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Preface

Desiccant cooling and dehumidification technology is gaining 
acceptance as an option for air-conditioning buildings. Over the 
last few years, significant advances have been made in desiccant 
cooling and dehumidification in the private and public sectors. 
Market penetration of desiccant systems in the past has been 
limited to unique applications.

This workshop was an open forum for discussing these unique and 
potential applications. Workshop participants discussed the state 
of the art of desiccant materials, components, systems, and appli­
cations, both theoretically and experimentally. This document is 
a compilation of the papers presented in the workshop sessions.
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Advances in Open-Cycle Solid Desiccant Cooling

Terry R. Penney 
Ian Maclaine-cross

Solar Energy Research Institute 
1617 Cole Boulevard 

Golden, Colorado 80401
ABSTRACT

Of the solar cooling options available open cycle 
solid desiccant cooling looks very promising. A 
brief review of the experimental and analytical 
efforts to date shows that within the last 10 
years thermal performance has doubled. Research 
centers have been developed to explore new 
materials and geometry options to improve and 
validate mathematical models that can be used by 
design engineers to develop new product lines. 
Typical results from the Solar Energy Research 
Institute's (SERI) Desiccant Cooling Research 
Program are shown. Innovative ideas for new 
cycles and spinoff benefits provide incentives to 
continue research in this promising field.

INTRODUCTION

One function of buildings is to maintain 
comfortable temperatures and humidity. Reducing 
the nonrenewable energy required to achieve this 
is a major national goal. In summer, 
infiltration, ventilation, solar gains, building 
envelope conduction, internal heat and moisture 
generated by the occupants, and equipment raise 
the temperature and humidity of the conditioned 
space. Better equipment; building design; and 
insulation, sealing, and ventilation systems can 
reduce but not eliminate five of these heat 
loads. The heat and moisture generated by 
occupants depend on building function and cannot 
be significantly altered [1]. A cooling system 
with reduced energy consumption, especially one 
using renewable energy that can be nationally 
marketed and retrofitted to existing building 
stock, is an extremely attractive alternative to 
the consumer and utility and the industry that 
supplies and installs the product.

Conventional vapor compression systems using 
electricity have reached their limits after sixty 
years of research and development. The cost of 
electricity Increases at a rate depending on 
supply and demand. New cooling systems using 
renewable energy sources directly are being 
developed when the economics show a favorable 
rate of return. This paper focuses on cooling 
options using the renewable energy sources 
available nationally, which are direct solar and 
a type of indirect solar, the energy of the 
unsaturated atmosphere.

requires energy only to move the water and air. 
Closed systems may be combined with open systems 
to take advantage of this. The performance of 
open systems is reduced in humid areas unless 
dehumidification is used. A solar collector will 
deliver more heat at low temperatures because 
heat losses are less [2,3.]. These facts lead us 
to choose open cycles using dehumidification with 
low temperature heat as promising options for a 
national renewable energy cooling system.

A nationally marketed and retrofitted system 
ideally needs to be compact and have low cost and 
maintenance with high performance and 
reliability. High performance may be achieved if 
the system approaches the limits set by the 
second law of thermodynamics. This requires that 
all heat transfer should be across small 
temperature differences and all mass transfers 
across small concentration differences. Of 
commercial dehumidifiers only the adiabatic 
regenerative dehumidifier does this.

The design of regenerative dehumidifiers is 
complicated by the mass transfer resistance and 
poor mechanical and manufacturing properties of 
available desiccants. New materials, geometries, 
and manufacturing techniques are capable of 
reducing size, cost, and maintenance while 
increasing the performance and reliability of 
regenerative dehumidifiers. An improved 
adiabatic regenerative dehumidifier will 
facilitate national marketing and retrofitting of 
desiccant open cooling systems.

Open-cycle desiccant systems using adiabatic 
regenerative dehumidifiers have been referred to 
as adiabatic desiccant open cooling (ADOC) 
systems. The Solar Energy Research Institute' 
(SERI) for the Department of Energy's (DOE) 
Active Heat and Cooling Program has been pursuing 
basic research and development in the area of 
solid desiccant solar cooling as one 
alternative. This paper briefly describes the 
development of this technology to its current 
state and work currently in progress at SERI and 
elsewhere. The likely future trends and 
opportunities, however, are of greatest interest 
and are consistent with DOE's long-term goals for 
renewable energy cooling. Near-term applications 
for conservation are presented to show how 
desiccant cooling is practical now, and spinoffs 
to other technologies are imminent.

These energy sources Impose constraints on the 
candidate systems. Closed cooling systems in 
which the refrigerant does not contact the 
atmosphere can not use the energy of the 
unsaturated atmosphere. Open systems evaporating 
water into the atmosphere as a refrigerant use 
this energy source and use less direct solar 
energy; e.g., the simple evaporative cooler

A SHORT HISTORY OF THE TECHNOLOGY

The simple evaportive cooler is the oldest open- 
cycle cooling system. During the 1930s, it was 
developed to the form that is still widely 
marketed today [4]. The small amount of energy 
it consumes for fans and pumps can be reduced

1



considerably by applying modern knowledge of heat 
and mass transfer and fluid mechanics [5]. 
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 these simple 
evaporative coolers of the 1930s [4]. Later, 
however, they did not compete economically with 
conventional vapor compression or simple 
evaporative coolers. The large size of the metal 
plate heat exchangers was an important 
disadvantage. More compact and economical heat 
exchangers for these coolers have been developed 
and marketed [5,6,7] with further improvements 
possible [8,9,10]. Indirect and regenerative 
evaporative coolers cool down to the dew point 
temperature, which, being less than the wet bulb 
temperature, gives them a broader climatic range 
than the simple evaporative coolers. This range 
does not extend to humid climates.

Pennington [11] solved the problem of limited 
climatic range of open cooling systems. He 
saturated a rotary heat exchanger matrix with a 
desiccant solution making an adiabatic 
regenerative dehumidifier. He coupled this 
dehumidifier with a heat source to a double 
regenerative evaporative cooler (Figs. 1 and 
2). 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 air 
stream during winter heating.

Hunters [12] Improved Pennington's regenerative 
dehumidifier by introducing parallel passages. 
Regenerative dehumidifiers for drying conditioned 
spaces are commercially available from a number 
of suppliers [13]. Total heat or enthalpy 
regenerators for building exhaust air to fresh 
air energy recovery are also available [13].

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 [14]. Solar 
energy prototypes were built in the late 1970s by 
IGT [15], AiResearch Manufacturing Company [16] 
and Exxon Research and Engineering Company 
[17], By 1981 thermal coefficients of 
performance (COP) (ratio of cooling energy 
delivered to heat energy supplied) over 0.5 had 
been achieved experimentally at ARI standard test 
conditions.

The early IGT effort was hampered by the lack of 
a satisfactory analytical method for predicting 
the performance of regenerative dehumidifiers. 
The available methods [18,19,20] 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.

Ounkle [21], in response to a request from the 
Australian mining industry, had independently of 
Pennington [11] developed a proposal for an A00C 
cycle. A compact, spirally wound, parallel-plate 
heat exchanger was developed [5]. Johnston [22] 
used the results of tests on packed beds of 
silica gel beads to predict the performance of 
Ounkle's cycle. The predictions were 
disappointingly low, and Dunkle's group realized 
that the regenerative dehumidifier needed to be 
understood before A00C 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, and combined specific capacity 
ratios, analogous to specific heat ratios, in 
terms of which combined heat and mass transfer 
can be described [23]. 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 [24] 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 
understandable and has subsequently been 
simplified for rapid calculation by Jurinak [25].

Nelson et al. [26] 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 ge! 
separated by uniform air passages. Their 
predicted performance was much better than 
previously measured for ADOC cycle performance.

Maclaine-cross [27] included the effect of a 
Lewis number other than unity in the analogy 
theory and found good agreement with a accurate 
finite difference solution of the partial 
differential equations. This finite difference 
algorithm was based on detailed numerical 
analysis and extrapolation to zero grid size 
using three carefully chosen grid sizes. His 
program, M0SHMX, [27] has been widely used by 
subsequent investigators.

Jurinak and Mitchell [28] used M0SHMX 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 type I vapor 
pressure Isotherm shape, characteristic of 
microporous silica gel desiccant. They concluded 
that commercially available microporous silica 
gels were attractive materials for dehumidifier 
construction.

Jurinak [25] 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
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slightly. However, it reduces specific capacity 
greatly, which increases capital costs. Minimum 
life cycle cost requires a minimum desiccant 
matrix heat capacity. Jurinak and Mitchell [29] 
recently used MOSHMX 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.

Effective Lewis numbers measured on packed beds 
of silica gel spheres have been between 3 and 30, 
indicating excessive mass transfer resistance 
[30, 31]. Mass transfer resistance of silica gel 
has been investigated at UCLA [32,33]. SERI has 
fabricated and tested parallel plate matrices of 
desiccant-coated polyester films [34]. The 
smaller particle size used by SERI greatly 
reduces the mass transfer resistance, and the 
dehumidifier approximates the Nelson et al. [26] 
proposal previously discussed.

A thermal COP of 1.1 was predicted at standard 
test conditions for ventilation cycles using this 
dehumidifier [35,36]. This makes a gas-fired 
ventilation cycle competitive in energy 
consumption with electric vapor 
compression [36,37], However, higher COP and 
reduced capital costs are necessary for a solar 
energy ■ cooling system to compete with 
conventional alternatives. The application of 
ADOC cycle components to energy conservation .in 
building cooling has been proposed and 
investigated. Some applications are currently 
commercial, and others are so promising they 
deserve mention. By encouraging the manufacture 
and improvement of ADOC cycle components, the 
applications in the following two paragraphs are 
contributing to the development- of a national 
renewable energy cooling system.

Vapor compression systems dehumidify 
inefficiently, and adiabatic regenerative 
dehumidifiers dehumidify more efficiently. 
Combining the two into a hybrid cycle with the 
condenser providing most of the regeneration heat 
(Fig. 3) gives substantial overall energy 
conservation [38,39,40,41], For supermarkets 
with open refrigerated cabinets hybrid cycles are 
economical today using commercially available 
dehumidifiers [42],

Fresh air Introduced into office buildings adds 
substantially to the cooling loads. The sensible 
load may be reduced or cooling may be extracted 
by using an evaporative cooler in the exhaust air 
stream before a rotary heat exchanger by 
exchanging with the fresh air [9,10] (Fig. 3). 
The rotary heat exchanger will work as an 
enthalpy exchanger [43,44] whenever the outside 
air is humid. When the outside air is dry, the 
evaporative cooler and heat exchanger work 
together as a regenerative evaporative cooler, 
substantially reducing energy consumption.

Recent theoretical research into advanced ADOC 
cycles has shown the possibility of substantially 
higher thermal COPs. Maclaine-cross and 
Banks [8] 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. [45] calculated the thermal COP for a 
thermodynamically reversible ventilation cycle at 
standard test conditions as 4.66. Maclaine-cross 
[46] has proposed an ideal ADOC cycle requiring 
no thermal energy (i.e., infinite COP) at 
standard test conditions.

Reduction of collector cost improves the 
economics of a renewable energy cooling system in 
a similar fashion to increasing thermal COP. 
Solar collector costs will be reduced by 
economies of scale as solar heating expands. 
Recent research [47,48] into collector materials, 
manufacturing methods and concepts has shown 
considerable promise of reducing costs further.

A renewable energy cooling system can follow 
various development paths. Fundamental work on 
solid desiccant dehumidifiers shows immediate 
promise for advanced ADOC cycles unexplored to 
date.

THE CURRENT NATIONAL EFFORT ON DESICCANT COOLING

Several organizations (private, utility, and 
federal sectors) have been working on various 
desiccant cooling, integrated HVAC options (Fig. 
4). Each organization has its own development 
strategy, depending upon its product line, 
principal interest, or long-term mission 
statement. It is beyond the scope of this paper 
to be comprehensive and knowledgeable about all 
of the research activities in the field of 
desiccants; however, we do briefly mention the 
publicly available larger efforts with special 
attention to the work funded by the Department of 
Energy.

The Gas Research Institute (GRI) is conducting 
one of the larger gas-fired cooling research 
efforts. GRI's strategy [49] 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/cooling program 
includes both near- and mid-term projects. All 
hardware development projects currently Involve 
HVAC manufacturers on a cost-shared basis. GRI 
feels 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 fbr 
supermarkets, which are an ideal early market 
application because of the high latent-sensible 
load ratio. The technology will then 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 commercial 
applications in the 2- to 20-ton size range. Two 
parallel development projects are in place, each 
involving a major HVAC manufacturer, for 
designing and fabricating laboratory prototype 
units. Aside from these larger hardware 
projects, GRI has funded SERI to investigate the 
use of enhanced geometries to promote the rate of 
mass transfer [50]. This work just started in 
February 1985.

American Solar King Corporation, committed to 
near-term commercialization of a solar 
regenerated desiccant cooling system, has 
Introduced the first residential solar desiccant 
cooling unit, which is intended to directly 
compete [51] with electric vapor compression 
units. The Solar King desiccant system, called 
the Sunaire, is packaged with eight, 4x8 
collectors and a storage tank with backup heating 
devices. The company thinks it can meet its 
target cost of $10,000 with an annual sale of 
10,000 units, which is estimated to be only 0.7% 
of the market penetration for air conditioning. 
Field testing at eight sites, mostly in the 
southern, part of the United States, has given 
Solar King the confidence in the systems 
mechanical reliability. Solar King places a high 
priority on reliability for their system, which 
has been designed to be cost-effective on a life 
cycle basis. This was only achieved after 
careful engineering tradeoffs without 
compromising the mechanical integrity of the 
system.

The Federal Government in the list few years has 
restructured its role to only fund long-term, 
high risk research and development that will not 
be pursued by the private sector under normal 
incentives. Hence, the current DOE solar 
desiccant cooling projects are limited to 
developing high performance, low cost desiccants 
and other system component materials; researching 
heat and mass transfer phenomena in absorbent and 
adsorbent geometries; and analyzing advanced 
desiccant cooling system concepts as a mechanism 
for quantifying the Impact of material and 
component progress. A conscious effort is being 
made to leave engineering development to the 
private sector, which is investing their own 
resources to commercialize the technology.

A fundamental research aim in materials and 
sorption kinetics is to develop predictive 
analytical models that are improved by validation 
with experimental data. In some cases defining 
properties for existing desiccant materials in 
the range applicable for cooling can provide 
accurate quantitative data to Industry that Is 
Immediately beneficial.

SERI has the federally funded national lead In 
solar regenerated solid desiccant cooling 
research. A five-year plan with associated long­
term technical and programmatic goals consistent 
with this current philosophy has been developed 
by Zangrando [52]. Researchers at SERI have

focused primarily on material and heat and mass 
transfer issues. The Argonne National Laboratory 
(ANL) is concentrating on advanced material 
options. The University of Wisconsin is 
supporting both ANL and SERI through systems 
analysis activities. The Florida Solar Energy 
Center (FSEC) has recently started looking at 
novel cooling concepts. Professor Lavan at 
Illinois Institute of Technology (IIT) is 
investigating cooling concepts with regard to 
second law thermodynamic analysis. Each element 
of this integrated national team effort is 
discussed later. A simplified flowchart of 
current experimental and analytical activities 
(Fig. 5) shows this interaction.

CURRENT MATERIALS RESEARCH ACTIVITIES

The cost-effective deployment of many new 
renewable energy conversion technologies is 
currently limited by the durability and life 
cycle cost of the materials used. Research on 
desiccant materials and degradation studies of 
their sorption performance are greatly needed. 
Fundamental materials research includes efforts 
to understand and quantify the degradation 
processes of common desiccants and to provide new 
material options for Improving the sorption 
kinetics and, thus, the mass transfer in solid 
desiccant geometries. The idea! goal is to 
Identify a cost-effective material with optimal 
performance in the temperature range unique to a 
solar regenerated desiccant dehumidifier. The 
Important parameters for the solid desiccant 
material would include the sorption capacity, the 
heat of sorption, the rate of sorption at or near 
the desiccant bed temperature, the rate of vapor 
evolution at an elevated temperature, and the 
cyclic repeatability of the sorption amount and 
rates.

From sorption isotherms the binding energy can be 
determined and used to calculate the rate of 
desorption from the surface. The rate of 
diffusion through the porous material can be 
calculated and in principle, the rate of 
evolution from the solid can be determined and 
compared with experimental results. Although 
considerable sorption data are available In the 
literature for candidate desiccant adsorbent 
materials, these data have not been analytically 
scrutinized to determine what maximum rates of 
water vapor evolution are possible at very low 
driving potentials. Recently, GRI l,et a contract 
to Collier at ENERSCOPE, Inc. to study the effect 
of adsorption Isotherm shape on cooling system 
performance. The results of this work are 
specifically aimed at developing a new desiccant 
material for use in gas-fired cooling machines.

We know that sorption rates will be reduced by 
pore volume diffusion and intraparticle diffusion 
in various geometries. Recent papers by Pesaran 
and others have attempted to validate analytical 
models of this process from experiments on solid 
desiccants. Previous work has focused on 
conventional volumetric and scanning electron 
microscopic (SEH) techniques to provide a limited 
understanding of the fundamental sorption



processes. To understand the molecular processes 
for water-solid adsorbent desiccant systems, 
Czanderna at SERI is combining the use of a 
quartz crystal microbalance [53], infrared and 
surface spectroscopies to correlate rates and 
amount sorbed with the chemical bonds formed 
(related to the heats of adsorption), and surface 
composition (effects of chemical 
modifielation). Any changes in the amount sorbed 
and rate of sorption should result from a change 
in the bonding at the surface (infrared).

The experimental data are not sufficiently 
available for assessing the potential of 
polymeric materials designed and used as 
desiccants. The objectives of this research have 
been developed from the obvious unexplored 
opportunities for providing scientific 
understanding and information about candidate 
water-desiccant materials and rationale for 
modifications of the adsorbents that might be 
necessary.

Researchers at SERI, collaborating with Argonne 
National Laboratory (ANL), are assessing the use 
of desiccants in candidate devices. They are 
concerned with the form of the desiccant 
materials; quantification of performance of 
fundamental geometries with desiccants attached, 
including total .desiccant geometries, vapor 
flows, and heat and mass exchange characteristics 
in these geometries; sorption hysteresis; and 
desiccant material contamination/degradation 
effects. Recent quantitative results (Fig. 6) 
show how the materials capacity changes with time 
using field samples of silica gel regenerated by 
gas and electric sources. Specifically, the ANL 
work is concerned with securing isotherms for 
water on nonconventional desiccants, such as 
manganese oxides; analyzing for surface area and 
pore size distribution; separating Interparticle 
and intraparticle diffusion processes; and 
studying new material combinations with a low 
heat of adsorption and less diffusional 
resistance.

Regular density silica gel is the preferred 
desiccant for solar application by universities 
and industry, yet there is considerable scatter 
(+15%) in the equilibrium Isotherm data published 
in the literature. The SERI sorption test 
facility (Fig. 7) was used by Pesaran and 
Zangrando [54] and Zangrando et al. [55] to 
quantify and refine the equilibrium properties of 
regular density silica gel, molecular sieve, and 
one form of manganese dioxide under temperature 
and humidity conditions typical of those 
occurring in solar desiccant cooling system 
operations. Typical results from that work are 
shown in Figure 8.

HEAT AND MASS TRANSFER RESEARCH

The SERI sorption test facility was also used to 
generate mass transfer rate data under Isothermal 
conditions for a packed bed geometry and a single 
channel of parallel passage configuration [54]. 
The mass transfer rate data were obtained by 
monitoring the outlet water vapor concentration

as a function of time after a step change in the 
inlet water vapor concentration to the 
desiccant. This set-up provided initial 
isothermal data for comparison with mass transfer 
models of simple geometries. This flow of 
information from a facility output to a model 
validation path is shown on Fig. 5.

Another facility at SERI, called the single blow 
test facility (see Fig. 9), provides heat and 
mass transfer rate data under adiabatic 
conditions, which are more realistic of practical 
dehumidifier operations in a static (nonrotating) 
mode. The first geometry considered for 
commercial desiccant dehumidifiers was a packed 
bed. Kutscher and Barlow [31] found that the 
packed bed provided low heat-transfer-to- 
pressure-drop ratios (St/f = 0.05) and was
economically unattractive for use in solar 
desiccant cooling applications. Further testing 
by Barlow and Schlepp [34] indicated that the 
parallel passage geometry generated a larger 
heat-transfer-to-pressure-drop ratio (St/f
0.49). Typical experimental results from a 
prallel passage geometry in a single blow
operation is shown in Fig. 10.

Since performance is not the only relevant 
parameter for a cost-effective desiccant system, 
other configurations, such as honeycombs, air- 
side enhanced geometries, solid desiccant 
impregnated surfaces, extrudable polymeric 
geometries, etc., are all providing incentives to 
various industrial suppliers, which further 
enhances the opportunity for near-term industrial 
marketability. These configurations are being 
tested in the single-blow test facility to 
investigate their performance under conditions 
typical of solar air conditioning.

These trade-offs (between cost, performance, and 
reliability) are best answered by the private 
sector who then completes the engineering design 
and product development for satisfactory 
residential and commercial applications. The 
basic analytical tools developed and validated by 
the research groups can be used by industry to 
encourage critical technical review of new 
options extrapolating to other physically similar 
geometries and processes.

Van Leersum and Close [30] showed that the 
dynamic rotating behavior of desiccants in the 
adsorption/desorption cycle can significantly 
affect the performance of a dehumidifier. To 
characterize this dynamic behavior SERI 
constructed a cyclic test facility (see Fig. 12) 
[56] to characterize the performance of 
desiccants on geometries in cyclic operation at 
conditions typical of those that would occur in a 
solar regenerated desiccant cooling system.

Unvalidated analytical dehumidifier models 
predict optimum ventilation cycle performance for 
a flow ratio (regeneration to process air flow 
rate) near 0.8. Testing is currently being 
performed for a range of 0.6 - 1.0 for parametric 
study and to verifiy this prediction. Rotation 
speed can have a 10% to 15% effect on 
performance. SERI's present test matrix calls

5



for a wide range of speeds. Low speeds will 
allow us to check the equilibrium properties used 
in the math model, while high speeds will allow 
us to check the effective Lewis number 
(importance of solid-side diffusional resistance 
to gas-side mass transfer).

In the recirculation cycle process inlet 
conditions are cooler and somewhat drier than in 
the ventilation cycle. The regeneration humidity 
ratio is significantly higher, which is 
typical. Model predictions of optimum flow 
ratios near 0.6 show the effect of these 
changes. Purging the hot, wet wave of air from 
the dehumidifier can have a 8% to 12S effect on 
performance. A range of purge angles will be 
tested and the model predictions verified.

The typical examples cited, although 
concentrating on steady-state results, will be 
taken so as to produce useful transient data. 
Figure 13 shows data taken on a typical 
dehumidifier geometry. Notice how there is a 
direct relationship between the rotational speed 
and transient response. Steady-state values are 
reached after fifty (50) minutes of testing on 
this particular device.

Validation of steady-state models is of first 
Importance because of its usefulness in system 
simulations, numerical investigations of design 
variation, and in providing feedback to materials 
and transfer coefficient research. However, 
accurate transient models are important to more 
accurately determine "real" system performance 
and in developing efficient system control 
strategies. Once again, validated theoretical 
models are Intended to provide industry with 
tools to design desiccant dehumidifiers with 
improved confidence.

SYSTEMS ANALYSIS ACTIVITIES

As shown in Fig. 6, all of the experimental data 
is reduced in a form suitable to validate 
property, heat and mass transfer, and component 
and system models. It is at the system modeling 
level that fundamental research directions can be 
parametrically analyzed.

The University of Wisconsin has utilized the 
general system analysis computer code, TRANSYS, 
to provide more credible estimates of the impact 
on performance by changing various material, 
component, and system parameters. To the degree 
of uncertainty by which we can model the physical 
processes in a desiccant cooling system, this 
type of analysis can set performance goals for 
the material and components that reduce the gap 
between conventional technologies and the 
alternatives. For example, the payoff to develop 
a new material with a certain isotherm shape can 
be assessed with respect to overall system 
performance, size reduction, parasitic power 
requirements, and so on. These tradeoffs can 
show where the greatest sensitivities are, and 
hence, define new challenges for the research 
community. Without this feedback it would be 
unclear and hard to defend research 
opportunities.

Systems analysis efforts also provide the 
opportunity to look at creative ideas, such as
hybrid (dehumidification coupled to vapor 
compression) cooling options or entirely new 
concepts.

The Florida Solar Energy Center (FSEC) [57] under 
funding from DOE is investigating a novel cooling 
concept (Fig. 14) that couples a desiccant
dehumidification technique with a night-sky 
cooling concept. Night-sky cooling works 
efficiently where buildings can radiate daytime 
generated heat to the night sky. To do this, the 
temperature difference between the building 
surface (usually the roof) and the clear, deep 
night sky must be as great as possible. This is 
a cooling technique that works well in the 
southwest, where air temperatures and solar heat 
loads are high during the day and where the night 
sky is very clear and cold.

In places like Florida nighttime air is quite
humid, and the sky temperature is generally much 
closer to that of the buildings roof surface.
Researchers at FSEC state that the humid air acts 
as a blanket between the roof surface and night 
sky, preventing the roof from radiating heat 
efficiently to deep space. To overcome the 
effects of humidity and small temperature 
differences the roof surface temperature would 
have to be raised to achieve significant cooling 
potential.

FSEC's concept uses a desiccant material to 
adsorb moisture from the air to drive up the 
temperature of a metal roof radiator. 
Conceptually, they feel a building would be 
designed structually with well-insulated concrete 
block walls with internal cores as the cooling 
ducts. During the day, the massive walls would 
store internally generated heat and moisture from 
the building. At night air would be forced 
through the ducts carrying the stored heat and 
moisture to the roof plenum (attic). Within this 
space, a thin bed of silica gel would adsorb this 
moisture from the humid air. During the day, the 
roof would transfer solar radiation to the room 
plenum and dry the silica gel for the next 
night's cycle of adsorption. The moisture from 
the silica gel would be carried away by an air 
current between the metal roof and the desiccant 
bed. A radiant barrier under the silica bed 
would prevent radiant heat from crossing the 
attic and penetrating into the building itself. 
FSEC is analyzing this concept to see if the 
system is technically feasible.

PROJECTIONS FOR THE FUTURE

There are several promising outlooks for 
desiccant cooling applications in the future. 
GRI development projects are expected to yield 5- 
to 20-ton gas regenerated desiccant cooling 
systems with thermal COPs at an ARI design 
condition of over 1.1. On a seasonal basis 
thermal COPs of 2.0 or higher will be achieved by 
using of the evaporative cooling feature at less 
humid, off-design conditions. An EER of 35 or 
higher (0.34 kW/ton) for electric parasitic power
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requirements of fans, pumps, and wheel motors is 
projected.

GRI's cooling system package is projected to be 
larger than the equivalent capacity electric 
vapor compression units. The installed costs of 
these systems are also projected to be higher 
than the electric vapor compression alternative, 
but if the project goals are met, it should 
provide attractive payback periods of under three 
years, depending on climate and local energy 
prices.

The first gas regenerated desiccant cooling 
systems introduced to the marketplace will be 
light commercial units of 5 to 10 tons. These 
should be commercially available June 1988. 
Field tests of several prototypes will be carried 
out during the summer of 1986.

