

DISSERTATION ABSTRACTS ONLINE is a definitive subject, floe, and author guide to virtually every
American dissertation accepted at an accredited institution since 1861, when academic doctoral degrees
were first granted in the United States. In addition, citations for thousands of Canadian dissertations and
an increasing number of papers accepted abroad are included in the data base. Professional and honorary
degrees are not included. Ali subject areas are covered. Abstracts are included for a large majority of
the degrees g_.'antedafter January 1980. British and European dissertations are included in the data base
from January 1988 forward. In addition, the data base includes the Masters Abstracts data base from
Spring 1988 to the present.

Chemical Abstracts

Coverage: 1967 to June 1992
File Size: 8.94 million records
Updates: Biweekly
Provider: Chemical Abstracts Service

Chemical Abstracts covers ali areas of chemistry and chemical engineering. Chemical Abstracts contains
over 8 million records for documents reported in printed Chemical Abstracts from 1967 to the present.
Sources include journals, patents, technical reports, books, conference proceedings, and dissertations from,
ali areas of chemistry and chemical engineering worldwide. Bibliographic terms and indexing terms are
searchable. Over 87% of the records in the English-language data base also contain abstracts, the text of
which is searchable.
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