The substantial progress over the past 20 years 
in developing adiabatic desiccant open cooling 
(ADOC) cycles, as reviewed in this paper, can be 
measured by the Increases in thermal COP with the
time shown in Fig. 15. The state of the art is a
thermal COP of 
conditions.

1.0 at ARI standard test

SERI's planned research in materials and
component heat and mass transfer will raise the 
thermal COP to 1.3 by 1990 while enabling 
manufacturers to reduce costs and increase market 
penetration (Table 1) [49]. After 1990, emphasis 
will shift from the dehumidifier to other 
components and from the classical ventilation 
cycle to new cycles currently the subject of 
academic debate [44,57]. This will enable the 
target [49] of a thermal COP over 2.0 to be 
achieved for an ADOC cycle by the year 2000. The 
ratio of gas to solar collector cost is expected 
to have Increased to a level at which more than 
half the thermal energy will be solar.

CONCLUSIONS

The feasibility of a solar desiccant cooling 
system is here today. Many choices and 
compromises must be made to arrive at an 
acceptable system design. One design team may be 
excited by a new material breakthrough, while 
another team could be satisfied with existing 
materials but Interested in increasing mass 
transfer to reduce dehumidifier size. Others, 
whose product line may be evaporative coolers, 
could be inspired by a promising new cycle using 
their product and would use existing technology 
to accomplish the dehumidification. With these 
conflicting requirements SERI's facilities are 
generic to most of these concerns. The research 
is performed on a logical path with experimental 
data providing input to validate math models 
intended for industry to use as engineering 
design tools.

Research goals based on an objective analysis of 
the material, component, and system's ideal 
limits provide the rational behind DOE's Cooling 
Program. As technology transfers are made from 
the basic research community to industry, further

market penetration by renewables is Imminent. 
Going from a research stage to a product line 
involves risk. The private sector knows that 
both the industrial and residential consumer will 
ultimately make their decision based primarily 
upon the cost-effectiveness of the product or 
system. Successful businesses know when to take 
this risk.
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ENERGY STORAGE AND HEAT PUMPING WITH LIQUID DESICCANTS

H. Robison 
CCC/USC Energy Lab 
Conway, SC 29526 USA

ABSTRACT

Coastal Energy Laboratory has designed and 
constructed a second-generation liquid desic­
cant/vapor compressor hybrid air conditioner 
and energy storage system based upon two-and- 
one-half years' experience with a desiccant 
heat pump in the CCC/USC Energy Lab research 
house. Unlike the original desiccant heat 

. pump, which uses a shallow well as a heat sink 
and source and is thus limited to regions where 
surface water is available, the new desiccant 
air conditioner has no such restriction; it can 
discharge heat to the outside air. The unique 
energy storage capability of the liquid desic­
cant allows dehumidification and cooling at any 
time of day or night without simultaneous oper­
ation of the electrically powered vapor com­
pressor.

LIQUID DESICCANT HEAT PUMP

A liquid desiccant heat pump that can heat, 
cool, humidify, and dehumidify, as well as heat 
domestic water, has been designed, developed, 
and tested over a six-year period. The desic­
cant heat pump (DHP) requires no compressor, no 
gas-fired generator, no condenser or evaporator 
coils, no expansion valve, no vacuum or pres­
sure systems, no large insulated energy stor­
age, and no freon. The process air stream is 
the energy transfer medium. Water is the 
refrigerant. During the cooling cycle, the 
device uses a salt solution made from water and 
calcium chloride to cool the process air to a 
temperature lower than that of a shallow-well 
heat sink. During the heating cycle, the con­
centrated salt solution is used to achieve a 
process air temperature higher than that of the 
shallow-well heat source. Triethylene glycol, 
calcium chloride, and mixtures-of calcium chlo­
ride and lithium chloride have all been tested 
as absorbers in the machine. Solar energy, 
waste heat, and off-peak- electricity have been 
used to reconcentrate the desiccant solution so 
that it can be used again. References (1-4) 
describe the design and development phase of 
the research program.

Successful operation of the DHP in the CCC/USC 
Energy Laboratory research house has demon­
strated that a heating cycle utilizing the heat 
of sorption of a concentrated desiccant solu­
tion could be added to a desiccant cooling

W. Griffiths 
Kathabar Division 
Midland-Ross Corporation 
New Brunswick, NJ 08903 USA

system, thus creating an open-cycle liquid- 
dcsicccr.t heat pump. See figure 1.

The calcium chloride liquid desiccant was shown 
to possess a unique capability: the ability to 
store energy — not as sensible heat but as 
chemical potential energy — in an uninsulated 
storage tank with a volume that is an order of 
magnitude smaller than the uninsulated volumes 
needed for water or rock-bed storage systems. 
The spent absorbent solution discharged from 
the heat pump was reconcentrated in a simple, 
inexpensive, roof-top solar-collector/reconcen— 
trator.

During the first year of operation, the heat 
pump heated, cooled, and provided humidity 
control for the 2800 ft^ (260 m^) research 
house. No back-up equipment was installed.
None was needed. References (5-9) describe 
two-and-one-half years of heat pump operating 
experience in the research house.

DAILY AND SEASONAL PEAK ELECTRICAL LOAD

In many southern states, the summer electrical 
load is significantly influenced by the use of 
electrically powered air conditioners. See 
figure 2. The energy required to operate air 
conditioners creates a daily late-afternoon 
peak load, and these electrical demand curves 
reach even higher peaks during the hottest 
simmer days. The electrical energy used to 
drive vapor compression cooling units that 
create the daily summer electrical peak loads 
is discharged as waste heat from the systems' 
condensers to the outside air. Additionally, 
the heat that, is pumped from the building is 
also discharged as waste heat. If this waste 
heat were recovered and used to cool the build­
ing during the hours of peak demand, a substan­
tial leveling effect on the electrical demand 
curve could be accomplished.

This reduction of the peak electrical demand 
would make it unnecessary for many utilities to 
build additional facilities.

'l

15



0.3 I* )

(0.6 l."1)

(0.6 1**^)

CEL*CHeaP

'UOUIO DCSICCANT HEAT fUMf 
OK ‘

OfEN CYCLE CHEMICAL 
HEAT FUMf 

fOWIKIO 1Y ANY 
LOW GRADE ENERGY EOURCE
• EOLAR ENERGY 

.•OFMEAK ELECTRICITY
• VAFOR COMFREtSOR WAITE MEAT

.Flo NEED FOR THESE COMPONENTS 
USUALLY FOUND IN HEAT PUMPS 

COMPRESSOR 
CONDENSER COIL' . 
EVAPORATOR COIL 
FREON
VACUUM SYSTEM 
PRESSURE SYSTEM 
CAS’FIREO GENERATOR

ENERGY STORAGE 
AS

CHEMICAL POTENTIAL ENERGY 
(100 CXL OF CONCENTRATED SOLUTION) 
(1136 1)

TVYO METHODS 
BRINE RECONCENTRATION 

• DIRECT BRINE RECONCENTRATION IN •
ROOFTOP SOLAR COLLECTOR/CONCENTRATOR

« BRINE HEATED IN EPDM SOLAR COLLECTORS AND 
RECONCENTRATED IN PACKED COLUMN STRIPPER '

Ftgur* 1. Liquid Otilccant Hut Pimp

CtedfqC powr U used Jh« 
mesl in the hsrt 
months and tho coid. dark 
winter .months. The s?s! Jnet 

. ops *r^ downs are ezty to 
' Me in this craph of avtrag* 

sines last Mey.

40. JL

MJJAiONSJFMA
ta ■ sss-

Figure 2 Seasonal Electric Load

SECOND-GENERATION ENERGY STORAGE/COOLING SYSTEM

Using operational data from research conducted 
by both the Katjiabar Division of Midland-Ross 
Corporation and the CCC/USC Energy Laboratory, 
Coastal Energy Laboratory has designed and 
constructed a second-generation liquid desic­
cant/vapor compressor hybrid air conditioner 
and energy storage system suitable for electri­
cal load management. Unlike the original liq­
uid desiccant heat pump, which uses a shallow 
well -for a heat sink and source and thus is 

■ limited to regions where surface water is 
available, the.new hybrid air conditioner has 
no such restrictions; it can discharge heat to 
the outside air.

The second-generation desiccant air conditioner 
(DAC) was designed to operate in a student 
activities building at Louisiana State Univer­
sity. During periods of peak demand, the air 
conditioner is driven by a salt brine that has 
been concentrated by waste heat from a five-ton 
vapor compressor cooling system, which operate's 

' only during non-peak-demand periods. The waste 
heat.recovered as chemical energy in the form 
of a concentrated brine is stored for later use 
in a small uninsulated tank. During the period 
of peak electrical demand in the afternoon, the 
vapor compressor is shut down and the DAC 
assumes the dehumidiflcation/cooling load. An 
all-plastic crossflow heat exchanger acts as 
absorber, heat exchanger, and regenerative 
evaporative cooler. The unique energy storage 
capability of the liquid desiccant allows 
dehumidification and cooling at any time of day 
or night witho,ut simultaneous operation of the 
electrically powered vapor compressor.
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The DAC was designed to be a marketable unit 
that can be powered by concentrating the 
absorbent solution through the use of any 
source of low-grade energy such as waste heat, 
solar energy, or a combination of the two. 
Additionally, the DAC is capable of utilizing 
off-peak electricity to concentrate the dilute 
'brine for operation during either the heating 
or the cooling season.

In order to design the second-generation DAC, a 
packed-column concentrator was constructed and 
installed at the research house. See reference 
(10) for concentrator details. Brine concen­
tration is accomplished by heating the liquid 
desiccant and allowing the heated liquid to 
flow down through the packed-column stripper. 
Outside air is circulated upward through the 
packing.- The heated brine, having a vapor 
pressure higher than the partial pressure of 
the water vapor in the scavenger air, desorbs 
water to the scavenger airstream and is thus 
concentrated.

Figure 3 shows the concentrator test system. A 
Fedders rotary compressor with identical copper- 
nickel liquid-to-freon heat exchanger for con­
denser and evaporator was installed to test the 
feasibility of using the waste heat from a 
vapor compressor system to concentrate the 
brine. An electrical boiler was constructed 
and used to calibrate the system and to gain 
experience in operating the packed column using 
-off-peak electricity as a heat source. The 
test system also allowed the use of a single- 
glazed EPDM-rubber solar collector/brine heater.

The energy available from the solar collector 
and the energy available from the vapor conden­
sation are both available in similar tempera­
ture ranges (100-130°F) (38-54°C). When the 
brine is heated by the waste energy recovered 
from superheat and from the heat of condensa­
tion from the vapor compressor add then passed 
through the EPDM collectors, the output of the 
solar collectors drops drastically. The net 
concentration rate is only slightly greater 
than the output from either the solar collector 
or the heat of condensation alone.

The energy from the waste heat from the vapor 
compressor is available for the cost of a heat 
exchanger. The solar energy is available for 
the cost of the EPDM collector. Because the 
collectors are more expensive than the heat ex- - 
changer, it was recommended to LSU that they 
use only the compressor waste heat and that 
they not use the solar collectors for this 
application. To utilize solar energy, it was 
suggested that LSU draw air from the building 
attic for the scavenger airstream. As much as 
40Z of the reconcentration energy can be lost

-COffCZtMlKTOR

* * Fijur* 3. Concentrator Test System

as sensible heat and radiation to the surround­
ings and to the scavenger airstream. Hot or 
even warm scavenger air can lower this loss 
significantly.

The vapor compressor in the LSU test building 
was rated at 62,000 BTU hr-^ (18.2 kW) at 
45°F (7°C) evaporator temperature and 130°F 
(54°C) condenser temperature. Operating with 
'120oF (490c"j condenser temperature, the 
following enthalpy values are obtained:

BTU/lb (kcal kg-*)

At 220°F (104°C) 135 (75)
Saturated vapor 113 (63)
Superheat 22 (12)

Saturated vapor 113 (63)
Saturated liquid 46 (26)
Condensation 67 (37)

22+67 BTU/lb (49 kcal kg~l) total enthalpy
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Seventy-five percent of enthalpy is available 
at only 120°F (49°C). With reasonable surface 
area, the heat of condensation should yield 
115°F (46°C) brine. The superheat should 
"heat the brine to 120°F (4'9°C) at discharge 
from the tube-in-tube counterflow heat 
exchanger. The peak energy from this source 
could be as high as 83,000 BTU/hr (24.3 kW).

DESCRIPTION OF LSU-DAC

'The LSU-DAC consists of the concentrator, the 
evaporatively cooled conditioner, the freon 
heat-recovery brine-heater, the storage tank, 
and associated plumbing. Figure 4 shows 
details of the system.

The brine concentrator is a 2 ft x 2 ft x 8 ft 
(61 cm x 61 cm x 244 cm) column made from 
fiberglass-reinforced resin. The packing is 2 
ft x 2 ft x 3 ft ( 61 cm x 61 cm x 91 cm) 
thick. The demister consists of a 6-in (15-cm) 
layer of ceramic saddles.

•

The evaporatively cooled conditioner is a 1 ft 
x 4 ft x 5a (30 cm x 122 cm x 168 cm) ft fiber­
glass-reinforced resin column. See figures 5 
and 6. The packing is a Midland-Ross "Ekono- 
blok", a hand-made prototype.

Figures 7 and 8 show the actual cost of the 
materials for the concentrator and for the 
conditioner of the DAC. The "Ekonoblok" is a 
prototype, and no price has yet been set for 
this unit. The DAC has been delivered and is 
now in operation on the campus of Louisiana 
State University in Baton Rouge, LA. No per­
formance data are available at this time.

' SUMMARY

Adequate energy storage is an expensive neces­
sity for any solar-driven dehumidification, 
cooling, or heating system. When dehumidifics- 
tionis necessary, it is usually needed 24 
hours a day. While.sensible cooling demand is 
only a few hours out of phase with available 
insolation, maximum heating demand lags behind 
maximum insolation by about 18 hours. The 
liquid desiccant system has been shewn to have 
a unique capacity:* the ability to store 
energy, not as sensible heat but as chemical 
potential energy. The uninsulated storage 
volume required is an order of magnitude less 
than the insulated volumes needed for water or 
rock-bed storage systems.

A second-generation liquid desiccant energy 
storage/cooling system was constructed. The 
design was based upon 2i years' operating expe­
rience with the original DHP, which used a 
shallow well for a heat sink and source. The 
new hybrid system, constructed by Coastal 
Energy Lab in cooperation with Midland-Ross 
Corp., discharges heat to the outside air.
Waste heat from a five-ton (17.6 kW) vapor 
compressor is used to concentrate the salt 
brine during off-peak hours. The unique energy 
storage capability of the liquid desiccant 
allows the energy recovered to be stored in a 
small tank in the form of chemical energy for 
later use. During the period of peak electri­
cal use in the afternoon, the DAC assumes the 
dehumidification/cooling load, and the vapor 
compressor is shut down.
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Tifjrt 5. C&oletf CorJIllo^er Figure 6 Evaporatively Cooled Conditioner

FI HAL COSCENTRATCR PE SICS AKD 
rROJCCTID MATERIAL COST Vi SIALL QUASriTUS

Bottalnc-rclriTorrcd fil.erclass k&nd Icyup, 24"x24*x96*
Roltoa Boat Vorks9 Inc*

' ILtla eovcr-^/4" exterior flyvood 28"x30“
Rain cover supports (4) E'xZ'xlO*
Locknut (2) SFJC23 l]* 0) Si*102J l|« ,

lon£ body, noyvanl ItTg. Co*. Ir.c*
Rrinc pusp^rovex^no 11 SP1705, 5 K?t ij* iiilet and 

outlet, Hayward KTc* Co,, Inc*
‘Seavcp£e£ air blower 1140 CKi: C3/A*.£?i J *HP, lij r 

Dnytoa ftfg, Co. ' . .
TYC pine, elbow, Dipplcs, reducers, asd adaptors

lj», !•, end 3/4*
Spray nozzle, vidc-en^lc square spray l£!t290VS$

cast iron feralc connection, Spraying Rystcrs Co* 
bcoistcr. 2 ft’ (90#) of 1* unglazed cbcaicsd slcr.svaro • 

beryl saddles
^elnrorccd fiberglass angle Evtron I9x2wxl/8"x23*

Joseph ryerson t Son
IVeon to brine heat exchanger (6) RXX 140075 fAXS*

Koranda Hctal Industries
Tower pacVLng 2'x2«x3* Baai-Eool Ccldck CnJV}zFC$6a 

limters Corp*
Stainless eaeblne screws and outs 
Flost valve 21525-3/4* 2T009 4"*5*

V* V* Grainger
Seavenger air inlet duet, reinforced fiberglass

Total . .

$2>4.0O
6.00
1.00

7.?)

97.00

229.00

8.50.
25.72

FO.OO ‘

27.50

255.00

152.40
12.00
14^0
15,00

$lti4.S2

. . •
riKit l.VWOKAnVK.T COOLED COND1T10NE? D1S1GK 
AffOVKOJfCTxD M4T.-XIAL COST 2W SMtU Q’JAUnTJSS

Housing-reinforced fiberglass hand layup, 14"x49"x96*
Bolton Boat forks, Inc. $256.00

Locknut ffttincs (3) SP1023 li*-
Fayvard Kfg, Co* 6.00

Brine iwzp-r»»wcr Ho 11 SF1705, JHB, lj* Ijxlet & outlet
Hayward lifg. Co*, Inc. 97.00

Process air blcwcr-vsriable cpcK-d 2450 to 2100 CFK 8
•1.6* ST, 3/4 KPj Djytcn KfC. Co. # 174.54

Spray nozzles (4); S;raying Systecs Co. '* 37.36
Drift elioinator-5**14"*4S* type D-15 • 16*50

Hunters Corp.
Donlster 4*aUV48* Kidlrind Hoes Ccrp. 22.00
Reiafvrecd fiberglass angle, Rrtroo l"xl"xa"x32,

Joseph T. .Rvcrsoo t< Ton 29.00
BronoMnk- (2) 24 3/Srx25i,,x33i*

KidJand Ross Corp. Prieo net kvaiULle'
Stainless eaehino screws end nuts . 15.00
Float valve 2X525-3/4" f.V. Grainger 31.97
Fleet 21*00?.4"x5" V.V. Crair-gcr ?.53
Cooling water recirculating puap IVCrov-Iiiison 37.44
Cooling water spray nozzles and canifold * 4^.80
Inlet end cutlet air p’jr.ur, galvanized Iron 2J.OO
Inlet air plenus, rcinfurccl filcrgless 2-.00
fVC pipe, tecs, bushings, and adaptora !$■ 8.50

figure t hatcrlal* list for Concentrator
Figure B ‘Keterlals List for Conditioner
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The clevelopniont by Mi rilani!-Ross Corp. of an 
all-pJastic crossflow heal exchanger that acts 
as an absorber, heat exchanger, and regenera­
tive evaporative cooler made it possible to 
design and build the new unit. Operation of 
the original DHP is limited to regions where 
surface water is available. The new DAC has no 
such restrictions; it operates as an air source 
unit.

Based upon costs of the machines built by 
Coastal Energy Lab, the costs of three-ton 
(10.6-kW) machines in small quantitites should 
be as follows:

Water-source desiccant heat pump $1085

Air-source desiccant air conditioner 1800

Packed-column concentrator 830

These costs indicated that the desiccant heat 
pump or the desiccant air conditioner can be 
economically competitive with conventional 
heating and cooling systems.
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ABSTRACT

Energy-integrated desiccant HVAC systems have been designed and 
incorporated by the author in several large building applications to shift a 
major portion of the air-conditioning load from standard vapor compression 
refrigeration to more efficient selective-energy systems. Latent cooling is 
separated from sensible cooling to remove all or most of the dehumidification 
task from the electrically driven vapor compression machine. A moisture­
absorbing desiccant is used to dehumidify. Energy required by the desiccant 
dehumidification process is provided by (a) nonrefrige rated cooling tower water 
or chilled water at an elevated temperature (55-65 F), which removes the latent 
heat released by the absorption process; and (b) an integrated selective-energy 
system, which provides heat to regenerate the desiccant from a cogenerator, a 
heat pump, off-peak electric utility energy via thermal storage tanks, and solar 
energy where appropriate. Four applications are described: the 110,000-sq ft 
Monroe County Courthouse in Stroudsburg, Pa.; the 765,000-sq ft Social Security 
Administration Metro West facility in Baltimore; a 168,000-sq ft addition to 
the Veterans Administration Hospital in Washington, DC.; and the Science Museum 
of Virginia Planetarium and Exhibit Halls.
INTRODUCTION

Historically and currently energy for air conditioning has been supplied 
almost exclusively by utility-generated electricity energizing vapor compression 
refrigeration. Alternative methods and energy sources are being actively sought 
by consumers seeking lower energy costs and by electric utilities who 
economically cannot continue to meet increased demand by building new generating 
capacity.

Over the past 20 years, the author has developed, designed, and installed 
energy-integrated desiccant HVAC systems responsive to this need, that 
significantly reduce utility energy requirements. This approach can eliminate 
the need for using refrigeration to dehumidify by shifting latent cooling to a 
desiccant dehumidification system and regenerating the desiccant with heat from 
a selective-energy system incorporating appropriate combinations of the 
following: cogeneration, heat punping, solar energy, thermal storage, and 
evaporative cooling.(1) Four installations are described below: the 110,000-sq 
ft Monroe County Courthouse and Government Center in Stroudsburg, Pennsylvania; 
the 765,000-sq ft Social Security Administration Metro West facility in 
Baltimore; the 168,000-sq ft nursing home/clinic addition to the Veterans 
Administration Hospital in Washington, D.C.; and the Science Museum of Virginia 
Planetarium and Exhibit Halls.
ROLE OF DESICCANT DEHUMIDIFICATION

Desiccant dehumidification is not a new process. In the past, however, it 
was limited to special-purpose applications where stringent moisture control was 
essential. It was not considered conpetitive for general use because of the 
utility energy required to dry the desiccant for reuse. New techniques 
developed by the author increase the efficiency of desiccant dehumidification in 
several ways: (a) by directly reducing the quantity of energy required, through
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a heat recovery technique on the regenerator; (b) by reducing the temperature 
level of the heat required, so that the COP of the regeneration process is 
increased and less energy is required for a given amount of regeneration; and 
(c) by integrating cogenerated heat, solar energy, and off-peak utility energy 
in an efficient selective-energy system providing heat for desiccant 
regeneration.

Lowering the temperature level of regeneration has another important 
consequence: Usable heat sources now include low-temperature solar energy 
(130-140 F), which is available via flat plate collectors, and recoverable waste 
heat, such as cogenerated heat and latent heat from the desiccant conditioner. 
With the broader range of energy sources, selective-energy systems can 
effectively minimize utility energy consumption by using other sources optimally 
before switching to purchased energy. A thermal storage tank integrates the 
heat sources used to support desiccant regeneration. A storage tank also 
permits night use of electric resistance heating, to take advantage of off-peak 
rates and to ease the pressure on utility generating capacity during the annual 
demand peak - the summer air conditioning season.

Based on efficient integration of systems overall, desiccant 
dehumidification provides a competitive alternative to conventional air 
conditioning.

DESICCANT SUBSYSTEM

Desiccants are of two types, solid and liquid. Both are used in the 
examples described, either in solution form or as a salt impregnated on a 
honeycomb wheel. The desiccant used is lithium chloride, which is a nontoxic, 
noncorrosive, bactericidal, inorganic material often used in hospitals.

The liquid desiccant subsystem includes two chambers: a conditioner 
(dehumidifier) and a desiccant regenerator (concentrator). Outside air passes 
through the conditioner where moisture is absorbed by a spray of cool desiccant. 
The moisture-laden desiccant cycles to the regenerator to be dried for reuse.
The desiccant is heated and sprayed into the regenerator, where the moisture is 
removed in the warm, dry, exhaust airstream passing through the chamber. (Heat 
in the exiting airstream is recovered and used to preheat the air entering the 
regenerator.)

In the solid desiccant rotary wheel system, a desiccant-impregnated 
honeycomb wheel rotates within a cylindrical casing. The cylinder is divided 
into a dehumidifier section and a regenerator section, through which the wheel 
continuously rotates. Separate airstreams pass through the two sections in 
opposite directions. One is the outside airstream, from which moisture is 
removed by desiccant absorption; the other is the warm, dry building exhaust 
air, which carries moisture out of the wheel, regenerating the desiccant.

The desiccant dehumidification process requires cooling to remove the 
latent heat released by the moisture absorption process, which can be 
accomplished using nonrefrigerated cooling tower water, as well as heating to
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dry the desiccant. Subsequent sensible cooling can be at an efficient elevated 
temperature (55 F instead of 42 F) since it is not necessary to chill more 
deeply to condense out moisture (Figure 1).
MONROE COUNTY COURTHOUSE

In order to minimize energy costs at the Monroe County Courthouse in 
Stroudsburg, Pennsylvania, an energy-integrated HVAC system that incorporates 
desiccant dehumidification (Figure 2) replaced an old steam heating system for 
the 19th-century courthouse and its adjoining new wing. The three-story, 
reinforced concrete structure contains office space, courtrooms, judges' 
chambers, and hearing rooms. The facility totals 110,230 sq ft, with 77,580 in 
the old courthouse and 32,650 in the addition.

Heat is used in place of refrigeration to energize latent cooling/ 
dehumidification. This is made possible by shifting the dehumidification task 
to a moisture-absorbing desiccant that requires heat for desiccant regeneration.
Selective-Energy System and Thermal Storage

Heat to dry the desiccant is provided by a selective-energy system that 
blends off-peak night electric energy, cogenerated heat, and solar energy. An 
8,000-gallon thermal storage tank that is maintained at 150-180 F is heated at 
night by electric resistance heaters, to take advantage of off-peak utility 
rates, and during the day by solar energy (now being added) and back-up heat 
from a 175-kW diesel cogeneration system. Both the cogenerator and the solar 
system reduce electric demand, and the electric heaters shift demand off-peak.

With the addition of the solar collectors, which will provide about 35% of 
the total heat required for regeneration, the cogeneration system will be used 
only on cloudy days and when humidity exceeds design levels. When it operates 
to provide regeneration heat, the system simultaneously generates electricity to 
power sensible cooling. Cogeneration reduces the collector area requirement and 
also provides standby power for use during utility power outages.

Located in a central plant are the thermal storage, diesel cogeneration, 
and desiccant dehumidification systems. All sensible cooling and heating are 
done at terminal unitary heat pumps, which operate at an efficient 55 F 
evaporative temperature since there is no requirement to chill deeply to 
dehumidify by condensation.

The thermal storage tank serves as a heat source for the unitary heat pump 
system in winter and for the desiccant system in summer. Storage provides heat 
to the terminal unitary heat pumps via a closed-loop water system that links the 
heat pumps and has its own closed-loop storage tank.
Unitary Heat Pumps and Thermal Storage

The terminal unitary heat pumps are linked to both the thermal storage 
tanks and the cooling tower. Unitary heat pumps are small, terminal
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reverse-cycle air conditioners that recirculate air locally and heat or cool as 
needed. They have a self-contained heating and cooling capability due to a 
reversing valve that regulates the flow of hot and cold refrigerant gas.

When dehumidification is by condensation in a standard vapor compression 
refrigeration system, a central refrigeration plant is more efficient than 
terminal unitary heat pumps. However, when dehumidification is by desiccant 
absorption and the heat pumps can operate at a higher dry-coil temperature, 
their overall efficiency increases significantly. When unitary heat pumps are 
combined with desiccant dehumidification, the cooling COP of the unitary heat 
pumps increases by about 25%.

The terminal heat pumps are joined by a closed water loop that is 
maintained at 70-90 F. The heat pumps draw heat from or reject heat to the 
closed water loop; some can be in a heating mode while others are cooling or 
off. An example is a winter day when solar gains through south-facing windows 
require heat removal, while north wall losses require heating. In this case, 
heat is simultaneously added to and drawn from the water loop by different 
unitary heat pumps.

When the temperature of the water loop drops below 70 F, it draws heat from 
the solar system or the high-temperature storage tank. When the temperature of 
the water loop rises above the upper limit (80-90 F), heat is rejected via the 
cooling tower.

With a unitary heat pump system, there is no need for both hot and chilled 
water piping. Additional savings in pipe and space are obtained by using the 
return side of the system's water loop as the fire sprinkler system (2).

Desiccant Dehumidification

A liquid desiccant is used in the Honroe County system. Moisture 
absorption and desiccant regeneration are as described in the "Desiccant 
Subsystem" section above.

Air Distribution in Desiccant/Terminal Cooling System

The minimum quantity of outside air required for ventilation is distributed 
at a constant volume from the central plant to terminal unitary heat pumps.
This minimum air distribution is practical when a desiccant is used, as it is 
not in conventional systems, since the air is drier and the ventilation 
quantity is adequate to handle the space humidity load.

The unitary heat pumps mix the dry air with a constant volume of local 
recirculated air, cool the air sensibly and supply it in a constant volume to 
the rooms. The constant flow maintains uniform air flow patterns and 
ventilation to maintain healthful air quality throughout the occupied spaces.
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SSA METRO WEST FACILITY

The Social Security Administration Metro West complex in Baltimore, 
designed in 1976, posed unusual environmental control problems for which 
desiccant dehumidification provided a particularly appropriate solution with the 
lowest life-cycle bid. The facility is very large - 786,000 sq ft of 
conditioned space with long distribution runs - and has heavy internal heat 
gains from computer terminals.

In any selected occupied area, the facility had to be able to handle 13 
Btu/sq ft of heat gain from electronic equipment such as computer terminals 
(eight times the previous standard for office equipment). Although only 40% of 
the total area would receive this load, the precise location was unknown at the 
time and subject to changing space use; therefore, flexibility to handle the 
equipment throughout the facility was essential. The refrigeration plant could 
be sized for the specified heat gain from electronic equipment (13 Btu/sq ft in 
only 40% of the total area); but due to the unspecified location of the heat 
concentrations, the distribution network had to be designed to handle the 
maximum load throughout the facility.

Since the facility is very large, a key cost consideration was the size of 
the distribution ductwork. The use of central-plant desiccant dehumidification, 
with terminal sensible cooling (Figure 3), permitted significant savings in this 
area: Desiccant absorption dries the air very deeply, so it was possible to 
reduce primary-air distribution to the minimum quantity of outside air required 
for ventilation (0.1 cfn/sq ft) and to reduce ductwork and fan power 
proportionately. That quantity of primary air, dried to 31 gr/lb (grains of 
moisture per pound of dry air) takes care of the internal humidity load. One 
direct result was a 30% reduction in the floor-ceiling spaces between occupied 
floors. The dehumidified air is distributed uniformly on a modular basis by way 
of air cells in the cellular steel floor deck, which is connected wherever 
needed to terminal fan-coil units, as shown in Figure 4.

Sensible cooling is then handled at the fan-coil terminals, which mix the 
primary dehumidified air with recirculated room air and cool with coils 
circulating 55 F chilled water. The 55 F chilled water is distributed on a 
modular, uniform basis through an integrated chilled water/sprinkler piping 
system (2). This arrangement achieves flexibility for changing space use: When 
more cooling capability is needed, additional fan-coil units can be plugged into 
both the modular sprinkler piping and the modular air cells in the cellular 
steel deck.

With a large latent cooling load, and an unusually large sensible load due 
to heat from electronic equipment, the size and efficiency of the refrigeration 
plant was 'also a major cost concern. Desiccant dehumidification permitted a 33% 
reduction in the size of the refrigeration equipment (compared with a standard 
air-conditioning system), based on the shift of a major part of the latent 
cooling load from the chiller to the desiccant system. The efficiency (COP) of 
chiller operation was improved also, by 20%, based on higher-temperature cooling 
(55 F). Consequently, 20% less utility energy is required for a given amount of

26



sensible cooling, in addition, a chilled water thermal storage tank permits a 
shift of electric utility demand from day to night, when rates are cheaper.

The SSA facility has a two-stage desiccant plant (Figure 5). There are two 
desiccant conditioners, the first cooled by nonrefrigerated cooling tower water, 
and the second by 55 F chilled water. When outside air conditions are 94.7 F 
and 124 gr/lb absolute humidity, and cooling tower water is at 85 F, outside air 
leaves the first conditioner at 94 F and 42 gr/lb. After second-stage 
conditioning with 55 F latent cooling, this outside (primary) air is distributed 
at 75 F and 31 gr/lb. When outdoor humidity drops low enough so that 
first-stage nonrefrigerated conditioning dries to this level, the second 
conditioner is deactivated.

When this system was designed, the technology of low-temperature desiccant 
regeneration had not been developed. A steam boiler provides regeneration heat.
VA HOSPITAL ADDITION

The VA Hospital's recently completed 168,000-sq ft addition in Washington, 
D.C., includes a 120-bed nursing home unit that requires 24-hour air 
conditioning and a daytime clinic facility. Based on design data, the electric 
utility energy required for cooling is greatly reduced by removing 
dehumidification from the refrigeration system to a desiccant dehumidification 
system and by using cogenerated electricity to power the 220-ton chiller plant 
approximately 50% of the time during the cooling season. On an annual basis, it 
is estimated that cogenerated electricity will provide 35% of the HVAC system's 
total electrical requirements. The system conditions 19,000 cfm of outside air 
by day and about half that amount at night.

Heat for desiccant regeneration comes from solar energy, about 45%, and a 
diesel engine cogenerator, 55% (1). When operating to provide recovered heat, 
the 350 kW diesel engine simultaneously generates electricity to power the 
desiccant system's fans and pumps as well as the chiller plant. Nonrefrigerated 
cooling tower water removes the latent heat released during the moisture 
absorption process.

The hospital addition's HVAC system (Figure 6) includes the first 
application of desiccant dehumidification using low-temperature solar energy 
(140 F) to regenerate the desiccant. Some 4,500 sq ft of flat plate collectors 
will produce approximately 4.5 million Btu per day at 140 F in July and August. 
The desiccant regeneration task requires about 10 million Btu per day on average 
over the cooling season, 7 million during daytime, and 3 million for night 
operation of the nursing home. An additional 2 million Btu used to preheat 
domestic hot water also comes from the solar/cogeneration selective-energy 
system.

In order to evaluate the effectiveness of the solar/cogeneration/desiccant 
dehumidification HVAC system and to establish the most efficient operating plan 
for the selective-energy system, an energy management computer system (EPICS) has 
been installed and equipped to perform data acquisition, analysis, and
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reporting. Initially the selective-energy system is configured to operate as 
follows:

1. All available solar energy will be used.
2. The diesel engine will not operate at night.
3. On sunny days, heat sources for desiccant regeneration (10 million 

Btu) and preheating hot water (2 million Btu) will be:
4.5 x lo| Btu - solar
7.5 x 10° Btu - cogenerator (operating 5 hours)
12.0 x 10® Btu - 24-hour requirement for desiccant regeneration 

and preheating hot water.
4. On sunless days, the cogenerator, which produces 1.5 million Btu per 

hour, will operate 8 hours to meet the 12 million Btu requirement.
5. Day/Night Btu Usage and Sources:

Day Usage Night Usage
7 x 10g Btu - desic. regen. 3 x 10® Btu - desic. regen.
2 X 10° Btu - preheat hot water __________
9 x 10® Btu 3 x 10® Btu

4.5 x 10g Btu - solar g4.5 x 10° Btu - cogeneration 3 x 10° Btu - stored cogener- 
f. ated heat9.0 x 10° Btu 3 x 10° Btu

The system incorporates three 10,000-gallon hot thermal storage tanks: one 
low-temperature solar tank that can store 1 million Btu at 140 F and two 
high-temperature tanks that have the capacity to store 6 million Btu of 170 F 
cogenerated heat.
VA System Dehumidification Process

. Outside air - the minimum quantity required for ventilation - is 
dehumidified in the central plant in two stages in two rotary wheel-type 
dehumidifiers composed of a honeycomb structure mounted within a cylindrical 
casing. The honeycomb structure is impregnated with lithium chloride. The 
cylinder is divided into a dehumidifier section and a regenerator section.
Separate airstreams pass through the two sides in opposite directions. One is 
the outside airstream, from which moisture is removed by desiccant absorption; 
the other is the warm, dry building exhaust air, which carries moisture out of 
the wheel, regenerating the desiccant.

SOURCES: 
(sunny days)

REQUIRE­
MENT:

28



Outside Air 
(design condition)
Entering condition:
Leaving condition:

Ist-Stage
Dehumidifier
93 F DB, 105 gr/lb
84 F DB, 78 gr/lb

2nd-Stage
Dehumidifier

104 F DB, 56 gr/lb

Nonrefrigerated-Wate r 
Cooling Coil

91 F DB, 56 gr/lb
The exhaust air flowing through the dehumidifier wheels in the counter 

direction to carry off moisture for desiccant regeneration enters the 
first-stage conditioner at 81 F DB, 70 gr/lb and leaves it at 90 F DB, 97 gr/lb. 
Before entering the second-stage dehumidifier, the exhaust air is heated first 
by heat recovered from the exhaust airstream leaving the second dehumidifier, to 
97 F DB, then in series by solar energy and cogenerated heat. This air enters 
the second dehumidifier wheel at 130 F DB, 97 gr/lb, and leaves at 107 F DB, 126 
gr/lb.
VA System Sensible Cooling and Air Distribution

An all-air system was a design requirement at the hospital addition. 
Therefore all sensible cooling of the dehumidified air leaving the desiccant 
wheels is done in the central plant by the chiller powered primarily by 
cogenerated electricity and off-peak utility electricity. The primary air is 
delivered in variable volume to fan induction terminals (3) where it is mixed 
with recirculated room air for a constant volume delivery at the required 
temperature. Only perimeter terminals require heating coils, which are heated 
from the hot thermal storage. With the latent cooling load handled by the 
cooling tower rather than the chiller, and with the solar/cogeneration 
integrated heat source plus utility consumption peak-shaving, the system is 
expected to save up to 30% of total purchased energy costs compared with a 
refrigeration/condensation system.
SCIENCE MUSEUM OF VIRGINIA, RICHMOND

The Science Museum system (Figure 7) conditions air for a planetarium, 
exhibit halls, workshops, offices and mechanical equipment room. The principal 
design challenge was efficient handling of the humidity and cooling loads 
generated by people passing through the museum as well as from outside air. The 
simmer load profile makes this clear: Dehumidification (latent cooling) is 40% 
of the total summer conditioning load; another 24% is people-related sensible 
cooling. The well-insulated building envelope, consisting largely of the 
windowless planetarium dome, represents only 23% of the summer load, and the 
luminaires another 13%.

Not dnly is latent cooling the principal load component, the load is also 
highly variable due to the varying occupancy. A simmer influx of 300 people 
into the planetarium can produce a humidity rise of 9.6 gr/Lb as well as a 13.5 
degree temperature rise. Dehumidifying by condensation in a 42 F refrigerated 
system would require extensive reheat, to maintain comfort in the planetarium 
when occupancy is light and there is little people-generated heat. Given these
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conditions, and a requirement for a constant volume delivery of air to the 
space, desiccant dehumidification is a very significant factor in reducing 
energy consumption. Both latent cooling and sensible cooling are done at a 
higher temperature (55 F) which requires less utility energy for a given amount 
of cooling.

The heat for desiccant regeneration (and winter heating) and the chilled 
water for cooling are provided by an integrated selective-energy system which 
incorporates the following; (a) a heat pump that pumps latent heat released in 
the conditioner to the thermal storage tank and, simultaneously, produces 
chilled water that meets one-fourth of the chilled water requirements; (b) a 
cogenerator (with 75 kW gas engine) that starts up when the heat punped energy 
is insufficient, at which time cogeneration provides both electricity to run the 
heat pump, and jacket-and-exhaust heat to charge the high-tenperature storage 
tank; (c) a chiller operating at a 5.2 COP, due to the thermodynamic efficiency 
of high-tenperature cooling; and (d) solar energy (planned addition).

In summer outside air is cooled and dehumidified by a preconditioning coil 
that handles a substantial portion of the outside air conditioning load.
Whenever the occupancy humidity load is high, the preconditioned air is mixed 
with return air from the planetarium and exhibit halls. The mixed air is 
further cooled and dehumidified in a central dehumidifier, where a cool 
desiccant spray absorbs the moisture. The dehumidified air is distributed to 
three air handlers. Two supply public spaces where internal people-generated 
loads are heavy and highly variable. In these cases a variable volume of the 
dehumidified primary air is supplied, as needed to handle the internal humidity 
load, to fan induction terminals. The terminals mix it with a variable volume 
of recirculated air, coil heat or cool the air if required, and supply a 
constant volume of the mixed air to the spaces. In the non-public areas, a 
minimum ventilation quantity of dry air is distributed to fan coil terminals.
Dry coil cooling increases fan efficiency by reducing air flow resistance.

When the humidity load permits, the desiccant conditioner and regenerator 
are bypassed in an economizer cycle. Based on projected operation of 
approximately 40 hours per week of public use, the on-site building energy 
end-use consumption is projected to total 32,600 Btu's per year per square foot, 
composed of the following: heating, 4000 Btu/y/sq ft ; cooling, 8600 Btu/Y/sq 
ft; lighting 8000 Btu/y/sq ft; fans, 10,000 Btu/Y/sq ft; and other, 2000 
Btu/y/sq ft. (Reference 4 includes an analysis and comparison of the energy 
consumption characteristics of six of the system's alternative operating modes: 
one relying on the electric source only - chiller and heat pump - and the others 
various combinations with solar and/or cogeneration.)
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ABSTRACT
This paper reviews the status of fundamental process, 

component, and systems models for desiccant cooling/ 
dehumidification system analysis, with a focus on experimental 
data collection and validation needs for these models. These 
needs are outlined in the context of analytical tool development 
for solid and liquid desiccant systems. A full-scale test 
facility that is under construction is described; this facility 
will be available to support the model evaluation and validation 
tasks that are identified.
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I. INTRODUCTION
Over the past few years, a large research effort has been devoted to improving the performance of desiccant 

cooling systems. In these systems, humid air is contacted with a liquid or solid desiccant that adsorbs or absorbs 
water vapor from the conditioned air. The dry air is then cooled either by evaportive cooling or by contact with 
some sensible cooling source external to the desiccant cycle. The desiccant soon becomes saturated with the water 
extracted from the air and must be regenerated by heating to drive off the water, usually by desorbing the water to 
the ambient air.

Such systems in their simplest form can operate with the energy input to the desiccant regenerator at 
relatively low temperatures (140-158 F for liquid lithium chloride/water solutions, for example). However, simple 
desiccant air-conditioning systems also tend to have very low Coefficient of Performance (COP) values. On the 
other hand, desiccant systems, of both the liquid and solid type, reduce energy use through the application of 
renewable energy resources in the regeneration process. Furthermore, in applications where latent loads are 
dominant, such as supermarkets, low humidities can be obtained more efficiently with desiccants, as compared with 
vapor compression refrigeration [lj.

To combine the best features of different cooling/dehumidification cycles, a variety of hybrid systems have 
been developed. Hybrid desiccant/vapor compression cycles, which combine a vapor-compression cycle for sensible 
cooling with a desiccant cycle for latent energy removal, have been the focus of recent research. A hybrid vapor- 
compression/liquid desiccant system has been proposed [2], as has a hybrid absorption/desiccant system using a 
liquid desiccant [3]. However, to achieve significantly more efficient practical air conditioning, improvements in 
the simple systems must be made, or different and more efficient systems must be developed. This requires a 
systematic research and development program covering the areas of desiccant properties, fundamental heat and mass 
transfer processes, improved component design, and better system integration. In such a program, analytical tools, 
guided and validated using experimental data, are fundamental to the advancement of desiccant technologies. These 
tools are required to evaluate new system and new component configurations. Comparisons of predicted and measured 
results not only are used to formulate analytical models, but are needed to establish their credibility tamong 
researchers and industry.

Thus, this paper reviews the status of fundamental process, component, and systems models for desiccant 
cooling/dehumidification analysis, and outlines experimental data collection and validation needed for both solid 
and liquid systems. Because they show considerable promise where latent loads are high, the development of liquid 
desiccant systems is emphasized.

II. ANALYTICAL TOOL DEVELOPMENT AND VALIDATION
Analytical tools play a crucial role in the development of desiccant technologies. Basic property models are 

used to define the behavior of desiccants; fundamental heat and mass transfer models are used to explore potential 
improvements in the processes and components; and comprehensive systems and building models support the integration 
of technological improvements into the marketplace. Of equal importance are the contributions of experimental 
research to the development of the fundamental relationships that are represented by the algorithms in these 
analytical tools.

A recent Solar Energy Research Institute (SERI) survey paper on desiccant cooling stresses the need for 
experimental facilities to evaluate and validate property, heat/mass transfer, component, and systems models [4], 
Before experimental data needs are outlined at each model level, two general validation issues need to be 
addressed.

A. Model Validation Issues
First, although component and systems models developed by industry to characterize their equipment have in 

some instances been validated, those validations are proprietary and do not contribute to establishing the general 
credibility of the models. Generic component and systems models, whose validation is reported in the open 
literature, are essential to establish confidence within the technical community. Furthermore, models are often 
validated against experimental data under design conditions. Comparisons with part-load performance data are 
required to evaluate models over the full operating range.

Second, at each model level models are developed either from basic principles or from empirical correlations. 
Detailed hourly (or subhourly) models require carefully controlled laboratory experiments for their validation. On 
the other hand, empirical component or systems models sometimes can be validated by field data that confirm basic
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para»eter behavior. Thus, the nature of the validation data to be collected is determined by the nature of the 
model (basic principles or correlations). Uhereas hourly or monthly data are needed to validate hourly systems 
simulations, monthly or annual data are sufficient for bin or other simplified methods.
B- Hodel Level Hierarchy

The relationship among the several levels of analytical tools is illustrated in Fig. I. Each level forms the 
building blocks for the next higher level. Thus component models are built from validated property/process models 
or algorithms. However, component validation against experimental data tests not only the correct representation 
of each heat/mass transfer and hydrodynamic process, but also the interaction among processes. Likewise, a system 
validation tests the correctness of its constituent components, as well as the component interactions. However, we 
cannot have full confidence in a system- level validation, without validation at each lower level as well. 
Experimental data needs at each level are discussed below.

C. Model Deyelgpfent at Each Model Level
I- Properties/Fyndaiegtal Process Models.

For liquid desiccants, such as triethylene glycol (TEG), lithium chloride, and lithium bromide, adequate data 
are available to characterize equilbrium vapor pressure, enthalpy, specific heat, and heat of mixing/solution. The 
sorption and thermophysical properties of solid desiccants commonly used in air-conditioning systems (silica gel, 
molecular sieve, and manganese dioxide) are fairly well characterized by reliable experimental data taken at 
universities and national laboratories and in industry. However, data on polymeric desiccant materials, additional 
data on hysteresis over cyclic operation, and empirical data on fouling are needed [4].

Basic principles models of the simultaneous heat and mass transfer processes in liquid desiccant absorbers and 
regenerators have generally been based on finite-difference solutions of one-dimensional, quasi-steady-state flows 
[5-7]. The equations for mass and energy can be written for each fluid stream, with the assumption that the heat 
and mass transfer coefficients are related through the heat/mass transfer analogy. The following boundary 
conditions are specified: the air inlet temperature and humidity (or other convenient psychrometric variables); the 
inlet coolant temperature ( in the case of the absorber) or the inlet heating fluid temperature (in the case of the 
regenerator) — in both cases equal to the inlet desiccant temperature; and the inlet desiccant concentration. The 
equations are solved numerically for the desiccant concentration, temperatures of each stream (desiccant, air, and 
water), and air humidity ratio at each point in the absorber or regenerator. Because the desiccant and water are 
flowing in the opposite direction from the air, conditions for one stream must be assumed and then the conditions 
for the other stream are computed. The computed result is then used to redefine the conditions in the first stream, 
which replace the assumed conditions. This procedure is continued until the variables on each stream converge.

In most studies the analytical model solutions have been compared successfully with experimental data, 
indicating the validity of these basic principles models [5-9]. However, the wetting fraction, or other global 
parameter, must be assumed to achieve a good match with experimental data. Additional bench-scale tests are needed 
here.

Sorption process models for solid desiccants have been developed from basic principles applied to the detailed 
transfer mechanisms, but generally have a free parameter or two to account for unknown phenomena[10]. Although 
measured mass transfer rates in the adsorption process meet predictions fairly well, existing desorption models do 
not predict experimental data accurately. Thus, validation of solid desiccant transfer processes is not considered 
complete.

Both steady-state and transient experimental heat and mass transfer rates and pressure drops are available for 
packed beds [11] and for parallel passages [12]. Additional data are being collected for other flow passage 
geometries, although other geometries and flow configurations need to be tested. The Sorption Test Facility and 
the Single Blow Test Facility at SERI seem adequate for the additional testing required.

2. Component Models.
Ligyid Desiccants. The most important component in a liquid desiccant system is probably the 

absorber, where water vapor is removed from the humid air, and cooling may also occur. References [5,8,9] provide 
analyses of this component, and the latter two give comparisons with experimental data for different absorber 
designs.

Consider an absorber composed of a fin-tube surface, cooled by a liquid flowing within the tubes (Fig. 2). A 
liquid desiccant film flows downward by gravity over the fin surface and is contacted with air flowing upward 
through the absorber. To simplify the analysis it is assumed that the desiccant film and the fin temperatures are 
locally equal, that all properties are uniform at any vertical position (one-dimensional problem), and that the 
process is steady state.
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Peng [5] has carried through the iterative heat and mss transfer process calculations using TEG as the 
desiccant. Heasureient was Mde of teaperature, concentration, and air huaidity profiles by Aaeringer et al. [9], 
They ascribed the differences between prediction and aeasureaent to channeling of the desiccant into certain fin 
passages, with a resultant high air flow in other passages, causing a very low wetting fraction.

Queiroz, Orlando, and Saboya [8] analyzed and perforaed experiaents on a siailar systea in which the coolant 
flow was parallel rather than in counterflow to the air streaa. Measured values of the isotheraal and adiabatic 
aass transfer coefficients, as a function of air and desiccant solution aass flow rates, absorber cross-section, 
and packing length (i.e., aass transfer area per unit voluae), were found to be equal within the experiaental 
error. Soae work has also been done on the use of packed towers for liquid desiccant absorbers [6]. The
regenerator is the other liquid desiccant coaponent in which both heat and aass transfer occur siaultaneously. An 
open-flow regenerator, using direct input of solar energy for regeneration, has been analyzed [13, 14] and several 
configurations have been tested. Testing results are available in Refs. [15-17].

The governing heat and aass transfer relations for a closed regenerator are presented by Peng [7,18] and are 
siailar to those for the absorber. Using these relationships the teaperatures for all fluids, and the air huaidity 
ratio and desiccant/water-vapor concentrations can be deterained. Results for the outlet solution concentration as 
a function of the iaportant paraaeters are presented in Ref. [7]. Refs. [19-20] coapare the predictions and 
experiaental results for a closed regenerator and discuss soae of the practical design probleas of these devices. 
Predictions of a detailed aodel of a packed tower regenerator are successfully coapared with experiaental results 
in [21].

Thus, basic principles aodels of liquid desiccant falling-fila absorbers have been developed. Although these 
aodels have been coapared with experiaental data, siaplified aodels usable in hourly siaulation codes have yet to 
be developed and validated. Again, a few proprietary aodels have been coapared to test data, but these aodels are 
not generic. A siailar situation exists for closed liquid regenerators [7]. Therefore, siaplified seaieapirical 
aodels need to be developed, and experiaental facilities are needed in which to evaluate and validate these 
siaplified liquid coaponent aodels.

Solid Desiccants. The solid desiccant coaponents of interest are the solid bed dehuaidifier, the regenerative 
heat exchanger, and the evaporative heat exchanger. For each of these coaponents, the coaponent perforaance 
(effectiveness, pressure drop, etc.), its transient response, and its geoaetry dependence are the iaportant 
paraaeters to be aodeled and validated.

Siaplified hourly aodels of dehuaidifiers and regenerative counter- or cross-flow heat exchangers have been 
developed by Jurinak et al. [22], Van den Bulck et al.[23], and Haclaine-cross and Banks [24]. These seaieapirical 
aodels are based on the effectiveness-NTU characterization, developed froa finite-difference solutions of the 
governing equations. Siailarly, aost hourly evaporative cooler aodels are based on effectiveness-Nuaber of 
Transfer Units (NTU) relationships. Although only Halted laboratory test data are available for validation of 
these aodels, steady-state and transient validation tests are underway in the Single Blow Test Facility and the 
Cyclic Test Facility at SERI [4], However, additional validation work is needed because flow nonuniforaities in 
the rotary wheels tested have so far produced inconclusive results [10].

3- Systeis Models. Analysis of the overall perforaance of desiccant systeas, based on detailed differential 
analysis of individual coaponents^ was first reported in Refs. [3, 25]. Experiaental behavior and other analyses 
are given in [25-31].

By coabining the differential aodels for a desiccant absorber and closed regenerator outlined above, Peng [3] 
developed a aodel for the overall behavior of desiccant HVAC systeas. He found that the systea shown in Fig. 3 
gave the best perforaance of the configurations studied.

In this systea, a portion of the return air, which has a low dew point in coaparison with aabient air, is used 
to feed an evaporative cooling tower. The chilled water froa the tower is used to cool the desiccant absorber, thus 
increasing the absorber efficiency. The systea COP versus evaporator packing factor (diaensionless ratio of aass 
transfer to capacity rate) plot shown in Fig. 4 is representative of the results obtained when systeas aodels are 
used for paraaeter optiaization.

Analyses and experiaental results for other liquid desiccant cooling systea designs are found in [25, 27-33]. 
The systea described in [31] is especially interesting, since it is relatively large scale and provides significant 
operating experience for these systeas.

All-in-all, very liaited experiaental data have been collected for closed-cycle liquid desiccant systeas 
(e.g., the kathabar systea). These data are generally proprietary and are useful in validating only specialized 
absorber/generator configurations. TRNSYS siaulations are currently being run to deteraine annual perforaance of a 
liquid desiccant systea that includes a seaieapirical effectiveness-NTU absorber aodel. However, the liaited
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experiaental data available for validation of these aodels are of poor quality. Siaplified aodels of this type 
need to be developed for other liquid desiccant systea coaponents.

Siaulations of solid desiccant systeas, where the load is prescribed rather than siaulated, have been 
conducted using TRNSYS [1] or siailar hourly prograas [34]. Such siaulations are used to characterize dynaaic 
systea perforaance over the full range of operation and to deteraine the effects of design paraaeter variation. 
For exaaple, hourly siaulations have predicted that the optiaua flow ratio (regeneration to process air flow rate) 
is near 0.8 for the ventilation cycle and about 0.6 for the recirculation cycle. [4].

Building energy analysis prograas, such as DOE-2, and siaplified tools, such as the bin aethod, have not been 
applied to either liquid or solid desiccant systeas because appropriate coaponent aodels are not available. The 
bin aethod would require correlational coaponent aodels to characterize the desiccant and heat exchanger 
perforaance for each outside air teaperature/huaidity bin. These high-level prograas include coaprehensive 
loads and HVAC systeas aodels and thus are appropriate to study systea designs and to deteraine the effects of 
desiccant systeas on building energy use. The necessary aodels need to be developed in order to deteraine the full 
proaise of these technologies.

Validation of systeas-level aodels is virtually nonexistent. A few coaparisons of predictions and 
experiaental data have been aade, but these were for very specialized systeas and aodels. Thus, the validation of 
generic systeas aodels is an urgent need to establish confidence in their use. Both well-controlled laboratory 
experiaents and field experiaents that can test for the effects of leakage, controls, and systea degradation over 
tiae are needed. To address these needs, a full-scale cooling systea test facility, described in the next section, 
is being built at the Center for Energy Studies at The University of Texas at Austin.

III. DESCRIPTION OF A FULL-SCALE COOLING TEST FACILITY
A Dual-Air-Loop Cooling Test Facility is being built at The University of Texas at Austin to test the 

perforaance of advanced cooling/dehuaidification coaponents and systeas at full scale (up to 20 ton cacacity) in a 
controlled experiaental environaent. Perforaance testing of evaporative cooling equipaent within a variable-air- 
voluae HVAC systea sized for a saall office building (approxiaately 10,000 sq. ft.) is to be conducted initially. 
Thus, the apparatus will accoaaodate direct (DEC) and indirect evaporative cooling (IEC) equipaent in 
reconfigurable test sections. In the future, the facility will be used to test desiccant dehuaidification, vapor 
coapression, and cool storage equipaent.

Figure 5 is a scheaatic of the test equipaent configured for open sorption dehuaidification. Both of the air 
loops, one for priaary air and one for secondary air, will have independently controlled heating/cooiing and 
huaidification/dehuaidification stations to siaulate suaaer aabient or return air conditions for virtually any U.S. 
cliaate. The priaary air loop also includes provisions for huaidification and heating to siaulate sensible and 
latent loads and a chilled water coil to siaulate auxiliary cooling. A bypass will be provided in the priaary loop 
to perait blending of air froa the load siaulator with air froa the conditioning station. An air flow rate 
capacity of 5,000 scfa is to be provided by each air loop. Continuous air flow aodulation down to 1,000 scfa will 
be provided in each loop by controlling the speed of the priaary and secondary loop blowers.

The apparatus will condition priaary air to a state within the theraal envelope bounded by 50 to 155 F dry 
bulb and 50 to 73 F dew point teaperature, when supplying air at 5,000 scfa. At lower supply air flow rates, the 
theraal envelope expands to a aaxiaua of 180 F dry bulb and 106 F dew point teaperature froa the 50 F dry bulb and 
dew point teaperature base.

The cooling test systea will be operated to siaulate quasi-steady-state hourly tiae steps. A typical test 
period will be a series of seven 24-hour load and cliaate profiles siaulating 1- week each in suaaer, spring, and 
fall. After steady-state conditions have been established (approxiaately 15 ainutes) at each tiae step, soae 150 
data points will be recorded. All significant teaperatures, pressures, huaidities, air flows, pressure drops, and 
rotating equipaent speeds will be aeasured. Each loop will operate independently, and both will be controlled by a 
coaaon, dedicated control and data acquisition systea. Several hours of real-tiae data will be collected, reduced, 
and stored locally until blocks of reduced data can be sent to the VAX 11-750 coaputer located elsewhere in the 
building for further processing and output graphics.

When configured for testing of open sorption dehuaidification equipaent, the facility can be used to validate 
aatheaatical aodels that relate the perforaance of the dehuaidifier, the evaporative cooler, the regenerator, and 
the systea as a whole, to such iaportant variables as: 1

1. Ratio of process to regeneration airflow,
2. Process air inlet teaperature/huaidity,
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3. Regeneration air inlet teaperature/huaidity,
4. Process air outlet teaperature/huaidity, and
5. Regeneration heat source teaperature.

IV. CONCLUDING REMARKS
The discussion and results presented here show that analytical tools play a crucial role in the developaent of 

desiccant technologies. Furtheraore, it is shown that additional aodels, and the experiaental data for their 
evaluation and validation, are needed.

Properties/fundaaental process algorithas are available and have been validated with soae exceptions. 
Existing test facilities at SERI appear adequate for solid desiccant process aodels. For liquid desiccants, 
validated first principles coaponent aodels are available, but no siaplified aodels have been developed; siaplified 
aodels are needed for liquid systea coaponents. Coaponent aodels, both first principles and siaplified types, are 
available for solid desiccant coaponents. However, these have not been adequately validated. At the systeas 
level, both solid and liquid aodels are available, but they are not coaprehensive. Moreover, these systeas 
aodels have yet to be fully validated or incorporated into building energy analysis coaputer prograas. However, a 
full-scale test facility is being built at The University of Texas at Austin that will facilitate such validation.

Significant iaproveaents in systea COP can probably still be aade for liquid desiccant cooling systeas. The 
absorbers can be iaproved through innovative design for iaproved heat and aass transfer in saaiier voluaes and at 
saaller pressure drops. Such iaproveaents in absorber design can probably be incorporated into closed regenerators. 
Iaproved systea configurations, including the use of integrated coaponents, hold proaise for cost reduction.
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ANALYTICAL TOOLS FOR 
SOLID DESICCANT COOLING RESEARCH

K. Schultz, J.W. Mitchell, and S.A. Klein 
Solar Energy Laboratory 

Univ. of Wisconsin - Madison 
Madison, WI 53706

Abstract

Desiccant air conditioning systems have been investigated extensively as 

alternatives to vapor compression systems. Many component and system models 

have been developed to aid this investigation. Detailed models of the heat 

and mass transfer processes in desiccant dehumidifiers have been used to 

analyze dehumidifier design alternatives. Simplified dehumidifier models, 

coupled with other component models, have been used to study system 

performance and optimization. However, the accuracy with which many of these 

models describe real components and systems has not been adequately verified.

Usefulness of analytical tools in desiccant cooling research

Dehumidifier performance depends on many variables. The regeneration 

temperature available impacts 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 upon 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 competitiveness 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 to the consumer
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and utilities in terms of energy and costs. System simulations are also a 

tool for investigating control strategies which maximize the thermal 

performance and minimize the parasitic power requirements of desiccant cooling 

systems.

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 matrix geometries. Optimization of performance 

in terms of flow rate ratios and rotation speed as well as 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 dehumidifiers (e.g.: Pla-Barby, 1978; Holmberg, 1979; 

Barker and Kettleborough, 1980a; 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 

at the Univ. of Wisconsin - Madison Solar Energy Laboratory to model 

dehumidifier operation, including transient performance (Brandemuehl, 1982), 

purging (Jurinak and Mitchell, 1984a), desiccant property effects (Jurinak and 

Mitchell, 1984b), and optimization (Jurinak, et. al., 1984). In MOSHMX, a 

dehumidifier is described by five nondimensional parameters (a "number of 

transfer units" and a "mass capacity rate ratio" for each air stream and a 

"Lewis number"). Two step sizes in the time (rotation angle) coordinate 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 convergence 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.

The program DES5IM (Barlow, 1982) was developed at the Solar Energy 

Research Institute (SERI). 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 uncoup 

led. The procedure is not fundamentally correct and recent work (Schultz,



1986a) 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 very well documented program which is easy to follow and 

modify as needed. It 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 description is in 

terms of simple geometrical design parameters. It is these features which 

make DESSIM an attractive analysis and design tool. To date however, the 

results from DESSIM have not been compared with those from more fundamental 

models.

While MOSHMX and (potentially) DESSIM represent solutions to a set of 

differential equations, the programs have been compared with only limited 

experimental data. This limitation applies to many of the dehumidifier models 

available in the open literature. The question therefore remains - does the 

set of partial differential equations from which the finite difference 

equations are derived properly describe the desiccant dehumidifier? Of recent 

interest has been the question of solid-side moisture resistance. Both MOSHMX 

and DESSIM use an effective gas-side resistance to model the total resistance. 

High performance dehumidifiers are expected to have small solid-side moisture 

transfer resistances, but this has yet to be demonstrated experimentally. 

Recent experimental work at SERI (Schultz, 198&b; Bharathan, 1986) is directed 

at checking the validity of MOSHMX and DESSIM. Several attempts have been 

made to model solid-side resistance directly (Pesaran and Mills, 1984; 

Majumdar, et. al., 1985). However, further experimental efforts are needed.

Several models have been developed for "ideal" dehumidifiers, that is, 

dehumidifiers in which the air stream and the matrix are in equilibrium at all 

times and locations (e.g.: Epstein, et. al., 1985; Grolmes and Epstein, 

1985). These types of models are particularly useful for investigating 

desiccant/matrix property effects. Van den Bulck, et. al. (1985a), have 

solved the conservation equations for an equilibrium dehumidifier using a wave 

analysis which 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
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currently employs property correlations for a nominal silica gel dehumidifier. 

Future work involves incorporating a general expression for adsorption 

properties into the model such that a wide range of desiccant/matrix 

combinations can be investigated with minimal computational effort.

Simplified models for desiccant dehumidifiers

As noted above, detailed models of dehumidifiers are valuable tools in 

desiccant cooling research. However, their computational complexity limits 

their application in systems studies to parametric and design point 

calculations. Efficient houi—by-hour simulation of desiccant cooling systems 

to estimate seasonal performance and investigate optimal control strategies 

requires 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, 1980b) or the performance 

of a complete system which incorporates a detailed dehumidifier model can be 

correlated (Majumdar, el. 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 method" 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 Ft and F* potentials (Banks, 1972). The outlet state is 

then determined by superposing Ft and F» effectivenesses which are directly 

analogous to the heat exchanger effectiveness. The F( potentials are 

functions of the desiccant/matrix properties. In the simplified version, the 

Fi potentials are represented as nonlinear analytic functions of temperature 

and humidity ratio for a particular desiccant; to date, this has only been 

done for a silica gel dehumidifier.

Van den Bulck, et. al. (1985b), have defined an enthalpy and a humidity 

ratio effectiveness based on their ideal model. They have correlated these 

effectivenesses in terms of inlet conditions and operating parameters (Ntu's 

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 again currently applicable only 

to a matrix composed entirely of silica gel.
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Confidence in system simulation results requires confidence in the models 

used. The analogy method has been shown to agree sufficiently well with 

MOSHMX for simulation purposes (Jurinak, 1982). Van den Bulck's effectiveness 

model was generated using MOSHMX results. The level of confidence of these 

simplified models, as well as the correlation models, therefore depends on the 

confidence level of the detailed models. This provides further justification 

for experimental validation efforts.

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 equipment. Heat exchangers are 

conveniently modeled using the e-Ntu concept (Kays and London, 1984). 

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. Maclaine-cross and Banks (1981) have 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 air stream. 

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 

computationally too extensive for direct use in system simulations. Crum 

(1988) 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 against 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 nonlinear regression fit of manufacturer’s data to model a
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commercial scale vapor compression system. In hybrid systems, nonstandard 

vapor compression unit operating conditions are encountered which may be 

beyond the range of the available data. Burns (1965) extrapolated vapor 

compression unit performance to high condensing temperatures using the 

functional dependence of the Carnot COP on condensing temperature.

Systems models

Desiccant cooling system models are easily developed by appropriately 

connecting the various component models together. Simulations can then be run 

by driving the system with time dependent forcing functions such as weather 

data. The program TRNSYS (TRaNsient SYstem Simulation, Klein, et. al., 1983) 

provides 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. (1964) have 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 

dehumdifier models. Howe (1983) has simulated a desiccant/vapor compression 

hybrid system for a small office building. The simplified analogy method was 

used to model the dehumifier. 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 combination of 

the simplified analogy method and van den Bulck’s effectiveness correlations. 

Crum (1988) has simulated a desiccant cooling system proposed by 

Maclaine-cross (1985) which incorporates a heat exchanger/cooling tower in 

place of an evaporative cooler. The objective of the work is to optimize 

system operation and to determine the impact of such systems on an electric 

utility.

Conclusions

A variety of tools exist for modeling desiccant cooling systems, both 

detailed and simplified. These tools have significantly aided the analysis
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and development of competitive desiccant cooling systems. 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 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 optimizing specific system operation and 

control.
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ENERGYMASTER® - DESICCANT COOLING IN THE MARKETPLACE

James A. Coellner, Vice President/Research & Engineering 

American Solar King Corporation 

Waco, Texas

In 1985 American Solar King Corporation of Waco, Texas 
began retail sales of its Energymaster® Cooling, Heating 
and Ventilating System. The open cycle desiccant unit had 
been under development by American Solar King Corporation 
(ASK) since 1982. After starting with technology obtained 
from Exxon Corporation, ASK moved to its own proprietary 
concepts in 1983. Field tests were conducted with pre- 
production prototypes in. 1984. Production equipment was 
installed in the first half of 1985 and manufacturing 
began in the summer of 1985. As of January 1, 1986, 
approximately 100 units are in operation.

Energymaster offers the user many significant features 
not found in conventional heating and cooling systems.

1. Ventilation - All air supplied to the home is 
brought in from outdoors in both heating and 
cooling modes.

2. Effective Filtration - 40* efficiency, two inch 
pleated supplied as standard.

3. Low Speed Mechanical Components - Low noise, low 
vibration and long life.

4. Long Product Life - Electrostatic applied baked 
finish on stainless steel.

5. Low Maintenance - Belt adjustments and filters.

The Energymaster supplies 1250 CFM of heated or cooled 
air with electrical power consumption of just 1200 watts. 
It can be used in conjunction with almost any thermal 
source needing 33>000 BTU per hour in the cooling mode and 
thermal input equal to the space load for winter opera­
tion. The thermal input to the basic unit is in the form 
of hot water at a temperature of 140 to 160°F.
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As shown in the preceding table, with regard to 
cooling capacity, Energymaster is a more than adequate 
replacement for a 4-ton unit in the Southwest, or a 3-ton 
unit in the Southeast. In a self-contained, gas fired 
configuration Energymaster is first cost competitive with 
replacement high efficiency heating and cooling systems. 
The operating cost comparison rests solely on residential 
electric and gas rates. In its gas fired configuration 
40 cubic feet per hour of natural gas are consumed in 
addition to 1.2 KW of electric power. Based on operation 
at mean summer conditions Table II presents operating cost 
comparisons.

Electric Rate - $/KWH 
Gas Rate - $/CCF 
Operating Cost - Conv. $
Operating Cost - EM $
Electric/Gas Cost Ratio

Miami Houston Phoenix

101 .088 .092
927 .513 .520
333/HR $.290/HR $.396/HR
492/HR $.311/HR $.318/HR
3.19 5.02 5.18

TABLE II

It is clear that, although climate is a variable, the 
key to operating cost competitiveness is the cost of gas 
relative to the cost of electricity. If a heat pump were 
substituted for the high efficiency air conditioner used 
in Table II, its operating cost would be $.407/HR in 
Miami, $.354/HR in Houston and $.484/HR in Phoenix. 
Energymaster would show significant savings in Houston but 
still have an operating cost disadvantage in Miami. This 
is solely due to the low electric/gas price ratio.

MARKET ACCESSMENT

Although Energymaster offers features unavailable in 
any other HVAC product, ASK believes that market pene­
tration will be largely dependent on operating cost advan­
tages. Functionally the unit is competitive in all 
climatic conditions in the Continental U.S., therefore the 
geographic markets are defined only by substantial cooling 
needs and higher electric/gas price ratios.

Based on current residential utility pricing the 
Southeast is not an attractive market. Texas and the 
Southwest provide utility pricing which gives Energymaster 
strong economic advantage over even the highest rated all­
electric units. American Solar King Corporation is now 
concentrating on those markets with success.

This 'success will continue to grow with consumer and 
trade understanding of the product as long as gas remains 
inexpensive compared to electricity. Entry into other 
markets is totally dependent on the pricing of utilities.
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Based on the features offered and the low level of 
energy consumption it would seem to be readily marketable. 
There is a great misconception that an innovative, cost- 
effective product will be welcomed by consumers. The 
difficulties have become very apparent to us. Much of the 
problem is due to the confused state of the marketplace.
In the real world of heating and air conditioning, percep­
tions and beliefs, not facts or needs, govern. The con­
fusing situation has been generated and maintained by the 
existing infrastructure of manufacturers and dealers as 
well as utility companies. The major impediments to easy 
acceptance center on equipment ratings and load deter­
mination for equipment selection.

EQUIPMENT RATINGS

Vapor compression refrigeration equipment is 
understood by the HVAC industry and the public to be 
synonymous with cooling or air conditioning. It is dif­
ficult for most people to perceive that there is any other 
means of creating cooled air. The air conditioning 
industry through the American Refrigeration Institute has 
set up a methodology and mechanism to rate one vapor 
compression machine relative to another in terms of 
capacity, power consumption and efficiency. Although this 
system is fair for vapor compression equipment because of 
common performance characteristics, it puts alternative 
systems at a distinct disadvantage.

Since the performance characteristics are 
significantly different, a single rating point comparison 
is not valid. This is particularly true when the rating 
point bears no relationship to actual operating con­
ditions. There is no established, "sanctioned”, method 
for regionalized operating conditions. For any cooling 
unit it is absurd to state that capacity or efficiency 
(EER, COP or SEER) will be the same for Miami and Phoenix. 
With regard to Energymaster, the apparently simple 
question "What's Your EER?" must be answered "It All 
Depends." This is the same answer that should be given 
for any system which will be operational in varying 
climates.

LOAD DETERMINATION

Although the literature abounds with discussions of 
"Comfort", "Comfort Indices" and "Comfort Envelopes", I 
have been unable to find any definitive analysis of the 
conditions of temperature and humidity in actual 
residences.

The most telling piece of information is probably the 
fact that although vapor compression units are rated on 
the sum of sensible and latent cooling, control is by 
temperature sensing only. Since machine operation is 
governed by sensible load only, indoor humidity is 
uncontrolled.
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Latent and sensible space loads are independent of one 
another. Sensible loads are imposed by heat sources 
within the building and heat transfer dependent on 
temperature difference. Moisture loads are imposed by 
internal sources and mass transfer dependent on partial 
pressure difference. The lack of interdependence is 
rarely recognized in the real world.

Random indoor measured humidity levels indicate that 
indoor dew point tends to approach outdoor dew point.
This means that in humid climates indoor relative humidity 
levels are well above assumed values. In spite of 
scholarly discussions and comfort zone rating points, it 
appears that consumers are concerned primarily with 
temperature control and that humidity control has little 
real value.

This hypothesis is consistent with the methods 
employed by HVAC contractors in selecting equipment for 
residences. Generally rules of thumb are employed, pre­
sented in unit of CFM per square foot or square feet per 
ton. The most common value employed is 600 square 
feet/ton throughout most of the United States. A major 
exception is found in the hot Southwest where the magic 
numbers are 400 square feet/ton for conventional construc­
tion and 500 square feet/ton for well insulated buildings. 
Although this variation reflects both higher summer design 
dry-bulb temperatures and reduced air conditioner perfor­
mance at higher ambients, it apparently disregards latent 
loads. ASK has encountered some acceptance difficulty 
with the industry and the public by terming Energymaster a 
"B-ton" unit. The following table illustrates the con­
fusion of nomenclature. It compares two identical resi­
dences of 1,800 square feet. The conventional units had 
SEER ratings of 10.6.

Southwest Southeast
Design temperature 107°F 92°F
Mean temperature 90 °F 82°F

Unit 4-ton EM 3-ton EM

Sensible cooling 
at design (BTUH) 35,900 38,000 18,900 20,000
Sensible cooling 
at mean (BTUH) 40,000 41,000 19,300 22,000
Electric consumption 
at design 4.6 KW 1.2 KW 3.5 KW 1.2 KW
Electric consumption 
at mean 4.3 KW 1.2 KW 3.3 KW 1.2 KW

TABLE I

It is clear that nominal ratings are nearly 
meaningless when output under operating conditions is 
the only real measure of consequence.
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Desiccants, particularly calcium chloride, were used during the 19th cen­
tury for drying air and other gases for a few industrial applications 
including blast furnaces. Broader applications for desiccants were 
employed after World War I when researchers at John Hopkins University 
developed silica gel while investigating adsorbent materials for gas mask 
canisters. This was a break-through as silica gel could be conveniently 
reactivated by heating, whereas desiccant salts previously used, deli­
quesced and had to be replaced.
The John Hopkins development spawned a company that produced silica gel and 
multiple desiccant bed dehumidifiers. These dehumidfiers were used for 
drying industrial gases; transformer breathers; numerous applications of 
space drying; even including accommodating the latent heat load of an 
office building in Baltimore.
Effective performance of desiccant dehumidifiers led to further air drying 
applications where the process, product or storage required low humidity 
and/or condensation control. These applications included inactive ships; 
warehouse and cave storage; pharmaceuticals; chemical and food pro­
cessing; missile silos and submarines; rubber and plastic moulding; pro­
duction of electronic components, film, automotive safety glass and 
numerous other applications where humidity would lead to degradation or 
where moisture could not be tolerated.

Before the use of desiccant dehumidifiers, many of these industries would 
shut-down for maintenance and vacation during the humid summer season.
Some companies moved to naturally dry climates to achieve year-round pro­
duction, but sometimes they found that they had moved out of their area of 
marketing and into a short labor area. The use of desiccant dehumidfiers 
for humidity control allowed full year-round quality production in the most 
advantageous areas for the company.
During the 1950's, Neil Pennington^ recognized the potential use of desic­
cants to dry air sufficiently so that the air could be evaporatively cooled to a comfortable level for air conditioning. Concurrently, Carl Hunters^ 
developed a desiccant-treated, corapact-extended surface for heat and mass 
transfer, as well as a similar principle of air conditioning by dehumidifi­
cation and sensible heat transfer followed by evaporative cooling.

Munters' development led to an efficient rotary air-to-air heat exchanger, 
a compact, efficient desiccant dehumidifier and various studies of the 
Munters Environmental Controller (MEC). MEC progressed to the demonstra­
tion stage, but MEC was not developed beyond demonstration during the 
following twenty years, probably because relatively inexpensive electricity 
did not provide motivation for the development of alternatives to conven­
tional electrically-powered vapor compression refrigeration.

Rotary heat exchangers were quickly accepted in the market where a large 
volume of outside air was conditioned. Applications of desiccant dehumidi­
fiers increased, but these were still mainly in the segments of space 
drying, condensation control and industrial processing.
1 Neil Pennington, "Patent No. 2807258, Air-Conditioner, Including 
Furnace", U. S. Patent Office September 24, 1957.
2 Carl Munters & Per Norback, "Patent No. 2926502, Air Conditioning 
System", U. S. Patent Office March 1, 1960. (Filed July 7, 1955)
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Increased energy costs during the late 1970's and early 1980's resulted in 
further investigation of the MEC principle and analysis of desiccants to 
accommodate the latent heat portion of air conditioning loads.
Conventional vapor compression air conditioners handle the latent heat por­
tion of the load by condensing water from the air by cooling the air below 
its dew point temperature. This process is limited to temperatures above 
freezing, therefore the volume of air treated may be large to meet the 
requirements of the latent heat load. The process is inefficient; as the 
low dew point temperatures needed to remove humidity require low evaporator 
temperatures, thereby reducing the system's coefficient of performance 
(COP). There is further inefficiency when reheating is necessary to raise 
the dry bulb temperature to a level of comfort.
The use of a desiccant for the latent heat portion of the load results in 
just a sensible heat load for the vapor compression system, allowing opera­
tion with dry evaporator coils at a higher temperature, resulting in impro­
vement of the vapor compression system's COP.
A reactivated desiccant absorbs or adsorbs humidity , depending on the type 
of desiccant, directly from the air to its surface where the water vapor is 
condensed, converting the latent heat of sorption to sensible heat. This 
causes the temperature of the air to rise. The air leaving the desiccant 
is warm and dry. When the application requires cool dry air the system's 
efficiency will be enhanced by the use of low energy cooling such as an 
indirect evaporative cooler or an air-to-air heat exchanger to remove a 
portion of the sensible heat load.
A hybrid desiccant/refrigeration air conditioning system which intergrates 
gas reactivated desiccant dehumidification, indirect evaporative cooling 
and electric vapor compression cooling has been developed by Cargocaire 
Engineering Corporation under a share-funded contract with the Gas Research 
Institute (GRI) (Figure 1).

This system employs several features which contribute to reducing the con­
nected load and energy consummed. These features follow:

• heat for reactivation of desiccant
- lowest practical temperature for effective re­

activation
- heat reclaimed from refrigeration condensing 

circuits
- highly efficient gas-fired air heater

• post-cooling by low energy means
• improvement in COP of vapor-compression refrigeration
• reduced electricity for supply air blower.

Industrial dehuraidifiers may be required to dry to -40°F dew point tem­
perature or even lower. This requires a deep desiccant bed or a wheel, 
moderate or low air velocities and high reactivation air temperatures,
250°F to 300°F. Air conditioning applications do not require this degree 
of drying. This allows thinner beds or wheels, higher velocities and lower 
reactivation air temperatures. This system takes advantage of these and 
its reactivation temperature is 190°F to 220°F with velocities higher for 
compactness and at reduced static pressure loss due to the thinness of the 
desiccant bed or wheel.
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Desuperheating coils that are in the condensing circuit of the final post­
cooling stage, provide further economy of reactivation by raising the reac­
tivation air temperature from ambient to typically 110°F.
An advanced gas-fired heat pipe reactivation air heater that has an effi­
ciency of 85% is employed. This compares with usual indirect air heaters 
that are 60% to 70% efficient.
The first of two stages of post-cooling is by an indirect evaporative 
cooler that cools the air that has been dried and heated by the dehumi­
difier. This air is generally 100°F to 110°F, and it is cooled to a 75% to 
85% approach between these values and the outside wet bulb temperature.
The indirect evaporative cooler handles 30% to 40% of the total sensible 
heat load when at design conditions. At less than design conditions, the 
indirect evaporative cooler handles a greater portion of the total sensible 
heat load as it is controlled to be the first stage of cooling. Energy 
efficiency ratios (EER's), when considering all debits, of 45 have been 
recorded.
The second stage of post-cooling is by vapor compressor refrigeration. The 
load is sensible heat only, therefore a moderately high suction temperature 
for an improved COP is possible. The COP is further improved by 
integrating an evaporatively-cooled condenser that is in series with the 
secondary or wet circuit of the indirect evaporative cooler (Figure 2).
This lowers the condensing temperature to an approach of the outside wet 
bulb temperature. Operating cost of an evaporatively-cooled condensing 
unit are 25% to 30% less than an air-cooled condensing unit, as the COP is 
typically increased from 3.0 to 5.0. COPs of greater than 6.0 have been 
recorded during field testing (Figure 3).

A desiccant system is not limited by the frost point, therefore the latent 
heat load can be accommodated with less air volume than a vapor compression 
system that maintains its suction temperature above the frost point to 
avoid freeze-up. This results in reduced supply air when the latent heat 
load establishes the air volume. In applications with a high ratio of 
latent heat, this can be a 50% reduction of supply air volume. The size of 
the supply blower and motor, duct size and operating cost are propor­
tionately reduced.

Field testing in supermarkets is revealing that desiccant-based hybrid 
systems with capacity equivalent to 64 tons of refrigeration requiring 99 
kWh of electricity and 240 mBh of reclaimed after heat, are operating with 
54 kWh of electricity and 279 cfh of gas. In addition, the lowered humi­
dity reduces the operating cost of the refrigerated display cases, improves 
the appearance of frozen products by keeping them frost-free and it allows 
higher, more comfortable temperatures in the frozen food aisles.
Other building applications, where the latent heat load affects the acti­
vity, and the integrated desiccant/refrigeration hybrid air conditioning 
system provides definite benefits include, but are not limited to the 
following:

• hospitals and other health care facilities
• research laboratories
• pharmaceuticals v
• semi-conductors
• dehydrated food.
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Conclusions
The use of desiccant/refrigeration hybrid systems for space air con­
ditioning where there is a latent heat load is presently viable. Projected 
energy and demand charges will make the system more attractive in the 
future. Development of more effective desiccant materials and further 
improvement of components will provide a competitive alternative to vapor 
compression refrigeration for air conditioning buildings.
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Ugh latent to sensible 
lad ratio favors use 
f desiccants.

deduced store 
tumidity lowers 
roerall operating 
osts.

OBJECTIVE
This program was initiated to provide an assessment of the potential benefits 

of using a hybrid system that comoines a gas-regenerated desiccant dehumidifier 
with electric sensible cooling for supermarket space conditioning.

TECHNICAL PERSPECTIVE
Supermarkets are recognized as having relatively high latent-to-sensible 

cooling loads because of the presence of food refrigeration equipment which 
performs significantly more sensible cooling than latent. The inefficient process 
oy which commonly used electric vapor-compression air conditioners dehumidify 
suggest that the use of desiccant denumidifiers to perform latent cooling in super­
markets may be advantageous.

An electric vapor-compression air conditioner must sensibly cool air to a 
temperature below the air's dewpoint before moisture can be removed. This 
typically means overcooling the air to condense the moisture and then reheating 
it to maintain a comfortable condition.

A hybrid space-conditioning system which couples a gas-regenerated 
desiccant dehumidifier to an electric vapor-compression air conditioner handles 
the latent and sensible components of the cooling load separately. This system 
offers several advantages. Because the electric air conditioner performs sensible 
cooling only, no overcooling is done and the requirement for reheat is eliminated. 
Also, the electric air conditioner's evaporator temperature may be raised, resulting 
in an improved efficiency, because temperatures below the air's dewpoint no 
longer have to be achieved. Lower circulation flow rates are also permitted. The 
use of an air-to-ambient air heat exchanger to post cool between the desiccant 
dehumidifier and the electric air conditioner actually reduces the load being 
handled by the hybrid system by rejecting sensible heat to the ambient. Hybrid 
systems may also be used to mamtain store humidities below conventional levels, 
thus reducing the load on the store's food refrigeration system.

RESULTS
Two field installations of gas-fired desiccant dehumidifiers coupled to conven­

tional electric air-conditioning systems were studied. Savings in food refrigeration 
operating costs were observed with reduced store humidities at both sites. It was 
also demonstrated that circulation flow rates lower than those of conventional 
vapor-compression systems could be used.

A computer program to simulate a supermarket's loads and equipment 
performances was developed and validated with field data. It was then used 
to evaluate the hybrid space-conditioning concept relative to a conventional 
system in different climates and at conventional and reduced store humidity level 
operation. At conventional humidity levels, the concept was viable with annual 
operating cost savings up to $8000 with local 1983 energy prices in regions of 
moderate to high humidity. Immediate savings or less than two-year payback 
periods were shown to be attainable in many of these areas, with the primary 
savings being reduced air-conditioning and fan operating costs and peak electric 
demand reductions.

a
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The installed cost of a hybrid system in a new application is less than that of 
a conventional electric vapor-compression system because of the downsizing of 
the vapor compression component and the reduction of circulation airflows allowing 
for savings in fan and ductwork costs. Thus, a desiccant hybrid system in a new 
application offers immediate savings. For a replacement application, the installed 
costs are comparable, and acceptable payback periods of less than two years 
can be attained. Retrofit applications of a dehumidifier alone are not practical in 
most cases because the installed cost of the dehumidifier must be amortized by 
operating cost savings which, given current equipment pricing, make acceptable 
payback periods difficult to achieve. The remaming value of any displaced vapor 
compression capacity must also be factored into the retrofit economics.

As a consequence of these results, the continuation of support for the devel­
opment of improved efficiency desiccant dehumidifiers and integrated cooling 
systems is recommended to increase the economic viability of the hybrid system 
concept and thus increase the potential market size. Improvement can be made in 
the desiccant dehumidifier's COP, the method and effectiveness of postcooling the 
process air stream before it is cooled by the electric air conditioner, and the para­
sitic power requirements. Particular consideration should be given to the ideas of 
using reclaimed refrigeration condenser heat in conjunction with gas heating or 
heat produced by gas-fired congeneration for desiccant reactivation.

PROJECT IMPLICATIONS
Based on the results of the completed evaluation of the industrial dehumidi­

fication equipment as adapted to the commercial space-conditioning application 
in supermarkets, a separate project, also under GRI sponsorship, was initiated in 
November of 1983 to mcrease the economic viability of the integrated cooling 
concept. Cargocaire Engineering Corporation, a leading dehumidification equip­
ment manufacturer, is GRI's cost-sharing partner in the follow-on project. Targeted 
component and system developments are projected to yield a higher efficiency 
gas-nred dehumidifier with improved post cooling and electric vapor compression 
sensible cooling in an integrated package for commercialization in 1985. Other 
commercial applications besides the supermarket will be assessed for economic 
application or the cooling concept during the course of the follow-on effort.

Refrigerant-desiccant 
hybrid system reduce, 
other installation 
costs.

Desiccant reactivatiot 
condensor heat 
reclaim offers 
additional savings.

Success of evaluation 
has lead to follow on 
projects.

67



SUMMARY

Desiccant-refrigerant 
hybrid design is 
optimum for 
supermarket load 
profile.

Lower humidity is 
key to operating 
economies.

Peak electrical bads 
reduced.

Two years of 
operating test data.

INTRODUCTION
This report describes a program conducted by Thermo Electron to evaluate 

the potential for the use of hybrid systems that combine gas-regenerated desiccant 
dehumidifiers with electric vapor compression sensible cooling for supermarket 
space conditioning. The relatively high latent-to-sensible coolmg load typical of 
supermarkets, because of their food refrigeration equipment, and the inefficient 
process by which commonly used electnc vapor-compression air conditioners 
dehumidify suggested that the use of desiccant dehumidifiers might be advanta­
geous. Thus, the primary objective of the program was to evaluate desiccant 
hybrid space-conditioning systems and identify all of their potential benefits.

An electric vapor-compression air conditioner must sensibly cool air to a 
temperature below the air's dewpoint before moisture can be removed. This 
typically means overcooling the air to condense the moisture and then reheating 
it to a temperature suitable for maintaining comfort. This inherently inefficient 
situation is common in supermarkets because of the presence of refrigerated food 
cases which perform significantly more sensible than latent cooling. Trends in 
store design which include more food refrigeration and more efficient lighting will 
reduce the sensible component of the load even further. Hybrid space-conditioning 
systems which use a desiccant dehumidifier, handle the latent and sensible loads 
separately. A desiccant dehumidifier converts the latent load to a sensible load, of 
which most may be rejected to the environment through air-to-air heat exchangers 
and the remainder of which can be removed with electric air conditioners. Indirect 
evaporative cooling can also be used to meet the sensible load. The excessive 
sensible cooling and requirement for reheat of a vapor-compression system are 
eliminated.

Two approaches which have potential benefits to supermarkets may be taken. 
One is to operate a hybrid system at conventional humidity levels and realize 
savings through reduced air-conditioning and reheat energy costs. The second 
approach is to operate at lower humidities to reduce the load on the food refrig­
eration system and thus its energy consumption. Because of the additional latent 
load being met with the second approach, little if any, savings are possible in air 
conditioning costs with currently available equipment. Both approaches allow for 
reduced circulation flow rates and higher air conditioner evaporator temperatures. 
Thus, savings can be attained through a reduction in fan operating costs and air 
conditioner efficiency improvements.

Electric and gas utilities could also benefit from the use of desiccant dehu­
midifier hybrid systems. Electricity sales would be replaced by gas sales during 
the summer. This is a period when gas sales are low and electric utilities are having 
difficulties satisfying tneir peak demands.

Thermo Electron has studied both approaches and identified the conditions 
necessary for economic feasibility of the hybrid system concept. Recommendations 
have also been made for the continuation of work to further develop and improve 
hybrid systems.

PROGRAM DESCRIPTION
The program to assess the benefits associated with the use of gas-fired desic­

cant dehumidifiers in supermarket space-conditioning systems was conducted 
over a 2-year period. The first year involved the evaluation of a field installation 
of a hybrid desiccant dehumidifier space-conditioning system in West Chicago, IL. 
In the second year, another installation in San Antonio, TX was included. During 
the course of the program, time was spent developing in an evolutionary manner, 
and finally using for parametric analysis, a computer simulation of the loads and 
equipment performances characteristic of a supermarket.
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The primary objectives of the field work were to acquire a better under­
standing of how desiccant dehumidifiers interact with the different systems in 
a supermarket, to confirm the theories of reduced space-conditioning and food 
refrigeration energy consumptions, and to develop criteria for the design and instal­
lation of desiccant hybrid systems. Although both field sites involved gas-fired 
desiccant dehumidifiers coupled to existing air conditioning systems, the two were 
different in many respects. Ine West Chicago installation in a Jewel/Osco store 
used a gas-fired desiccant dehumidifier, in a ventilation mode, directly firing into 
a silica gel packed bed as the desiccant. The climate was moderately humid in the 
summer and the store was not open 24 hours a day. A complete description of this 
installation may be found in "Field Development of a Desiccant-Based Space- 
Conditioning System for Supermarket Applications," Annual Report, GRI Report 
No. 83/0013 (NTIS document No. PB83-251017). On the other hand, San Antonio's 
climate is very hot and humid for several months each year and the HEB store in 
which the hybrid system was installed is open 24 hours a day. The HEB system 
operated in a recirculation mode with no ventilation air and the dehumidifier used 
indirectly fired lithium chloride held in a honeycomb flow channel structure as the 
desiccant. These differences allowed for a broader assessment of the hybrid space­
conditioning system concept.

A computer program was developed to provide a means for a complete 
evaluation. The simulation allowed for the evaluation of hybrid and conventional 
space-conditioning systems at the vaiying operating conditions experienced 
during an entire year. Moreover the effects of such variables as climate, ventilation 
requirement, sensible/latent load ratio, building characteristics, and refrigeration 
case capacity could be studied efficiently. The program performs an hour-by-hour 
quasi-steady-state analysis using sequential hourly weather data. It calculates 
steady-state loads and equipment performances using equations developed from 
field experience and manufacturer s specifications. A certain number of assump­
tions had to be made. Their appropriateness was validated with data collected 
from the Jewel and HEB stores.

The two sources, field data and computer simulations, provided the informa­
tion necessary to thoroughly identify the benefits associated with the use of gas- 
fired desiccant dehumidmers in supermarket space-conditioning systems. Areas 
where improvements were possible could also be outlined and thus recommenda­
tions for future development work could be made.

WORK COMPLETED
Upon selection of a Jewel/Osco store in West Chicago, IL as the site for the 

first field evaluation, work began with the preparation of plans and specifications 
for the installation of a desiccant dehumidification system. A design point analysis 
was performed to determine the size of the desiccant dehumidifier to be coupled 
to the store's conventional air conditioning system. Related controls, instrumenta­
tion, air-handling equipment, and data acquisition equipment were also specified. 
Assistance was provided by Jewel engineers and E.J. Flynn Engineers, Inc., an 
A/E division of Thermo Electron.

Upon completion of the installation and checkout of the system and instru­
mentation in mid-June of 1982, a test program involving alternate periods of 
desiccant hybrid system and conventional system operation was conducted until 
mid-October. Energy consumption data were manually recorded daily, and indoor 
and ambient temperature ana humidity conditions were recorded continuously 
on hygrothermographs. An event recorder was also used to monitor the cycles 
of various space-conditioning system components.

Field tests confirm 
practical operating 
considerations.

Computer model 
developed for 
comparison with 
observed data.

1st field test 
in Chicago at 
Jewel/Osco.
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During this field evaluation period, several problems and areas where improve­
ments could be made were identified. Ventilation airflow rates were higher than 
intended because of leaky dampers and improper enthalpy control. Infiltration 
rates were also high because compressor room fans drew air from the store, not 
allowing it to be pressurized. A significant amount of stratification was present 
which increases the apparent load on the system. Because these loads had not 
been properly estimated, the desiccant hybrid system was unable to hold the 
desired conditions. The operation of the automated energy management control 
system was often erratic, turning equipment on and off improperly. The duct­
work was insufficiently sealed and thus allowed moisture to leak into the dry air 
stream. Manual data recording was inconsistent and the instrumentation was not 
always accurate.

Because of the problems encountered and the relatively short test period, 
the amount of reliable data collected was limited. For this reason, the evaluation 
program was extended into 1983 to include modifications to the store and hybrid 
space-conditioning system and testing for another cooling season. The changes 
and modifications made included improved ventilation air dampers, under-tne- 
case returns, additional data acquisition equipment, and the hiring of a local 
engineering student for reliable data recording.

Also included in the program extension was the evaluation of another installa­
tion of a desiccant dehumidiner hybrid space-conditioning system. This system 
had been installed in an HEB store in San Antonio, TX by Cargocaire Engmeering 
Corporation. The store was already well instrumented because a DOE field test 
program to evaluate an unequal parallel compressor concept for the food refrigera­
tion system was being conducted concurrently. This provided Thermo Electron 
with the opportunity to evaluate another hybrid system in a very different climate 
and perform a broader assessment. Some additional instrumentation was installed 
at HEB to monitor the actual load on four medium-temperature cases (low tem­
perature was already installed) and the performances of the space-conditioning 
equipment. A 4-month test program was then conducted at HEB during the 1 983 
coolmg season. As at Jewel, theprogram included alternate periods of conventional 
and hybrid system operation. Tne hybrid system was operated with various store 
humidity and temperature set points and with a reduced circulation air flow rate.

The data collected at the two field sites during the 1983 season indicated 
the importance of sealed ductwork, process air postcooling, proper control, and 
improved efficiency dehumidifiers. Anticipated reductions in refrigeration oper­
ating costs with reduced humidities were verified and the potential for substantial 
savings through system optimization was indicated. It also became evident during 
the field evaluations that stores are unique and climate has a significant effect on 
the economics. Although the results of tne two field evaluations provided informa­
tion which was important and helpful, it was not enough to completely assess the 
benefits of gas-fired desiccant hybrid systems.

A computer program was developed by Thermo Electron which simulated 
a store's loads and associated space-conditioning and refrigeration equipment 
performances on an hour-by-hour basis for an entire year. A conventional electric 
vapor-compression system was modeled as well as hybrid systems operating in 
ventilation and recirculation modes. Hourly average weather data for nine different 
cities representing a range of climates were used. Comparisons were made be­
tween the store's armual operating costs with conventional and hybrid systems. 
The sensitivity of the costs to such variables as store humidity set point, ventila­
tion requirement, and refrigeration capacity was also identified.

To enable the estimation of payback periods for gas-fired desiccant dehumidi­
fier hybrid space-conditioning systems, installed costs were estimated for the 
hybrid and conventional systems. Industry standards and the experience of E.J.

l
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Flynn Engineers and Cargocaire Engineering Corporation were used. All compari­
sons were made on the basis of new or replacement applications as opposed to a 
retrofit installation.

To complete the evaluation program a number of conclusions were derived 
from the results of the computer simulations and the information obtained during 
the field studies. Several recommendations for future work were also outlined. The 
more important of these will be presented in the following section. Finally, a set of 
guidelines was developed to assist the supermarket engineer who is considering 
the use of a gas-fired desiccant dehumidiner hybrid space-conditioning system. 
These guidelines have been included as an appendix to this report.

MAJOR CONCLUSIONS AND RECOMMENDATIONS
Many conclusions were arrived at during the course of the evaluation pro­

gram. These are discussed in more detail in Chapter 11, but the most significant 
conclusions will be presented briefly here.

As had been expected, reducea store humidities reduce the load on the food 
refrigeration systems and thus the operating costs. This was seen at both field 
sites. It was concluded from a test at the HtB store that desiccant hybrid systems 
can hold store conditions including humidities below those of conventional 
systems with lower circulation air flow rates than used with electric air condi­
tioning. This can produce substantial savings in fan operating costs. Both field 
installations also indicated the importance of sealed ductwork to prevent moisture 
leakage and of post-cooling the hot, dry process air to reduce the load on the 
electnc air conditioner.

The primary conclusion of the numerous computer simulations performed 
is that the concept of using gas-fired desiccant dehumidifiers in hybrid space­
conditioning systems in supermarkets is currently viable in areas of moderate 
and high humidities. Immediate savings or simple payback periods of less than 
two years are possible when operating the hybrid system to maintain humidity 
levels comparable to those of conventional systems in all new and most replace­
ment applications. However, an even more important conclusion is that the 
improved desiccant dehumidifier efficiencies and summer gas price reductions 
would significantly increase the potential savings of a hybrid system, consequently 
improving its marketability. Also, modem, energy conserving store designs have 
reauced sensible cooling loads, which further increases the savings potential of 
a hybrid system.

Currently, at low humidities, the savings in refrigeration operating costs are 
less than the additional electric air-conditioning and dehumidiner gas and fan 
energy costs. In the future, with more efficient dehumidifiers and post coolers and 
advanced gas-fired desiccant cooling systems that can operate in the ventilation 
mode with very high COP's, it would oecome more advantageous to operate at 
reduced store humidities. Moreover, if the summer gas cost is reduced as an incen­
tive in the future, overall savings will further increase. The trend towards larger 
frozen food departments and thus more refrigeration cases will also strengthen the 
argument for reduced humidities.

These conclusions led to the recommendation that development work pres­
ently being sponsored by GRI be continued to improve dehumidifier efficiencies 
and optimize integrated hybrid systems. It is also suggested that gas utilities 
promote incentive programs to make it more advantageous for consumers to use 
gas in place of electricity during the summer.

Results confirm 
beneficial effect of 
lower humviity level 
made possible with 
desiccants.

Both moderate 
and high humidity 
climates offer 
potential economies 
for desiccant- 
refrigerant hybrid.

Optimized 
dehumidifier design 
required for greatest 
economies.

71



High ratio of latent 
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GENERAL DISCUSSION
This chapter is intended to provide some of the necessary background 

information that will be useful to a person unfamiliar with desiccant-based space 
conditioning. The distinguishing characteristics of the space-conditioning loads in 
supermarkets and methods of space-conditioning that take advantage or these 
characteristics are outlined here. Some discussion of the refrigeration and space­
conditioning equipment in supermarkets is also included. Approaches to reduce 
operating costs of the equipment are indicated.

CHARACTERISTICS OF SUPERMARKET 
SPACE CONDITIONING

The space-conditioning loads on a supermarket are unique in that the latent- 
to-total load ratio is higher than for most other commercial buildings. This is 
because the refrigerated cases act as open air coolers, absorbing predominantly 
sensible energy from the store and rejecting it to the outside of tne building 
through the condensers. Figure 1. presents the typical load profile for a super­
market in Miami which is open 24 nours a day. The latent-to-total load ratio is at 
least 0.4 most of the time.

+ -TOTAL LOAD

X - LATENT LOAD

*--*-*-*

0 1 2 3 4 5 6 7 8 9 10 11 1213 14 15 16 17 18 19 20 21 22 23 24
TIME OF DAY (HR)

Figure 1 Hourly Latent and Total Load Variations on Space-Conditioning 
System, Miami-June

Engineers involved with the design of HVAC and food refrigeration systems 
for supermarkets are well aware of the unusual load patterns resulting from the 
interaction of these systems. The space-cooling effect of the refrigerated cases can 
provide all of the sensible cooling required on the hottest days, and may result in 
a need for heating during periods when other conditioned spaces may require 
cooling.

Because the cases produce more sensible cooling than latent, a sizable latent 
load can remain. Handling such loads using a conventional air conditioning 
system alone can be inefficient. To remove moisture from the air, the air must be 
cooled to below its dewpoint. This is typically lower than is required to meet the 
sensible load alone, necessitating re-heating of the air before it can be distributed
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to the store. This process, shown in Figure 2. becomes increasingly inefficient 
when handling higher latent-to-total load ratios.

©- <D SENSIBLE COOLING 
© - © MOISTURE REMOVAL 

© - © REHEAT

Figure 2 Typical Vapor Compression Air-Conditioning Process

Such space-conditioning systems operate more efficiently when they perform 
sensible cooling only, eliminating the reheating requirement. Also, since the air 
would not have to be cooled to below its dewpoint, higher evaporator temperatures 
can be allowed. This would result in higher operating coefficients of performance 
(COP's). These factors suggest a potential advantage in decoupling tne sensible 
and latent cooling, using an alternative method for latent coolmg.

One method for achieving predominantly latent cooling is tnrough the use of 
specially deisgned low-temperature air conditioning coils, such as those developed 
by Trane Corporation. According to the manufacturer's specifications, these coils 
are designed to have higher latent-to-total cooling ratios than standard coils. A 
drawback of such an approach appears to be the inability to attain very low humid­
ities, if such are desired. However, at this time insufficient information is available 
on this method to discuss it in greater detail.

Another method of performing latent cooling alone is through the use of 
sorbents, materials capable of removing moisture from their surroundings. Essen­
tially, a sorbent causes some of the water vapor in an air-water vapor mixture to 
condense, releasing the latent heat of sorption which is typically 10 to 15 percent 
greater than the latent heat of condensation. This causes tne air temperature to 
rise. This process may also be viewed as converting the latent heat of the air-water 
vapor mixture to sensible heat. In terms of loads on the space-conditioning 
systems, this is similar to converting latent load to sensible. The hot dry air can 
now be sensibly cooled, using conventional air conditioners, air-to-air neat 
exchangers, indirect evaporative coolers, etc. The process is shown on a psychro- 
metric chart in Figure 3.

Lower humidity 
means operating 
inefficiency for 
vapor-compwssion 
refrigeration.

Desiccants remove 
water vapor in the 
vapor phase by 
sorption, not 
condensation.
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Figure 3 Desiccant Cooling Process

Absorbents undergo 
physical or chemical 
change during 
sorption process.

Adsorbents do not 
change during 
sorption process.

Both processes are 
reversible through the 
addition of heat

SORPTION DEHUMIDIFICATION
Dehumidification of air refers to the reduction of its moisture content. Sorbent 

materials used in dehumidification equipment may be either the liquid or solid 
type. The performance of different types of sorption dehumidification machines 
is, to some extent, a function of the sorbent used. These materials must be capable 
of removing the sorbate (such as water) from the fluid stream being treated.

Sorbents used in dehumidification equipment can be divided into two classi­
fications; absorbents and adsorbents. A sorbent which changes either physically, 
chemically, or both during the sorption process is known as an absorbent. Lithium 
chloride is an example of a solid absorbent. When water is absorbed on this mate­
rial, the lithium chloride is converted into hydrates, eventually reaching a satura­
tion point after which additional moisture causes the material to lose its crystalline 
structure and dissolve in the water that was absorbed. A sorbent which does not 
change physically or chemically during the sorption process is known as an adsor­
bent. Some common adsorbents are silica gel, activated alumina, and activated 
charcoal A solid adsorbent, also known as a desiccant, has the property of adsorb­
ing moisture from, or adding moisture to, a gas such as an air-water vapor mixture. 
Actually all gases and vapors are adsorbed to some extent on an adsorbent sur­
face. In the case of an air-water vapor mixture, the amount of air adsorbed is very 
small compared to the amount of water adsorbed, and consequently, dehumidifi­
cation of tne air occurs.

Adsorption takes place at the surface of the adsorbent, where the gas and 
solid come in contact with each other. Common solid adsorbents have a porous 
structure of submicroscopic dimensions, which gives them an extensive internal 
surface area. The amount of material adsorbed under equilibrium conditions is 
proportional to the surface area of the desiccant, if the pores are large enough to 
allow the adsorbate to penetrate into the interior of the desiccant.

For both solid adsorbents and absorbents, the sorption process is completely 
reversible by application of heat and dry gas, such as air. In the case of solid adsor­
bents, reactivation temperatures are generally within the range of 150 F to 500 F.

I
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Because no physical or chemical change occurs to the adsorbent in this process, it 
is again reaay to extract water vapor from a wet gas after reactivation.

Both liquid and solid sorbents may be used in dehumidification equipment. 
Because liquid sorption equipment is generally bulky and expensive, this method 
was judged to be impractical for supermarket applications.

Dehumidification by use of a solid desiccant may be performed under static 
or dynamic conditions, m the static method, there is no forced circulation of air 
through the desiccant. Instead, the air immediately surrounding the desiccant is 
dried, and through convection and vapor diffusion, water vapor from more remote 
areas reaches the desiccant, where it is adsorbed. 'Hus process can take consider­
able time to reach equilibrium.

Dynamic dehumidification indicates that the air being dried is flowing 
through a desiccant bed. For space-conditioning applications, therefore, an air- 
moving device would be an essential part of the denumidifier.
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PROCESS
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REACTIVATION 
AIR HEATER

HEATED AIR FOR 
REACTIVATION OF 
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ROTATING 
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SEALS TO SEPARATE 

REACTIVATION 
FROM PROCESS

HUMID PROCESS 
AIR TO BE DRIED

REATIVATION 
(WET) AIR 
EXHAUST

Figure 4 Typical Rotary Dehumidification Unit

A common type of solid adsorption dehumidifier is the rotary-bed dehumidi­
fier. Rotary-bed denumidifiers, illustrated in Figure 4. have one or more beds of 
solid desiccant. The beds are usually in counter air flow and each bed handles au­
to be dried and regeneration air simultaneously. The two air streams are separated 
by seals to prevent mixing, and the beds are physically rotated within the casing 
to expose one portion of the desiccant to the process stream and the remainder to 
the regeneration stream. Since a rotary dehumidifier has a continuously rotating 
bed, outlet conditions will be constant when the inlet conditions are held constant.
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Rise in dry bulb 
temverature of the 
air being dried is a 
natural consequence 
of sorption.

Both desiccant and 
refrigerant technology 
required for maximum 
system efficiency.

Figure 5. shows the performance of a typical rotary-bed dehumidifier. As 
would oe expected, as the inlet temperature and humidity rise, so do the outlet 
temperature and humidity. Such devices can be used to obtain fairly low dew­
points in a closed space. The actual performance depends on the type of desiccant 
used, method of regeneration, inlet air conditions, and other factors.
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Figure 5 Typical Performance of a Rotary Bed Absorbent Dehumidifier*

SUPERMARKET APPLICATIONS
As discussed in the Section on Characteristics of Supermarket Space Condi­

tioning, the unusually high latent-to-total load ratios often encountered in super­
market space conditioning can make desiccant-based space-conditioning systems 
an economically attractive option. A hybrid system, consisting of a desiccant 
dehumidifier and a conventional air conditionei; can be efficiently used to sepa­
rately handle the latent and sensible components of the total space-conditioning 
load. Such a system can be configured in several ways; the best configuration for 
any application would depend on the characteristics of the space conditioning 
and refrigeration systems, loads on the store, and building codes.

One possible configuration is illustrated in Figure 6. some of the recirculation 
air is mixed with the ventilation air and the mixture is passed through the dehu­
midifier and the heat exchanger in series. This warm, diy air is then mixed with 
the remainder of the recirculation air and is passed through the air conditioner 
which cools the air sufficiently to meet the sensible load on the space.

The configuration can be operated in three different modes. Ventilation mode 
refers to no recirculation air being mixed with the ventilation air prior to being 
passed through the dehumidifier. Recirculation mode refers to the case as illustrated, 
with the mixture of ventilation and recirculation air being passed through the

“The Dehumidification Handbook," The Cargocaire Engineering Company, 1982.
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Figure 6 Hybrid Space-Conditioning System

dehumidifiers. The third mode of operation is pure recirculation with only recircula­
tion air being dried by the dehumidifier. In the recirculation mode, the optimum 
mix of ventilation and recirculation air will depend on many factors, including 
ambient conditions, desired indoor conditions, local building codes, and the per­
formance characteristics of the equipment.

In general, the energy consumption per unit of water removed decreases as 
the inlet humidity rises. This is intuitively apparent since it would be easier to 
remove moisture from a more humid stream. However, as was shown in Figure 5. 
for very high inlet humidities the outlet humidity may not be low enough to fully 
meet the latent load. This must be considered in the system design. In most cases, 
however, the most economical mode of operation would be the one using the min­
imum amount of ventilation air required oy the local building code and desired 
indoor comfort levels.

Another important characteristic of the hybrid system is that the total 
air-circulation rates required are lower than those for a conventional space­
conditioning system, because a conventional air conditioner has a low latent-to- 
total capacity ratio, high air circulation rates are required in order to meet the 
latent load. Since for a hybrid system the latent and sensible loads are met sepa­
rately, the necessary air circulation rate is lower. In new installations this allows the 
use of smaller air-distribution ducts and circulating fans. These savings can make 
the installed cost of the hybrid system lower than that of a conventional system.

Virtually any source of heat at a sufficiently high temperature can be used for 
regeneration. Lower regeneration temperatures will allow more efficient use of the 
thermal input. However for the same capacity the required size of the dehumidi­
fier will be significantly larger and the parasitic electric power consumption by 
blowers handling more air will be greater. Some potential regeneration energy 
sources are refrigerant condensers, cogenerators, solar collectors, process waste 
heat, and natural gas heaters. Reclaim heat from the food refrigeration or the con­
ventional air conditioning system condensers can be an economical means of pre-

Vavor compression 
refrigeration has 
low latent capacity 
requiring large 
airflow to remove 
latent load.

Low-cost heat can 
assist desiccant 
regeneration.
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for 85% of case 
refrigeration system

heatine the regeneration air, but will generally be at too low a temperature to be 
the only heat source. The exiting regeneration air may also be at a nigh enough 
temperature to permit some preheating of the incoming regeneration air.

In addition to the ability to perform space-conditioning in an efficient manner, 
the use of desiccants can have another very important advantage. Because the 
desiccant can dry the air to very low humidities, the minimum space humidity 
attainable can be much lower tnan that possible with a conventional system.

To understand the significance of this, it is necessary to examine tne effects 
of lowering the indoor humidity. The primary effect of lowering the indoor 
humidity is on the performance of the food refrigeration system. This is discussed 
in the next section.

REFRIGERATION EQUIPMENT
It is the presence of a disproportionate amount of food refrigeration equip­

ment that gives supermarkets their unique space-conditioning characteristics. The 
refrigeration equipment can account for 50 percent of the total energy consump­
tion of the store, so a reduction in the load carried can result in significant savings.

The energy gains that make up the load on the refrigerated cases may be 
divided into four main components: (a) conduction heat gains through the walls,
(b) heat gains associated with the products brought into the refrigerated space,
(c) heat gains associated with lights, electric motors, and other internal heat 
sources, and (d) heat gains due to convective and diffusive flow into the refriger­
ated space. Of these four components, (b) and (c) are relatively independent of 
store conditions, and (a) depends on store temperature only. Component (d), 
however depends on the sensible and latent energy content of the air entering 
the refrigerated space. Figure 7. shows the probable air movements in and around 
typical refrigerated cases. The recirculation currents within the case are maintained 
by fans, and form an air-curtain between the refrigerated space and the store air. 
This air-curtain significantly reduces the amount of store air entering the refriger­
ated space. Still, a substantial amount of store air does enter to make the load asso­
ciated with it on the order of 85 percent of the total load that the compressors 
must handle.

WARM HUMID 
AIR

COLD DRY 
AIR)

Figure 7a Typical Medium-Temperature Cases Figure 7b Low-Temperature, Glass 
Door Case Air Patterns 
(When Door is Open)
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For the closed door cases, air exchange with store air occurs only when the 
case door is opened. Therefore, the proportion of the compressor load associated 
with the exchange may be expectea to oe smaller than for the open cases.

Results obtained by the Tyler Company indicate that a reduction in the 
relative humidity of the store air can reauce the loads on the refrigerated cases.
A +75°F reduction from 55% RH to 42% RH was reported to have reduced the load 
by 10 percent and 7 percent for the medium and low temperature cases respec­
tively. A +75°F reduction from 55% RH to 25% RH reduced the load by 30 percent 
and 20 percent respectively. These results provide a useful estimate of the refriger­
ation savings associated with reduced store humidities.

Reduction in store humidity can further reduce refrigeration system energy 
consumption through slower frost buildup on the refrigeration evaporator cous. 
Slower frost buildup allows operation of tne cases with fewer defrosts, reducing 
the cooling required to recooi the refrigerated space. The frequency of defrosts can 
be adjusted either manually or automatically, e.g., by using frost sensors. Also, 
fewer defrosts will allow better control of the space temperature, improving the 
shelf life of the products. Alternately, if the defrost freouency is maintained the 
same, then the average amount of frost of the coils will be lower. Since the frost 
covering the coil essentially functions as an insulator, less frost buildup will allow 
higher evaporator temperatures and hence higher COP's for the refrigeration 
system. Finally, lower store humidities will allow reduced operation or possibly 
elimination or the anticondensate heaters in the glass doors of the closed refriger­
ated cases.

STORE AIR STRATIFICATION
The refrigerated cases in a supermarket remove moisture and heat from the 

air in the store and deposit the cooler air on the floor where a layer of cold, dry 
air builds up and spreads around the store. Many supermarket HVAC systems 
are designed to use this air to cool the store by placing return-air ducts under the 
cases. Tnese ducts pull in cooled air from the aisles and recirculate it, thereby get­
ting some "free" cooling.

This stratification can have several deleterious effects on the performance of 
any space-conditioning system operating on the store air. Due to stratification, the 
average air temperature and humidity are often maintained at lower levels than 
they would have been had the air been fully mixed. This typically has the effect 
of making the space-conditioning equipment perform more cooling than it would 
with fully mixed air. This is the source of many customer complaints about cold 
freezer aisles, which leads to reduced product sales in the profitable frozen food 
lines. The effect on the refrigeration equipment is a little more difficult to estimate. 
If destratification decreases the temperature and humidity of the air flowing into 
the cases, then its effect is to reduce the load on the cases. The converse is, of 
course, also true. The actual situation would depend on the level of stratification 
and the patterns of the air flow into the cases.

In a stratified store, the layers of cold, dry air on the floor would probably 
migrate towards openings and exfiltrate at the lower levels while unconditioned 
ambient air would infiltrate above it. In a destratified store, this exfiltration loss 
will also be lower.

Product display 
case manufacturer 
confirms case bad 
reduction at lower 
store humidities.

Substantial additional 
benefits to lower 
humidity.

Customer compkints 
arise from excess of 
sensible cooling in 
frozen food aisles.
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Use of low<ost 
energy (gas) is a 
major economic 
benefit to desiccant 
systems.

Optimum humidity 
level varies according 
to store operation 
and bad profib.

Peak electrical bad 
reduction possibb 
through use of 
desiccants.

Payback periods are 
under two years.

SAVINGS
Separation of the latent and sensible space-conditioning loads using a desic­

cant dehumidifier coupled to a sensible air conditioner offers several potential 
sources of savings. Operating savings can be obtained by displacing some of the 
electrical consumption of conventional air conditioners by a less expensive energy 
source. Further operating savings are possible by displacing some of the electrical 
consumption of the food refrigeration system in the same manner. The actual 
amount of savings from each source wifi depend on the humidity maintained in 
the store. If the hybrid system is used to maintain normal indoor humidities, all 
the savings will be realized from the space-conditioning system. If lower-than- 
normal indoor humidities are maintained, the operating savings from the space­
conditioning system will be lower, possibly even negative, but additional savings 
are available through reduction in the food refrigeration system operating costs.

For any given application, the indoor humidity maintained should be the one 
for which the sum of the space-conditioning and food refrigeration operating costs 
is a minimum. Figure 8. illustrates how the variation of these costs can be used to 
determine the optimum indoor humidity. The actual optimum operating point will, 
of course, depend on the particular store and the loads imposed on it.

TOTAL OPERATING COSTS

I-------

INDOOR HUMIDITY

Figure 8 General Variation of Operating Costs with Indoor Humidity

Large commercial users, such as supermarkets, usually have to pay peak 
electrical demand charges based on the maximum electrical demand at any time 
during the given month. During the cooling season, the peak demand usually 
occurs when the cooling loads on the store are the highest, typically at mid- 
afternoon. Use of the hybrid system to substitute an alternative energy source 
for electricity will result in a lowering of the peak electrical demand, with its asso­
ciated demand savings.

Because the installed cost of a hybrid system can be comparable to that of a 
conventional space-conditioning system, all of these sources of operating savings 
can result in payback periods suitable to the industry of under two years.
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Use Of
Liquid Desiccant Dehumidification 

For Cooling Buildings

- by -
William C. Griffiths 
Kathabar Systems 

P.0. Box 791 
New Brunswick, NO 08903 

Telephone Number: (201) 356-6000

Abstract

For over 50 years, liquid desiccant humidity conditioning equipment has been 
used to provide air at controlled temperature and humidity for a wide variety 
of industrial and institutional process air-conditioning applications. 
Performance features of liquid desiccant equipment utilized in these 
applications include the following:

* Ability to simultaneously cool and dehumidify air.
* Ability to dry air to dewpoint humidities about 40°F below the 

conditioner coolant temperature.
* Ability to fully modulate coolant and heat use and fully control air 

cooling and dehumidification to match the process load requirements.
* Ability to deliver bacteriologically decontaminated air.

In the past, the relatively low cost of electric energy created little 
economic incentive to incorporate desiccant dehumidification equipment in 
comfort conditioning systems. More recently, increases in the cost of 
electricity and the increased impact of electrical demand charges make 
desiccant dehumidification considerably more attractive for these 
applications. Use of liquid desiccant dehumidification to handle building 
latent loads can reduce maximum refrigeration loads by 25 to 40%, and minimize 
refrigeration load variations.

The effectiveness of liquid desiccant dehumidification in reducing 
comfort-conditioning refrigeration loads has been demonstrated in a number of 
buildings. The cost-effectiveness of integrated liquid
desiccant/refrigeration comfort conditioning systems can be further enhanced 
by improving the thermal efficiency of the regeneration process and by 
developing lower-cost liquid desiccant equipment designed for the commercial 
market. GRI-sponsored research currently planned will significantly advance 
toward these objectives and also provide valuable tools for modeling the 
performance of integrated systems in a variety of building types and climates.

\

81



INTRODUCTION TO LIQUID DESICCANT DEHUMIDIFICATION

Figure 1 is a schematic depiction of a liquid desiccant air conditioning 
system. The system is similar to an absorption refrigeration system in that 
it operates on the principle of chemical absorption of water vapor by a 
desiccant solution, typically a water solution of lithium chloride. In 
operation, air passes through the conditioner unit and is cooled and 
dehunidified by contact with the desiccant solution. The heat absorbed from 
the air by the desiccant solution is rejected to a coolant through a suitable 
heat transfer surface. Coolants typically used are cooling tower water, 
ground water, chilled water, refrigerants, or air. The conditioner unit is 
analogous to the absorber section of an absorption refrigeration system.

Water absorbed by the desiccant in the conditioner unit is stripped from 
the desiccant in the regenerator unit by heating the desiccant to elevate its 
water vapor pressure and contacting the heated desiccant with a scavenger 
airstream. The desiccant solution is heated through a suitable heat transfer 
surface by steam, hot water, gas or oil firing, or refrigeration condenser 
heat. The regenerator unit is analogous to the generator section of an 
absorption refrigeration system.

Figure 2 shows the vapor pressure characteristics of lithium chloride 
solution. At a given concentration of salt by weight, the solution is in 
equilibrium with air at a practically constant relative humidity, regardless 
of temperature. The air humidity leaving the conditioner unit can be adjusted 
by adjusting the concentration of the solution. At practical operating 
concentrations, the conditioner unit can dehumidify air to relative humidities 
as low as 18%, and can humidify air to relative humidities as high as 90%.

COMPARISON OF DEHUMIDIFICATION METHODS

Figure 3 illustrates the three common methods of dehumidifying air for 
process and comfort air-conditioning applications. In the refrigeration 
approach, the air is dehumidified by condensing the water on the surface of a 
cooling coil. The dew point humidity of the air leaving the coil is roughly 
equal to its dry-bulb temperature, so the coolant must be several degrees 
colder than the dew point humidity of the air. Substantial reheating of the 
air may be required to maintain temperature control in the conditioned space. 
In comfort conditioning applications, if the air cooling is limited to that 
required to maintain space temperature control, the dew point humidity of the 
delivered air will increase and high building hunidities and discomfort may 
result.
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In the dry desiccant approach, the air is roughly adiabatically 
dehumidified. The hot, dry air leaving the dehumidifier is subsequently 
cooled to maintain space temperature control.

In the liquid desiccant approach, the air is simultaneously cooled and 
dehumidified to the desired temperature and hunidity. The air can be 
dehumidified to a dew point humidity about 40°F below the coolant temperature, 
for example, 45°F dew point with 85PF cooling tower water. In an integrated 
comfort system, the liquid desiccant dehumidifier can thus provide building 
humidity control independent of building temperature control. In addition, 
the building latent loads can be rejected to cooling tower water, reducing the 
refrigeration cooling load.

Figure 4 illustrates the desiccant regeneration processes. In the dry 
desiccant approach, the scavenger air is heated and subsequently heats and 
dries the desiccant. In the liquid desiccant approach, the desiccant solution 
is directly heated, and in turn is regenerated by heating and humidifying the 
scavenger air. The temperature level required for the regeneration process is 
basically a function of the relative humidity of the air leaving the 
dehumidifier. The high air temperatures leaving the dry desiccant 
dehumidifier result in a lower relative humidity than the same dewpoint 
delivered from the liquid desiccant dehumidifier; hence, substantially higher 
heat source temperatures are required to drive the dry desiccant regeneration 
process.

APPLICATION OF LIQUID DESICCANT DEHUMIDIFICATION
TO COMFORT CONDITIONING SYSTEM

Figure 5 schematically represents a typical refrigeration air conditioning 
system. In operation, building return air and ventilation air are mixed. The 
mixed air is cooled and dehumidified by condensation by one or more cooling 
coils. All the heat extracted from the air is rejected to the refrigeration 
system. This process is psychrometrically depicted in Figure 8. It should be 
noted that the portion of the cooling load attributed to the ventilation air 
is typically 25 to 40% of the total cooling load at summer design conditions. 
As shown in Figure 8, if the ventilation air is pre-conditioned in a liquid 
desiccant dehumidifier, the ventilation air cooling load can be removed from 
the refrigeration system, and the dehumidifier can deliver the air dry enough 
to absorb the building latent load.

The removal of the ventilation air load from the refrigeration system not 
only reduces the size and design power requirements of the refrigeration 
plant, but also minimizes the change in refrigeration load with changing 
weather conditions. This can significantly reduce the impact of high demand 
charges by allowing the smaller refrigeration plant to operate closer to full 
load, since it handles only building sensible loads which are relatively 
insensitive to weather conditions.
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The reduction in refrigeration equipment size and operating cost via use 
of the liquid desiccant dehumidifier is at the expense of heat energy required 
to operate the regenerator. State of the art regenerators have thermal COP'S 
in the range of 0.4 to 0.5 (BTU Latent Work per BTU Heat Input). At this 
efficiency level, the use of liquid desiccant dehunidification for comfort 
conditioning is economically attractive only in areas with very high combined 
electric demand and usage charges. Reductions in prime (fossil-fueled) heat 
input would make the use of liquid desiccant dehumidification for comfort 
conditioning economically attractive in a much broader range of applications 
and rate structures. The relatively low operating temperatures of the liquid 
desiccant regeneration process make it possible to effectively use waste heat 
from the refrigeration cycle to supply a portion of the heat required for 
regeneration. GRI-sponsored research currently planned will investigate two 
such integrated liquid desiccant-refrigeration systems.

The first, schematically shown in Figure 6, will utilize condenser heat 
from the vapor compression refrigeration system to provide a portion of the 
regeneration heat by preheating the regenerator inlet air and/or preheating 
the desiccant solution. The remaining heat energy required will be supplied 
by a gas-fired solution heater. Targeted thermal efficiency for the 
regeneration process is 0.9 to 0.95 BTU of cooling per BTU of gas input, on a 
seasonal basis.

The second integrated system, schematically shown in Figure 7, will 
utilize condenser heat from a double-effect gas-fired absorption chiller as 
the sole source of heat for regeneration. This system basically adds an 
open-cycle third effect to the closed-cycle double effect chiller.

Using state-of-the-art technology, liquid desiccant dehumidification has 
been successfully applied in a number of comfort-conditioning systems, 
typified by the following examples.

Figure 9 schematically represents the HVAC system installed at the Social 
Security Administration Metro West Complex in Baltimore, MD. In this system 
serving approximately 790,000 FT2 of office space, 0.1 CFM/FT2 of ventilation 
air is dehumidified to 31 GR/# moisture content in a two-stage liquid 
desiccant conditioner. The dehumidified air is distributed to fan coil 
terminal units utilizing air cells in the steel deck flooring. Each fan coil 
recirculates the air locally and provides only sensible cooling. Since the 
building latent load is handled by the dehumidified primary air, the building 
chiller water temperature was raised to 55°F with no loss in occupant 
comfort. Use of the liquid desiccant dehumidification system reduced the 
chiller size by 600 tons and improved its COP by about 8%. In addition, the 
low ventilation air volume and the use of the decking for ventilation air 
distribution (made possible by dehumidification of the ventilation air) 
reduced the floor-ceiling sandwich by 30%, substantially reducing building 
costs.

84



Figure 10 schematically shows an integrated system installed at Monroe 
County Courthouse in Stroudsburg, PA. In this 75,000 FT2 facility, 0.2 
CFM/FT2 of ventilation air is dehumidified to 45 GR/# by a liquid desiccant 
conditioner using cooling tower water as a coolant. The dehumidified 
ventilation air is distributed to unitary terminal heat pimps which perform 
sensible cooling only. Regeneration heat is supplied by evacuated-tube solar 
collectors supplemented by jacket heat from an engine-generator. Electricity 
from the engine-generator is fed into the HVAC power distribution system.

85



FIGURE 1

KATHABAH SYSTEMS 
DEHUMIDIFIER

C

i

o
E-*

B
U

IL
D

IN
G

 " <

o

O
U

TS
ID

E "

nHEAT CONDITIONER REGENERATOR
J OUT (ABSORBER) (GENERATOR)

I

£ £
< <

JiEAT

FIGURE 2

VAPOR PRESSURE PROPERTIES OF KATHENE SOLUTION

--110
"lOO

■ ■ 80

--60

■ ■ 20

: 86

EQ
UI
LI
BR
IU
M 
HU
MI
DI
TY
. 
GR
AI
NS
/L
B.



FIGURE 3

METHODS OF 
DEHUMIDIFICATION
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FIGURE 5
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FIGURE 7
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FEDERAL OFFICE BUILDING

FIGURE 9

central system

stage one stage two terminal SYSTEM
KATHABAR COIL KATHABAR COIL 
CONDITIONER CONDITIONER

PRIMARY
SUPPLY
FAN UNIT

CONDITIONED SPACE

CONDITIONER 
J PUMPCOOLING

TOWER
CENTRIFUGAL 
WATER CHILLER 
R*f'*g*ratiOA

HEAT
INTERCHANGER

REGENERATOR
PUMP

EXHAUST
FAN

EXHAUST/RETURN
fan

KATHABAR COIL 
REGENERATOR

TWO STAGE KATHABAR* COIL CONDITIONER, 
DIRECT STEAM REGENERATION, 
REFRIGERATION AND FAN COIL TERMINALS.

FIGURE 10

COUNTY GOVERNMENT BUILDING
CENTRAL SYSTEM

KATHABAR COIL
conditioner

terminal SYSTEM

Co«is Fan | Heat Pump

unitary heat 
PUMP TERMINAL

DIESEL
COGENERATION

CONDITIONED SPACE

EXCHANGER!

CONDITIONER
PUMPCOOLING

TOWER
SOLAR COLLECTOR

REGENERATOR
PUMPexhaust

FAN thermal storage

EXHAUSTmETURN
FAN

KATHAPAC
REGENERATOR

ONE STAGE KATHABAR*,
SOLAR REGENERATION, DIESEL COGENERATION, 
AND UNITARY PUMP TERMINALS.

90



Dehumidification
Systems
BY MILLER-PICKING CORPORATION
BRIAN BLACKBURN - MANAGER OF ENGINEERING

91



-3-

PACKAGED UNITIZED 
CONDITIONING SYSTEMS

Many applications requiring dehumidification involve 
a requirement not only for control of moisture but also 
temperature in an enclosed space or process. Miller- 
Picking dehumidifiers can be integrated into a complete 
unitized conditioning system for total environmental 
control. The experience of twenty-five years in building 
custom, industrial air conditioning systems is reflected
r 1 . .. . .• •iii• .V *: * • - •' I*-- •

in the marriage of the Miller-Picking dehumidifiers into 
total operating systems. These systems reflect the 
same quality, design flexibility, accessibility, attention 
to detail, and maintainability that have been a hallmark 
of Miller-Picking industrial systems in continuous ser­
vice after years of operation. All components are 
selected to match and compliment the dehumidifiers 
which are incorporated in the system to produce the 
performance and efficiency required. Whether oper­
ating on a recirculating air system or a completely once 
through system, these units are designed with the 
highest quality components and engineering expertise 
to provide the lowest energy usage on a continuous 
basis. All the functions of filtration, air moving, cooling, 
heating, dehumidifying, humidifying, heat recovery, and 
controls are completely integrated into a total design

package. This total package is designed with a rigid 
steel base with insulated weather tight enclosures, and 
provision for simplified job site handling and connec­
tion to services. There is no application too big or too 
small for a Miller-Picking dehumidification system.

Miller-Picking can design the specific dehumidification 
system for your application. Let us discuss your re­
quirements, loads, duty cycles, etc., in order that we 
may have an understanding of your need. We will then 
apply our unique capacity sizing computer program to 
design the specific dehumidifier for your application. 
We will give you a specification report outlining the per­
formance details of the dehumidifier selected for you.

SOME TYPICAL APPLICATIONS

• Industrial processing of hygroscopic materials.
• Storage of hygroscopic materials to prevent un­

wanted microbial activity.
• Drying processes in food and pharmaceutical 

industries.
• Laminated glass manufacturing.
• Archieval storage.
• Corrosion protection of steel and other metals.
• Conditioning of resin for injection molding.
• Mothballing of equipment for rapid start-up.
• Protection of out-of-servrce boilers and turbines.
• Cargo protection.
• Cold storage.
• Corrosion protection in pumping stations.
• Protection of sand blasting operations.
• Drying of water damaged property.
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THE COST EFFECTIVE ANSWER FOR 
ATMOSPHERIC DEHUMIDIFICATION
Three reasons you SAVE ENERGY DOLLARS with a Miller-Picking Dehumidifier

LOWER REGENERATION 
ENERGY LOSSES
The Miller-Picking dehumidifier applies the regenera­
tion energy directly to the desiccant. The air is used 
only to transport water. This results in a lower regen­
eration airflow and entering air temperature than com­
petitive systems using an air stream to transfer all the 
regeneration energy. This becomes even more impor­
tant at lower ambient temperatures. Much less energy 
goes out the exhaust with the Miller-Picking 
dehumidifier.

t t
mm

*
ILLER-PICKING COMPETITION

ENERGY RECOVERY IS STANDARD
After regeneration of the Miller-Picking dehumidifier the 
hot desiccant bed is cooled and the energy totally 
transferred to the next bed which is being regenerated. 
Unlike Miller-Picking, continuously rotating systems 
move the hot bed into the process stream with the result 
that the energy is lost from the regenerated loop and 
added to the process stream where additional cooling 
will be required. MILLER-PICKING COMPETITION

PULSED REGENERATION
The Miller-Picking dehumidifier always regenerates a 
bed which is close to being saturated with water. This 
means you heat the bed only once to remove a full 
measure of water.

Competitive continuously rotating systems under vary­
ing loads regenerate a partially saturated bed. What 
results is energy required to heat the unused portion 
of the bed several times to get one full measure of 
water.

t + t t

asssm
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a

MILLER-PICKING COMPETITION
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Gas-Fueled Desiccant-Based Air-Conditioning

Barry M. Cohen 
Tecogen, Inc.

Introduction

Tecogen, Inc., a subsidiary of Thermo Electron, Is currently 

under contract to the Gas Research Institute to develop a 

gas-fueled air-conditioning system based upon the principle of 

desiccant dehumidlficatlon. The system operates In a well-known 

cycle originally devised at AB Carl Munters of Sweden and often 

referred to as the MEC (Munters Environmental Control) cycle.

The development program involved basic studies of materials and 

concepts, system optimization, feasibility assessment and cost 

analysis. At the present time a product has been defined which 

can satisfy the general air-conditioning market, but is

especially attractive when one can take advantage of its unique
*

features.

The cycle involves four basic components: a desiccant 

dehumidifier consisting of a rotating desiccant wheel and a 

reactivation air heater, a ventilation heat recovery heat 

exchanger, a humidifier component processing two air streams, and 

a blower component to drive two air streams. In the common 

ventilation mode the two air streams are: one which is ambient 

air (process air) which is cooled and dehumidified and introduced
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to the space at an enthalpy below that of the room; and a second 

which Is room air (regeneration air) passed In counterflow to the 

ambient air and rejected to the external surroundings. The room 

air Is humidified to lower Its temperature, heated by the 

Incoming air stream to both preheat It for regeneration and cool 

the air to be Introduced to the space, further heated by a gas 

heater to bring It to a regeneration temperature, and passed 

through the desiccant wheel to dry the desiccant. The ambient 

air Is passed through the desiccant wheel to be adiabatically 

dried, cooled by the outgoing air to reject energy to the 

ambient, and humidified to lower Its dry bulb temperature to 

create sensible cooling.

The system has a number of attributes which can. In the right 

applications, make It very attractive when compared to electric 

vapor compression systems. It uses natural gas as Its prime 

energy source which Is an advantage when electric rates are high. 

It affords a high degree of ventilation which can be beneficial 

if Internal air quality Is poor. It can provide a high degree of 

dehumidlfIcatlon, which Is useful If Internal latent loads are 

high. It can operate in energy conservation modes such as 

regenerative evaporative cooling or heat recovery heat exchange 

which can at times avoid the need to consume energy to provide 

space-conditioning, especially In dry climates like the Southwest 

United States.
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Performance

The performance of the unit Is measured by two key 
parameters, the fuel-based coefficient of performance (COPj.) and 
the electric-based energy efficiency ratio (EER), where:

COPf = Cooling Capacity______________________
Gas Consumption Rate x Heating Value

EER = Cooling Capacity______________________
Electric Power Draw x 3^12 Btu

kWh

The objective in designing such a system as a Mgas-fueled” device 
is to exceed a reasonably high value of EER, say 35, and to 
achieve an acceptable COP^. which results in economical operation. 
A COPj, of about 1.0 is usually found to be acceptable if the 
first cost is reasonable. In fact, lower values of C0Pf can be 
tolerated if the first cost is low.

We have built a prototype unit which has been tested in our 
laboratory. The results of prototype testing and correlation 
with computer analysis have led to the specification of a system 
which meets the required performance thresholds. It was 
necessary to utilize the test data to refine the computer 
simulation.
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In the lab, testing produced cooling capacity results ranging 

typically from 320 cfm/ton to 440 cfm/ton, while the desired 

level was about 350'cfm/ton. All data is at ARI test conditions 

of 80oP/67°P indoors and 950P/75°P outdoors (Tcjb^Twb^* ^ tlle 

same time thermal COP'S (not adjusted for gas heater 

inefficiencies) ranged from .80 to .95. The heat exchanger 

effectiveness was confirmed from measurements to be about 93/6 as 

expected.
«

Review of the data led to some modifications to the computer 

simulation and some redesign of the system. The redesign came 

principally in the form of a revised desiccant core design. As a 

result, specifications for the current unit, if sized for 3 tons 

of cooling capacity inside the conditioned space are at ARI *

conditions:

Air Plow = 350 cfm/ton

Ehx = 93%

C0Pf = 1.0

EER = 45

Package size = 4' x 4' x 8

This design reflects the first in a planned series of 

development steps which, by use of more sophisticated design 

options, are expected to lead to progressively better 

performance. However, the performance as quoted is considered to 

be well in excess of that required for early niche market 

penetration and sufficient for a significant penetration into the 

commercial air-conditioning market in general in many areas of
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Market Perspective and System Cost Goals

It is Important to understand the complex air-conditioning 

market in order to best determine.the ideal path to 

commercialization. Certain applications, i.e., those which take 

full advantage of the unique characteristics of the system, are 

best for early market penetration. Later, as the public is more 

educated to the features of the system and as the manufacturer is 

able to progressively reduce the selling price when development 

and setup costs are repaid and when manufacturing methods 

improve, the market will broaden considerably.

We have done seasonal performance simulations for various 

applications in various cities in the U.S. One should remember 

also that since local weather was coupled with local utility 

rates in the evaluations, many other combinations are possible.

A favorable weather pattern would result in the most 

cost-competitive operation where utility rates are also 

favorable.

We typically looked at two types of applications In cities 

representing extreme climates, but in relatively southerly areas. 

The longer cooling season in southerly climates results in larger 

annual savings and thus faster payback of any cost premiums. 

Moreover, while the seasonal OOP's and EER's are generally 

considerably larger than the test point values, dry southerly 

climates like in Arizona enhance the seasonal values 

significantly, especially if intelligent control is applied.
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The extremes of application types were an office which 

represents a highly sensible load for a relatively limited number 

of hours per week and a health club which represents a more 

latent load for a greater number of hours per week. The extremes 

of climates were Miami which represents a hot and very humid 

cooling season and Phoenix which represents a hotter, but very 

dry cooling season. Buildings were sized to require between 5 

and 15 tons of cooling.

Seasonal COPY'S ranged from as low as 1.0 for very humid 

ambients to as high as 3*0 for dry ambients, while seasonal EER’s 

were typically in the range of 60 to 70 with no consistent 

pattern. As a result of these seasonal performances, the 

allowable delivered costs for a 3-year payback ranged to as high 

as $2100/ton in the favorable cases, but down to the point where 

no premium above electric air-conditioning could be tolerated in 

the worst cases.

Currently, we are in the process of design evolution. We

have already been able to project costs below the $l1t00/ton level

without having to sacrifice attractive markups in order to keep*
the price low. However, many of the methods and materials we are 

now considering should allow us to realize even lower prices.
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Conclusion

It has been shown that a gas-fuel'ed desiccant based 
air-conditioning system is an attractive product. Early 
marketing efforts should concentrate on users who can take 
advantage of the unique features, but ultimately a significant 
market can be expected.
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The essential modifications are a gas carburettor and automatic oil feed. 
Desireable modifications are larger air cleaners, higher compression ratio 
'pistons, an auxiliary oil pump and tuning of the pollution control system. 
Annual maintenance should be sufficient. Automatic monitoring of oil pressures 
and jacket inlet and outlet temperature will prevent engine damage. Automatic 
logging of oil and gas comsumption will give the engine condition. Design 
of the package for fast engine change over will reduce down-time. Capital 
cost will be higher and reliability will be lower than an electric motor 
initially, but there is no reason why experience and quantity production should 
not reduce these differences substantially.

4. THE DESICCANT DEHUMIDIFIER PACKAGE.
The desiccant dehumidifier package handles all the fresh air introduced at 
the plant room and its size and cost is dependent on the fresh air volume.
It consists of a heating coil, an adiabatic solid desiccant dehumidifier and 
heat exchanger (Figure 1). The dehumidifier takes the ambient air (1 in Figure 
2) down a path just above an adiabatic saturation line to a relative humidity 
(2) close to that of the regeneration air (6). The heat exchanger then cools 
it while heating the regeneration air from (10) to (5). Gas engine waste heat 
is added from (5) to (6) to allow the dehumidifier to be regenerated from (6) 
to (7).
Compact low cost, high performance, heat exchangers have been developed in 
Australia [4] and the principles used in a desiccant dehumidifier tested in 
the U.S.A. [3]. The life of the desiccant dehumidifier is a topic of current 
research. A desiccant dehumidifier package based on this technology is being 
considered for a demonstration project planned by PRI Energy Systems of Hawaii.

5. ECONOMICS
Data for and Sample cost calculations are attached (Appendix A and B). The 
payback time has been calculated for 10 units sold per year and 100 units sold 
per year. The data have been chosen to be representative of the medium to 
large commercial market. For Brisbane and Sydney, substantial penetration 
of the potential cooling market is clearly possible.
For Melbourne, improved performance over that assumed for gas engine desiccant 
hybrids is necessary, but GEDH is still very attractive for high heating loads, 
latent loads, fresh air or operating hours. Cooling market penetration may 
be close to Brisbane and Sydney when these are considered.
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APPENDIX A

DATA FOR SAMPLE COST CALCULATIONS 
GAS ENGINE DESICCANT HYBRID COOLING SYSTEM
MEDIUM TO LARGE COMMERCIAL INSTALLATION

1. OCCUPATION
3,000 hours per year.

2. OUTDOOR DESIGN AND LOAD CONDITIONS
Location Dry bulb Wet bulb Full load operation(Airport) (°C) (°C) (Hrs)

Brisbane 31.0 
Melbourne 34.5 
Sydney 30.5
Space load 20% latent 
Return air 26.7°C DB,

25.0
21.0
23.0

2000
1000
1500

Supply air I0°C DB, 10°C WB

Minimum fresh air 25%.

3. ENERGY PRICES (1st March, 1986)
Location Gas

Energy (c/MJ)
Electricity

Demand($/kW month) Energy(c/kW hr)

Brisbane
Melbourne
Sydney

0.801
0.800
0.6481

16.34
13.79
15.27

3.20
2.68
3.78

4. VAPOUR COMPRESSION PLANT
Capital cost > 200$/kW Cooling COP * 3.5

5. GAS ENGINE DRIVEN COMPRESSOR PACKAGE.
Engine capital cost 
Engine efficiency 
Compressor COP 
Heat recovery 

efficiency

400$/kW shaft 
0.30 
4.0 
0.80
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6. DESICCANT DEHUMIDIFIER PACKAGE
Installed capital cost * 8$ s/L fresh air
Thermal COP space latent load « 1.0
Thermal COP fresh air load - ®
Parasitic electric consumption - I J/L fresh air

7. ADVANCED COMPONENTS.
The above engine and dehumidifier costs assume 10 units sold per year. 
Research into package design and manufacture to reduce material costs 
and promotional activity to increase sales to 100 units sold per year 
could halve capital costs.

Advanced engine capital cost m 200$/kW shaft
Advanced dehumidifier capital cost - 4$ s/L fresh air

4
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APPENDIX B
SAMPLE COST CALCULATIONS - PAYBACK TIME

GAS ENGINE DESICCANT HYBRID COOLING SYSTEM
MEDIUM TO LARGE COMMERCIAL INSTALLATION

I. PLANT DESIGN LOADS
Supply specific enthalpy h 
Return specific enthalpy h^
Hybrid compressor cooling load 
engine power 
gas consumption 
engine waste heat
Space latent load

29.3 J/g dry air
51.4 J/g dry air
0.8x(51.4-29.3)=I7.68 J/g dry air 
17.68/4.0 * 4.42 J/g dry air 
4.42/0.3 - 14.73 J/g dry air 
0.8x(10.3)xl4.73 - 8.251 J/g dry 
air.
0.2x(51.429.3) - 4.42 J/g dry 

air.

BRISBANE MELBOURNE SYDNEY
Ambient specific enthalpy (J/g dry air) 76.3
Conventional plant load (J/g dry air) 28.33
Hybrid Thermal Coefficient of Performance 1.92

61.0 68.4
24.50 26.35
1.66 1.79

2.PLANT CAPITAL COSTS.
Hybrid compressor »
Gas engine • «
Desiccant dehumidifier package 3
Total hybrid plant cost -
Total advanced hybrid plant *
cost.

‘ 200 x 17.68 - 3536$s/kg dry air 
400 x 4.42 * 1768$s/kg dry air
8x10^ x 0.25/1.18 - l695$s/kg dry
air.
6999$s/kg dry air 
5268$s/kg dry air

Conventional Plant ($s/kg dry air) 
Incremental cost hybrid ($s/kg dry air) 
($/kW load)
Incremental cost advanced hybrid 
($s/kg dry air)
($/kW load)

3. ANNUAL ENERGY COSTS

Conventional Electric Demand ($s/year kg
dry air)

Conventional Electric Energy ($s/year kg
dry air)

BRISBANE MELBOURNE SYDNEY
5666 4900 5270
1333 2099 1729

47 86 66
-398 368 -2.5
- 14 15 0

BRISBANE MELBOURNE SYDNEY
' 1058 386.1 689.8
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BRISBANE MELBOURNE SYDNEY
Hybrid gas consumption ($s/year kg dry air) 849.7 424.3 515.6
Hybrid electric demand ($s/year kg dry air) 41.5 35.1 38.8
Hybrid electric energy ($s/year kg dry air) 20.3 17.0 24.0
Nett energy saving ($s/year kg dry air) 664.5 97.3 538.3

4. PAYBACK TIME FOR INCREMENTAL HYBRID CAPITAL COST.
. BRISBANE MELBOURNE SYDNEY

Available components (years) 
Advanced components (years)

2.0
0

22
3.8

3.2
0



INTEGRATING DESICCANT BASED HVAC SYSTEMS 
By: Milton Meckler, P.E., FASHRAE 
President/CEO, The Meckler Group 

Encino, CA 91316-3871
Abstract:
Thermally regenerated liquid or solid desiccant systems in combination with either 
electric vapor compression, gas fired absorption or heater-chiller refrigeration 
equipment with TES, and evaporatively chilled (i„e. non-refrigerated) water systems 
will be explored for a variety of hybrid desiccant cycles ranging from conventional 
air distribution supply to integrated three "tier" air handling unit systems 
incorporating desiccant section and employing fan powered terminals, to reduce 
overall ductwork, etc. Desiccant system integration allows de-coupling sensible and 
latent cooling coil control, permitting higher chilled water temperatures and a 
significantly lower energy use requirement for installed mechanical refrigeration 
serving as peaking machines only. Emphasis will be placed on the special role of the 
consulting engineer or design build firm as the HVAC systems integrator essential in 
maintaining continuity of the concept/design/performance commitment required from 
early schematics through construction to start-up. Need for advanced software 
capable of demonstrating hybrid desiccant cycles will also be examined employing an 
illustrative example. Also, use of a novel liquid desiccant storage and distribution 
concept will be presented to demonstrate how one can significantly reduce desiccant 
regenerator size, and improve system performance with a coupled cogeneration system 
either of conventional design or augmented by cost effective waste heat source driven 
Rankine cycle heat engine auxiliary.
Introduction
When climatic conditions permit, cooling loads can be shifted from mechanical 
refrigeration to evaporative chilling and/or desiccant dehumidification HVAC 
components at far less energy for the same thermal load requirement. The term 
evaporative chilling denotes both an enhancement to and a narrowing of well known 
evaporative cooling principles. Evaporative chilling places emphasis on 
substitution of evaporatively chilled for mechanically refrigerated water and should 
not be confused with replacing mechanically refrigerated with evaporatively cooled 
air as with direct or indirect evaporative coolers.
Off-seasonal use of conventional, direct cooling towers has expanded in recent years 
to include year-round use, employing novel chemical treatment methods combined with 
high efficiency filtration of the open.cooling tower circuit. A major concern exists 
among most HVAC designers of potential cross-contamination and fouling of the 
normally closed circuit chilled water piping and coils from direct inter-connection 
of the open cooling tower loop. Yet, there are great number of buildings where 
cooling is required at relatively low outdoor air temperature and for extended 
periods of time.
Year-round utilization of cooling towers can result in considerable energy savings 
from displacement of mechanical refrigeration capacity (and associated auxiliaries, 
etc.) and should be considered wherever possible. Evaporative chilling can bring 
about significant positive cash flow potential even after accounting for additional 
costs associated with freeze-up protection, plate and frame heat exchanger controls, 
piping and chemical treatment, etc. Additional operating costs associated with 
extended operation of the tower fans (including related additional maintenance, etc.) 
must be considered, however, in any systematic evaluation of overall cooling system 
performance. Use of reliable co-incident weather data permitting more accurate 
determination of co-incident outdoor wet and dry bulb temperatures for each of three 
nominal 8-hour daily segments has provided the catalyst for HVAC designers to explore
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year-round cooling tower use. When latent heat loads are shifted to evaporatively 
chilled media mechanical refrigeration, energy demands fall significantly depending 
upon the proportion of outdoor air in total mixture and space sensible to latent heat 
ratio. In this way, higher supply water temperatures to air handling (or terminal) 
cooling coils are possible at efficient sensible load removal rates.

Interfacing Evaporative Chilling and Desiccant Dehumidification

Recommended comfort standard (ASHRAE 55-71*), suggests that the comfort zone lies between 73 F (23 C) and 77°F (25 C) dry bulb temperature and within the 20 to 60 
percent relatively humidity range. ASHRAE also has established a standard effective 
temperature scale which allows for direct comparison of comfort conditions, since 
both temperature and humidity are considered. It is this standard not a fixed 
maintained wet/dry bulb design condition that should dictate desiccant system design 
performance and response. Also new, higher ventilation rates brought on by higher 
occupant density, synthetic materials and higher concentrations of disease bearing 
microorganisms require a more thorough evaluation of ventilation space pattern than 
available from, say ADPI considerations. Option # 1 System (DOS #1) one of several 
proprietary systems now marketed by our affiliate. Design Build Systems) is illustra­
ted in Figure 1. It employs a indirect contact evaporative chiller of type shown in 
Figure 2 to take advantage of the ambient wet bulb driving force. Evaporatively 
chilled water from this unit is mixed directly into (closed circuit) chilled water 
distribution network as shown. The proportion of mechanically chilled to evapora­
tively water required to maintain space comfort will fluctuate during any hour of any 
given day. All desiccant components of DOS #1 are available commercially and 
operate to remove latent load from the chilled water supply as follows: The de­
humidifier contactor section (see Figure 3) reduces the dew-point of entering mixed 
outdoor, relief air and (the balance of) untreated outside air before it also enters 
the indirect (i.e. evaporative) chiller to maximize contact area driving force.

The desiccant is concentrated in regenerator section as shown and uses waste heat 
recovered from the "high side" split-condenser attached to the two stage electric 
heat recovery chiller as shown. Also notice that the desiccant contactor section is 
supplied with evaporatively chilled water generated in a high efficiency indirect 
evaporative chiller as its principal coolant. The desiccant contactor section con­
tains extended surface cooling coils and the regenerator section contains heating 
coils. Air to be dehumidified passes over the contactor (cooling) coils and comes 
into intimate contact with a desiccant solution such as tri-ethylene glycol, lithium 
chloride, or calcium chloride. The degree of dehumidification is fixed by tempera­
ture, concentration, and the physical characteristics of the hygroscopic solution 
selected which establishes the vapor pressure differential between the inlet air and 
hygroscopic liquid flow.

By varying the coolant flow to the contactor, the solution contact temperature is 
controlled in accordance with moisture loading. This assures a fixed outlet moisture 
content. Water coolant removes both the sensible and latent heat of condensation of 
water vapor from the air as well as the residual heat load from the regenerator (and 
it accompanying heat of solution). The regenerator section normally operates on 10 
to 20 percent of the total contactor desiccant stream flow. The desiccant solution 
is sprayed over the heating coils and heated so water can be absorbed from solution 
by air resulting from a reverse vapor pressure differential (i.e., outdoor scavenger 
air). The hot, concentrated desiccant solution flows to a common or separate (i.e. 
economizer) sump where it mixes with dilute solution from the contactor section 
before it returns to the contactor spray header for another cycle, etc. Ill
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Heat flow (by whatever means) supplied to the regenerator section heating coil can be 
controlled by either a level, specific gravity, or boiling point type control that 
responds to a pre-set concentration level for anticipated (i.e. design moisture) 
loading. Whereas most conventionally designed liquid desiccant systems utilize steam 
or heated hot water, DOS #1, utilizes waste heat normally rejected directly from the 
two stage refrigeration chiller condenser bundle. Other potential (i.e. thermal 
sources of regeneration energy (i.e. solar heated fluids, exhaust gas engine jacket 
water, etc.) or other potentially usable high temperature waste heat streams will 
also be discussed subsequently. Employing chiller condenser bundle waste heat is 
especially beneficial during cold, dry periods for heating and at reduced space 
dehumidifying requirements. As outdoor temperatures rise, co-incident wet bulb and 
humidity levels rise also causing a shift in demand to lower space heating but a 
higher desiccant requirement and vice versus. This inherent self leveling mechanism 
maximizes DOS #1 System utilization of year-round (i.e. available) waste heat.

Optimum unit sizes for indicated DOS #1 are normally determined by computer simu­
lation of the proposed desiccant system configuration and micro-climate. Figure 4 
illustrates a graphical representation of hourly co-incident weather data for Los 
Angeles, CA. A representation computer simulation program run developed for compar­
ing desiccant system performance as against conventional HVAC system is illustrated 
in Figure 5. Although not shown in Figure 1, use of solid desiccant systems such as 
manufactured by Cargocare and others can also be employed and should also be evalu­
ated on a site specific basis.

Combined Peaking and Desiccant Regeneration

Single-stage electric water chillers have a wide range of performance and efficiency, 
depending upon capacity and compressor type (illustrated in Table 1); namely: 
reciprocating, centrifugal, and screw. The screw has the highest available discharge 
temperature potential for heat recovery followed by reciprocating, and centrifugal.

Useful heat recovery implies simultaneous heating and cooling demands for extended 
operating periods, yet operating at un-necessarily high condenser discharge tem­
peratures requires a correspondingly higher condenser head pressure (and energy 
input) than that necessary to discharge the same heat to ambient. The two stage 
water chiller illustrated in Figure 1 permits simultaneous (yet independent) 
operation of separate "waste heat" and "heat recovery" condenser sections at properly 
matched lower and higher temperature (or pressure) levels, respectively. Single- 
stage chiller operational economics are still maintained for excess waste heat 
rejected to the cooling tower at roughly 105 to 115°F. Second stage compressor 
operation is reserved only for the balance of rejected heat needed for space heating 
or desiccant regeneration at higher system (available) temperatures (i.e., 160°F). 
Heat recovery by selective temperature discharge permits cascading energy flows while 
recognizing that the quality (or temperature) level of a given energy system de­
creases as it is processed.

Peaking with Gas Refrigeration

Equally attractive performance advantages can be obtained when employing, two stage 
absorption (i.e. with a COP of approximately 1.04) or gas fired chiller-heater 
refrigeration equipment in lieu of the above referenced two stage electric chiller 
(i.e. similar to Carrier 19HR series chiller, for example). The net effect of 
permitting the chilled water supply temperature of a nominal 100 ton two-stage 
absorption chiller rise only 8°F (i.e. from say 42 to 50°F) will increase chiller 
available refrigeration capacity from 19 to 31% depending upon entering the condenser 
water temperatures ranging from 80 to 90°F as illustrated in Figure 6.
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Low chilled water temperatures are not essential for maintaining comfort. Conven­
tional refrigeration systems generally require excessive refrigeration capacity by 
forcing sensible cooling and dehumidification to take place at the same cooling coil. 
Evaporative chilling can be used advantageously with both and electric motor or gas 
driven refrigeration equipment provided sensible cooling and dehumidification 
requirements are un-coupled. Therefore, a gas fired chiller-heater of the same 
capacity and type as produced by Yasaki of Hitachi could easily be substituted for 
the two stage electric illustrated chiller in Figure 1 and operated equally as well.

Figure 1 illustrates a typical DOS #1 operating cycle. For example, when thermostat 
Cl senses that the indoor temperature is too high, the system automatically operates 
in the cooling mode. In conjunction with the outdoor master control C2, the indoor 
thermostat activates the air handling unit and allows coolant water to flow from the 
refrigeration chiller and/or evaporative chiller. The proportion of evaporatively 
chilled to mechanically chilled water (controlled by valve V3) depends on both indoor 
and outdoor conditions as sense by Cl and C2, respectively. Coolant water flow to 
the desiccant contactor section is regulated by valve V4. The amount of chilled 
water bled into this flow is determined by action of a outdoor/indoor optimizing 
controller. Actual proportioning of return chilled water between the chiller and the 
evaporative liquid cooler, is as regulated by valve V5 under the control of C2. Posi­
tioning the inlet air dampers at the indirect evaporative chiller determines the 
mixture wet bulb and the leaving water temperature and also affects auxiliary loads. 
Outside, relief and dehumidified air supply dampers may be pre-set monthly/seasonably 
or continuously controlled by local sensors as needed.

The total amount of outside air flowing through the desiccant contactor section is 
determined by building ventilation requirements and coincident inlet damper positions 
on indirect evaporative chiller. The regenerator load requirement met by hot water 
supplied by the chiller heat recovery section is controlled by valve V6. Coolant 
water requirements are sensed by C2 and regulated by valve V4.

Indoor thermostat Cl also activates the flow of hot water from the "heat recovery" 
condenser bundle to the various air handling unit heating coils through valve V6. 
Since liquid desiccant regeneration requirements are reduced during the winter 
months, the condenser "heat recovery" section easily supply the combined space 
heating and regeneration loads with ease for most office building application. For 
conditioned zones that require cooling, operations remain as described. When heat is 
needed, thermostat Cl initiates the "heating mode" operation. Evaporative chiller 
operation can be reduced to the level required to provide coolant for the desiccant 
contactor section only. Should the two stage chiller be in-operative hot water must 
be made up from a redundant energy source.

Optimizing the DOS #1 System performance also involves close control of the mixed 
water temperature supplied to entering the air handler (cooling) unit coils. 
Generally speaking, coil performance criteria establishes the required mixted 
temperature. Based on the instant cooling load, as the (available) temperature of 
the evaporatively chilled water falls, its proportion of the total mix that can be 
supplied to the various air handling unit cooling coils increases, thus automatically 
reducing mechanically refrigerated chilled water demand and vice versus.

Option #2 System (DOS #2)

Refer to Figure 7 which illustrates proposed three tier air handling unit 
alternative to that illustrated in Figure 7. Although the desiccant portion of 
contactor in proposed DOS #2 remains the same as that shown for it as a separate unit 
in Figure 1, the principal advantage allows a combination of single duct and fan 
powered terminal (i.e. drawing air from above ceiling space) directed to interior (or 
net cooling demand spaces) while warm return air is not mixed but directed to air
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handling hot air circulating fans serving exterior zones, thereby, allowing the full 
cooling effect of outdoor ventilation air (which) is preconditioned by desiccant 
contactor unit to be introduced directly to both spaces, thereby eliminating the need 
to re-cool warn return air in those zones demanding net cooling, etc.

By physically integrating the air handling and desiccant components into a compact a 
skid mounted, prefabricated assembly, one obtains the flexibility of a three deck 
system approach, incorporating ductwork savings and improved energy efficiency.

Option #3 System (DOS #3)

Rankine cycle engine consists of a working fluid, a boiler, a condenser, an expander 
and a feed pump. Heat is supplied at the boiler, which provides saturated (or super 
heated) vapor to the expander. Power is extracted in the expander after which is 
saturated liquid supplied to the feed pump where it is repressurized and returned to 
the boiler, thereby completing the cycle. Heat is normally rejected from the working 
fluid to ambient at the condenser. Expander shaft work transmitted through a speed 
reducing gearbox can be used to drive a refrigeration compressor or generator to 
produce electrical power.

If one adds to the (induction) motor, a prime mover and an over-speed protection 
device, the motor will be ready to generate and thereby, serve as a cogenerator. In 
this one device one can bring a load to speed and to drive it, to regulate the speed 
of another prime mover, or produce electricity. Such equipment is commercially 
available with a minimum of controls. System voltage and frequency are established 
at the induction motor generator terminals. The speed of the generator then 
determines the amount of generated current and its corresponding power factor. The 
generator has its design rated output in the same way the induction motor has its 
nameplate loading. Therefore, by adding a Rankine engine in tandem with single stage 
chiller we can arrive at an equivalent means of providing heat for regeneration but 
at a much higher temperature level about 350°F thereby permitting use of a smaller 
liquid desiccant unit or a solid desiccant unit.

The induction motor-generator automatically operates as a generator in the over-speed 
range, i.e., above its synchronous speed. It can perform several duties in a string 
of equipment to which it is interconnected by means of a common shaft. At times when 
the engine expander is unable to extract available energy or is down for repairs, it 
operates as a motor to direct drive equipment and can also serve as a speed control­
ler. Figure 8 shows the pressure enthalpy diagram for the Rankine cycle, in which a 
regenerative heat exchanger is also illustrated. Initial cycle expansion is in­
dicated as' starting as state 3 on the saturated vapor line and proceeding at constant 
entropy to state 4 in the superheat region. The regenerator transfers the enthalpy 
quantity hj.h- from the vapor to the cooler pressurized liquid, raising the liquid 
enthalpy from to h_. However, the primary factors governing the performance 
characteristics of a Rdnkine cycle are the working fluid and the operating temper­
atures and pressures. Of these, temperature has the strongest effect on cycle 
performance. In particular, for a given fluid, the choice of fluid state at the 
beginning of the expansion process has a strong influence on cycle efficiency. A 
simplified energy balance illustrates the cycle potential for a combination of 
conventional and Rankine cycle cogeneration equipment arranged as to that illustrated 
in Figure 9.

Option #4 System (DOS #4)

Referring to the Figure 10 DOS #4 integrates cogenerated electric power with 
available waste heat (i.e. as heat of combustion) used to operate a central 
regenerator (section) that supplies a multiplicity of contactor units illustrated in 
Figure 10 each contactor section supplies preconditioned dehumidified air to a



multiplicity of air handling units serving various occupied building spaces. The 
central regenerator is continuously operated at substantial (or full) capacity based 
on moisture loading requirements of the combined space areas to be conditioned. 
When the desiccant liquid level rises to a pre-determined maximum level in any one 
contactor unit, desiccant is automatically diverted to the working fluid storage 
tank. A portion of diluted desiccant liquid is continuously removed from the tank 
and supplied to the central regeneration unit while concentrated desiccant liquid is 
simultaneously returned to storage tank from the central regeneration unit, etc. 
From concentrated desiccant is automatically pumped to a multiplicity of contactor 
units from the storage tank as required to maintain satisfactory hydraulic balances 
throughout the interconnected desiccant distribution system. As shown, each 
contactor supplies treated ventilation air to one or more separate air handling 
units, etc. For example, in Figure 10, there are two contactor units and four air 
handling units shown, with each contactor unit serving two air handling units, etc. 
As shown in Figure 10, each contactor unit is served from a mechanically chilled 
and/or evaporatively chilled water source, the proportion of which is dependent upon 
interior space demands, ambient conditions, etc.

As shown in Figure 10 points 3 and 4 are identified for interconnection between the 
respective piping sections indicated. However, in practice, point 3 connects either 
directly to corresponding point 3 (and similarly for point 4), or partially through a 
network of overhead automatic fire sprinkler piping, serving as branch interconnec­
tions of either supply or return flow in such a way as to promote better circulation 
through the sprinkler mains (not shown) and in accordance with provisions of the 
National Fire Protection Association (NFPA) Pamphlet-13 for incorporating the 
distribution of circulated water from building HVAC systems.

The central regenerator section is arranged to serve a number of individual contactor 
units, (i.e. only two shown) is follows: Each contactor removes moisture from 
outside and space return air, not shown, to maintain space within predetermined 
comfort limits. Dilute desiccant is circulated to the working fluid storage tanks 
as shown. Desiccant from the storage tank is continuously recirculated to and from 
the central regenerator, so that the average desiccant concentration in the storage 
tank is capable of meeting the design needs of any contactor which is also supplied 
with regenerated desiccant from the storage tank. Note that cooling tower water is 
used to cool the contents of this tank as needed, to maintain a vapor pressure of 
mixed desiccant solution in the tank within the proper range at all times. In this 
way, DOS 04 can meet the co-incident peak design requirements of all interconnected, 
distributed contactor sections. The regenerator is self contained and utilizes 
jacket and/or engine exhaust waste heat for regenerating the desiccant solution from 
the tank.

The size of the central regenerator can be substantially less than the conventionally 
peak design requirement, since by providing a smaller unit but running it at 
essentially full (or constant) load for the duration of the buildings occupied hours, 
(and beyond), one can achieve the same total "system" moisture removal capability 
that a larger regenerator (or a series of coupled contactor/regenerator units), 
following the actual hourly moisture load would provide by tracking the load 
directly. Consequently, by coupling the available heat rejection of a package diesel 
(including jacket water not shown) or turbine primer mover skid mounted and matched 
to the smaller regenerator, one can increase the utilization of cogeneration 
equipment thereby assuring a constant cost effective supply of associated electrical 
power to the building for general building use, etc. This approach ts used to select 
the optimum size of desiccant storage tank and desiccant regenerator, based on 
suitable, commercially available cogeneration package units. What we have is a 
situation analogous to TES, with desiccant storage and redistribution providing the 
’bank" for leveling of moisture load, and in so doing providing a stable, thermal 
load for cogeneration load tracking.
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TABLE 1—CHILLER EFFICIENCY CAPACITV SELECTION CRITERIA

Compressor type
Hermetic, water-cooled reciprocating 
Hermetic, air-cooled reciprocating 
Open, water-copied reciprocating 
Open, air-cooled reciprocating 
Hermetic, screw 
Open, screw
Hermetic centrifugal (factory-assembled) 
Open centrifugal (factory-assembled) 
Open centrifugal (field-assembled)

Capacity (Iona) 
10 to 185 

2.5 to 165 
10 to 240 
10 to 240 

100 to 750 
500 to 750 
800 to 2,000 
90 to 1,250 

700 to 13,000

Coefficient 
of performance 

3.65 
2.85 
3.87 
3.02

3.3 to 4.3 
3.5 to 4.3
4.1 to 4.65
4.2 to 4.9

(Full load value/ranges)
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DESICCANT MATERIALS

by

Dr. R.K. Collier, Jr. 

Enerscope, Inc.

ABSTRACT

The effect that the desiccant adsorption properties have on the performance 
of open-cycle desiccant cooling systems can be quite marked. The desiccant 
property that has the greatest effect is the shape of the adsorption isotherm. 
The isotherm shape determines the shape that the resultant heat and mass 
transfer wavefronts operating within the desiccant matrix will assume. The 
containment of these heat and mass transfer wavefronts is crucial to achieving 
the maximum possible performance from the cooling/dehumidification system. 
Isotherms that enhance wavefront behavior during the dehumidification process 
degrade that behavior during the regeneration process and vice versa. The 
most desirable isotherm shape therefore becomes a compromise between the two 
processes. The isotherm shape that yields the best compromise for adiabatic 
systems is a modified Brunauer Type 1.
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Open cycle desiccant cooling systems process water vapor between 
a conditioned space and the environment. The use of thermal 
energy creates a chemical potential that can be used to produce a 
cooling effect. In simpler terms, if the air can be made dry 
enough, an evaporative cooler will produce air that is as cold as 
a conventional electric air conditioner. The overall performance 
of these systems rely on the quality of the thermal energy input 
(availability) and the environment as both a cold sink and as a 
source of chemical potential (unsaturated air). The major solid- 
desiccant cooling cycles consist of a desiccant dehumidifier, a 
sensible heat exchanger and two evaporative coolers. There are 
two important modes of operation: 1) The ventilation mode where
outdoor air is continually processed to produce low enthalpy air 
for the cooled space, and 2) The recirculation mode where air 
from the cooled space is continually processed to maintain low 
enthalpy air conditions in the space.

A schematic of the ventilation mode and a psychrometric
representation of the cycle is shown in Figure 1. Ambient air at 
(1) is adiabatically dehumidified by the desiccant (DH). The hot, 
dry air at (2) is cooled by the sensible heat exchanger (HX) to 
create dry cool air (3). This air is then adiabatically 
humidified by the evaporative cooler (EC) to produce cold, nearly 

> saturated air (4) that enters the building. Simultaneously, an
equal amount of building air (6) is adiabatically humidified to
(7) . This produces the cold sink for the dry air (3). The air 
is then heated by the same heat exchanger to (8). This is an 
attempt to recouperate as much of the heat of adsorption as 
possible from the dehumidification process. The enthalpy of the 
air must now be increased to (9) by a thermal energy input. This 
air is then passed through the desiccant in order to regenerate 
it. The warm, humid air that exits the desiccant (10) is then 
exhausted to the atmosphere.

A schematic of the recirculation mode and a psychrometric 
representation of the cycle is shown in Figure 2. This time 
ambient air (1) is adiabatically humidified to (2). This air now 
becomes the cold sink for the cycle. It is heated by the 
sensible heat exchanger to (3) and then further heated to (4) by 
an external thermal input. This air is then used to regenerate 
the desiccant material. The warm, humid air that exits the 
desiccant (5) is returned to the environment. Simultaneously, 
room air (6) is adiabatically dehumidified by the desiccant to 
produce warm, dry air (7). This air is then heat exchanged with 
the humidified and cooled ambient air to create cool, dry air
(8) . It is then adiabatically humidified to produce the cold,
near—saturated air (9) which is returned to the building.

Both of the operational modes previously described operate on a 
continuous basis. That is, both the dehumidification and the 
regeneration processes occur simultaneously. In order to
accomplish this, the desiccant is deployed into a rotating wheel 
or drum that continuously cycles the desiccant between the
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Fig. 1 Ventilation mode of desiccant cooling system
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dehumidification and regeneration air streams. The heat 
exchanger may or may not be of a rotating design and the 
evaporative coolers must always be distinctly separate units.

There are four important, interrelated performance parameters 
that determine the viability of desiccant cooling systems. They 
are:

1) Thermal coefficient of performance (COP).

2) Energy efficiency ratio (EER).

3) Physical size

4) Specific cooling capacity (inverse of CFM/ton of cooling)

The thermal COP is a measure of the amount of cooling that is
produced by a given amount of thermal energy input. It
determines ultimately the cost of the thermal energy source 
(natural gas) required to cool the building. The EER is a
measure of the amount of cooling, in thermal units, that is 
produced by a given amount of electrical energy input, in
electrical units. It determines ultimately the cost of the 
electrical energy required to cool the building. The physical 
size of the equipment is important because it not only effects 
the initial cost of the equipment, but also influences the 
aesthetic desirability of the equipment in the marketplace. The 
specific cooling capacity is a measure of the amount amount of 
cooling obtained for a given amount of air. The higher the 
specific cooling capacity, the less air is needed for a given 
cooling load. The lower the specific cooling capacity, the more 
air is needed for a given cooling load.

Examples of the trade-offs between these performance parameters 
are as follows: Increasing the thermal COP can serously decrease 
the specific cooling capacity. This will result in a increase in 
the amount of air needed to meet the building load which will 
decrease the EER (increase electricity cost) and/or increase the 
physical size of the equipment. Increasing the effectiveness of 
the sensible heat exchanger will increase both the thermal COP 
and the specific cooling capacity. This will result in a larger 
physical size and/or increased pressure drop which again will 
decrease the EER. Increasing the regeneration temperature will, 
with conventional desiccant materials, increase the specific 
cooling capacity, but it will also decrease the thermal COP of 
the system.

The effect that the desiccant material properties have on the 
system performance parameters can best be seen by examining 
psychrometrically the processes that that occur within the 
dehumidifier wheel. For both the dehumidification and the 
regeneration processes, there are two fundamental wavefronts that 
occur. The first and fastest wave is primarily a thermal front 
that is most affected by the total amount of thermal heat 
capacity associated with the dehumidifier. The second and
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slowest. wave is the main concentration wavefront with strong 
associated thermal effects. The outlet air conditions associated 
with these two waves are shown on psychrometric chart in Figure 
3. The locus of points show the time—dependent outlet air 
conditions for both the dehumidification and the regeneration 
processes. A constant elapsed time exists between each point 
plotted. For the dehumidification process, the first wave is 
represented by the locus of points between the regeneration 
condition to a position of minimum absolute humidity. The outlet 
air remains at or near this condition for some time and then 
experiences the gradual breakthrough of the main concentration 
wave which creates a locus of points that connect this minimum 
absolute humidity point with the inlet air conditions. This 
point on the psychrometric chart has been called the MZ point or 
middle zone condition that exists between the two passing 
wavefronts. An identical condition to that of the 
dehumidification process also exists for the regeneration 
process. The first and fastest wavefront creates a locus of 
points that begins at the dehumidifier inlet conditions and 
progresses quickly to a point of maximum outlet humidity. The 
air remains at this condition for a period of time and then 
experiences breakthrough of the main concentration front with the 
outlet conditions gradually approaching the inlet regeneration 
air conditions. It is important to notice that the outlet air 
conditions depicted in Figures 1 and 2 are average outlet 
conditions that represent the time-averaged effects of both the 
first and second waves associated with the heat and mass transfer 
within the desiccant matrix. As will be shown later, the most 
thermodynamically advantageous conditions for optimal cycle 
operation are the two MZ points associated with both the 
dehumidification and regeneration processes.

On the dehumidification side, the position of the average outlet 
air condition on the psychrometric chart is critical to 
determining the ultimate cooling performance of the system. The 
lower its absolute humidity, the higher the cooling capacity of 
the system. The higher its temperature, the higher the preheat 
temperature of the regeneration air will be. This reduces the 
amount of external thermal energy required to regenerate the 
desiccant and subsequently increases the thermal COP. The effect 
of the first wave is to increase the average outlet humidity 
while increasing the average outlet temperature. The effect of 
the second wave is to increase average outlet humidity and to 
decrease average outlet temperature. Therefore, in order to 
achieve the maximum possible performance, it is necessary to 
avoid any significant breakthrough of the second wavefront and to 
increase the speed of the first. This will result in the average 
outlet air condition being as close to the MZ point (the 
thermodynamic optimum) as possible.

On the regeneration side, a similar situation exists although the 
ramifications of the average outlet air conditions on system 
performance are not so widely appreciated. The average outlet 
air condition for the regeneration process should represent the 
minimum thermodynamic availability that is consistent with the
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Clauaius-Clapeyron limits o£ the cycle. The air condition 
consistent with this hypothesis is the MZ point for regeneration. 
This again indicates that avoiding breakthrough of the
concentration wavefront is paramount to attaining maximum
efficiency.

The preceeding discussion has been an attempt to show that the 
primary function of the desiccant material in an open cycle 
desiccant cooling system should be to produce the sharpest
possible concentration wavefronts for both the dehumidification 
and the regeneration processes. The determination of just how 
sharp these wavefronts should be will be dictated by the
performance parameters discussed earlier. The most important 
being the physical size of the equipment and the EER. The 
desiccant matrix itself has certain physical limitations. The 
most obvious one is it's length in the direction of air flow. 
Difficulties with weight, manufacturability and pressure drop all 
influence the maximum length that is possible. Another important 
aspect is the geometry used to deploy the desiccant within the 
matrix. For example, a packed bed of spherical or nearly-
spherical desiccant particles would probably be the cheapest 
method of manufacture. However, because of the limit on the
allowable pressure drop within the system, this configuration is 
limited to lengths of two inches or so. On the other hand, 
laminar flow channel geometries with desiccant-laden walls could 
be up to two feet long without suffering from excessive pressure 
losses and the concommitant loss in EER. These designs suffer 
more from a manufacturability limit rather than a pressure drop 
limit. This manufacturability limit appears to be on the order 
of eight to ten inches. These constraints then dictate the 
degree of wavefront steepness required to meet our design goal of 
cyclic operation of the desiccant cooling device without 
experiencing concentration wave breakthrough with either the 
dehumidification or the regeneration processes.

&£5C.R1P.T-I„QH.QF—DH3-X.BEP—£BP££BT-X.ES.
The desiccant material properties that most influence the ability 
to achieve the goals of the dehumidifier device described in the 
previous section are as follows:

1) Isotherm Shape

2) Adsorption Energy

3) Maximum Uptake

4) Chemical and Physical Stability

ISOTHERM SHAPE

The desiccant isothem shape is the single most important factor

129



in determining the wavefront shapes within the dehumidifier of 
the cooling system. One isotherm shape that will result in the 
steep wavefronts needed to be contained within the 8 to 10 inch 
length of the dehumidifier matrix is shown in Figure 4. This 
isotherm is characterized by the constant separation factor 
equation:

SC = FC/<R + FC - R*FC>

where: SC - relative solid concentration
FC = relative fluid concentration 

R = separation factor

The separation factor used for the isotherm in Figure 4 is 0.1. 
It represents a compromise between the concentration wavefront 
behavior on both the dehumidifying and the regeneration 
processes. Separation factors less than 0.1 steepen wavefronts 
during the dehumidification process, but broaden wavefronts 
during the regeneration process. For separation factors greater 
than 0.1 the opposite effect results. Wavefronts are broadened 
during the dehumidification process, but steepened during the 
regeneration process. A parameter that plays an important role 
in determining the compromised isotherm shape is the regeneration 
temperature. High regeneration temperatures steepen the
regeneration wavefronts as the value of the separation factor 
decreases and broaden the dehumidification wavefronts as the 
value of the separtion factor increases. On the other hand, low 
regeneration temperatures broaden the regeneration wavefronts as 
the value of the separation factor decreases and steepen the 
dehumidification wavefronts as the value of the separation factor 
increases. It is important to notice that the so-called "linear" 
isotherm <R=1> does not produce symmetrical wavefronts between 
dehumidification and regeneration due to the process being 
adiabatic and the saturation pressure of water vapor in air being 
a strong function of temperature. The regeneration temperature 
that produces the acceptably steep wavefronts for R = 0.1 is 320 
deg F. The effect that regeneration temperature has on the 
performance of the cooling cycle is very important in determining 
the proper isotherm shape for the desiccant. As discussed in the 
previous section, the specific cooling capacity of the cycle 
increases with increasing regeneration temperature. There is a 
point of diminishing returns, however, because the moisture in 
the air goes to zero asymptotically. Factored into this is the 
efficiency of the heat exchanger between the gas flame and the 
air stream. The net result is that the highest possible 
regeneration temperature that is consistent with efficient heat 
transfer to the regeneration air stream and the chemical and 
physical stability of the desiccant matrix is desired. The 
higher this regeneration temperature, the lower the value of the 
separation factor that yields optimal system performance.

ADSORPTION ENERGY

The second most important property of the desiccant is the 
adsorption energy. There are two aspects to the adsorption

I
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energy that are important. They are: 1) The maximum value of 
adsorption energy that occurs at zero loading, and 2) The rate 
that the adsorption energy decreases to become the heat of 
vaporization for water at higher loadings. The effect of high 
adsorption energies is generally bad from both a systems and a 
wavefront standpoint. From a systems standpoint, high adsorption 
energies decrease specific cooling capacity for a given 
regeneration temperature. From a wavefront standpoint, high 
adsorption energies decrease the effective value of the 
separation factor for low temperatures and increase it for high 
temperatures. This effect results in both the dehumidification 
and the regeneration wavefronts being broadened. When the 
adsorption energy quickly decreases with loading, the 
regeneration wavefront is most affected. When the adsorption 
energy slowly decreases with loading, the dehumidification 
wavefront is most affected. Generally speaking, the optimal 
value of the separation factor will decrease (become more Type I) 
as the adsorption energy increases. Even though the system 
performance is decreasing, the decrease can be minimized by 
altering the isotherm shape slightly. Also, it is best to have 
the adsorption energy decrease quickly as possible with loading. 
This will allow regeneration wavefronts to be steepened by 
increasing regeneration temperature.

The Type I isotherm depicted in Figure 4 is not the only possible 
isotherm shape that could conceivably produce the sharp 
wavefronts needed. Desiccant cooling equipment will rarely 
experience relative humidities over 60*, and when they do, the 
exposure may be for a short period of time where the loss in 
system efficiency due to an inappropriate isotherm shape would 
not seriously affect the seasonal performance. This could open 
the possibility of a Type II or Type IV isotherm being 
appropriate as long as the second derivative of the isotherm is 
sufficiently negative over the range of relative humidities most 
encountered by the cooling system. The word sufficiently should 
be emphasized here. The dehumidification wavefronts will quickly 
broaden if not. It can be definitely stated that Type III, Type 
V and Linear isotherms will not satisfy the design conditions 
imposed.

MAXIMUM UPTAKE

This desiccant property has historically been considered one of 
the more important ones. This was probably a carry-over from the 
large, static packed column applications where differences in the 
maximum uptake of the desiccant material could save hundreds or 
thousands of dollars in material costs. The amount of desiccant 
in a rotating system is negligible by comparison. The 
differences in wave speed (or breakthrough time) due to 
differences in the uptake by the desiccant are handled by merely 
changing the rotational speed of the desiccant matrix. There are 
absolutely no inherent advantages in the concentration wavefront 
behavior associated with the slower wave speeds of desiccants 
with large maximum uptakes. There can be a problem, however.
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with the thermal wavefront associated with the heat capacity of 
the system. For a given amount of heat capacity, the speed and 
magnitude . of the first thermal wavefront will be almost 
independent of the maximum uptake of the desiccant. However, the 
speed and magnitude of the main concentration wave will be 
strongly affected by the maximum uptake of the desiccant. The 
result is that the outlet air conditions associated with the 
first wave are a larger fraction of the total cycle outlet air 
conditions as the maximum uptake of the desiccant decreases. 
This causes the average outlet air conditions of the cycle to be 
further removed from the MZ conditions with the concommitant 
reduction in system performance. Merely increasing the amount of 
desiccant per unit volume of matrix is not a solution because the 
amount of heat capacity will also increase which will slow the 
first wave keeping it's percentage of the total cycle time nearly 
the same.

Computer simulations have shown that the degradation in cooling 
system performance associated with the heat capacity of bulk 
desiccant materials (about 0.2 BTU/lbm deg F) and a maximum 
uptake of 0.4 Ibm water/lbm desiccant, is very small. However, 
for the same uptake, increasing the heat capacity to 2 BTU/lbm 
deg F causes a severe performance loss. Not all of the heat 
capacity in a desiccant matrix is associated with the desiccant 
material itself. Many designs require a support structure to 
hold the desiccant in place. The heat capacity of this support 
structure adds to the heat capacity of the desiccant to result in 
sometimes very large overall heat capacities compared to that of 
the bulk desiccant material alone. It is possible therefore, 
that a dehumidifier matrix made up entirely of self-supporting 
desiccant material with a relatively low maximum uptake, would 
yield higher system performance than a desiccant with a 
relatively large uptake that required a significant supporting 
structure for deployment.

CHEMICAL AND PHYSICAL STABILITY

It is intuitively obvious (to coin the hated textbook phrase) 
that chemical and physical stability are properties that any 
desiccant should possess. However, there are two important 
aspects to this stability that deserve special attention. They 
are: 1) The ability to withstand high regeneration temperatures, 
and 2) The ability to be reliably regenerated by ambient-source 
air.

Many desiccants rely on molecular surface structures that are not 
stable at high temperatures. The requirements for desiccant 
cooling cycles dictate that the desiccant sorption properties 
should be stable at temperatures between 300 and 400 deg F.

Some desiccants are ••fouled** by the presense of certain molecules 
that have a greater affinity for the active sites than water 
vapor. Others undergo a change in chemical composition in the 
presense of certain compounds that changes their water sorption
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characteristics. There are contaminants and pollutants in the 
air used for processing as well as byproducts from the combustion 
of natural gas (oxides of carbon, nitrogen, sulfur, particulates, 
etc.). Exposure to these substances must not inhibit or change 
the water sorption characteristics of the desiccant material.

We do not believe that any of the commercially available 
desiccant materials were developed for the specific purpose of 
providing space cooling. In most present-day applications, the 
necessity of achieving efficient regeneration as well as deep 
drying of the air has not been a consideration. The requirement 
of attaining the very sharp adsorption wavefronts associated with 
the molecular sieves along with the more efficient regeneration 
characteristics of the silica gels is what makes this application 
truly unique commercially. It is not surprising therefore, that 
none of the commercially available desiccants match the 
properties needed. The isotherms of various commercial and 
laboratory-developed desiccants are shown in Figure 5. The trend 
is to see linear or nearly linear (Type II) isotherms or extreme 
Type I. Also, the extreme Type I isotherms most always are 
associated with very high adsorption energies. This is because 
the Type I behavior is often obtained by ionic dopants. These 
dopants form a limited number of very favorable high energy 
adsorption sites. When these sites are filled, the less 
energetic parent material sites are filled with a concommitant 
change in the isotherm shape.

A myriad of other water sorbing materials exist and have been
identified in the literature. To date, over 150 different
materials have been identified as potential desiccants. 
Unfortunately, most of the properties necessary to properly 
evaluate these materials are lacking. Only the commercially 
available desiccant materials are understood well enough to 
make meaningful judgements.

RESEARCH ISSUES AND GOALS
The goals of the desired research are as follows:

A desiccant material is needed:

1) Having an isotherm with a separation factor of between
0.1 and 0.07.

2) With a adsorption energy equal to the heat of
vaporization for water.

3) With an internal mass diffusivity of not less than 10”® 
ft^/aec.

4) With the ability to be regenerated for a minimum of ten
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years continuous operation.

5) That can be fabricated into a honeycomb structure about 
10 inches long with channel sizes of 0.06 to 0.04 inches 
consisting wholly of desiccant material.

Some possible questions associated with the desired material are:

1) Is it possible to achieve a large rate of uptake at low 
relative humidities that gradually decreases as loading 
increases. with a low adsorption energy? It is certainly 
thermodynamically possible, but may require fresh thinking about 
Type I isotherms to make it physically possible.

2) Is it possible to modify existing materials to achieve the 
properties desired? Could variations in process control, 
material purity or composition of existing desiccants be 
successful?

3) Could mixtures of existing desiccants be the solution? The 
patent literature (mostly foreign) contains many references to 
desiccant mixtures based on salts mixed with common adsorbents.

4) Are there any new fabrication techniques that would allow 
bulk-form desiccants to be efficiently integrated into a 
honeycomb matrix? Could this technique be applied to any 
material that exists in powder or particle form or is it 
restricted to a particular desiccant or process? Both cases 
would be applicable to this solicitation.

5) Are there any entirely new classes of materials capable of 
achieving the properties desired? For example, some polymers are 
known for their absorption behavior. Could the problems of 
swelling and unfavorable isotherm shape be overcome? Any 
material that could be made self-supporting would certainly be 
amenable to configuring into the desired honeycomb configuration.
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POLYMERS: OPTIONS AS ADVANCED DESICCANT MATERIALS*

A. W. Czanderna and T. M. Thomas 
Materials Research Branch 

Solar Energy Research Institute 
Golden, CO 80401

ABSTRACT

Background information will be presented that addresses the key issue: why 
consider using polymers for the desiccant material in desiccant cooling 
systems (DCS)? Of the experimental methods for measuring water vapor sorption 
by desiccants, a quartz crystal microbalance (QCM) for measuring sorption 
isotherms, rates, permeation rates, and cyclic stability has been chosen. 
Background information is given about the QCM, including the quartz crystal 
resonator itself, the necessary vacuum system and auxiliary apparatus, and the 
advantages and limitations of a QCM. The apparatus assembled and placed into 
operation at SERI during calendar 1985 is briefly described. The criteria for 
narrowing the potential candidates as advanced desiccant materials for the 
initial studies are given. A list of principal candidates of 14 materials 
identified based on the criteria and available data in the literature are then 
given. Finally, the potential advantages and possible limitations of using 
polymer materials as the desiccant in DCS are listed. More details about the 
experimental method and polymers for desiccants are given in a recent SERI 
report (reference 6).

Work Supported by USDOE under Contract No. DE-AC02-83CH10093
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1.0 INTRODUCTION

1.1 Why Polymers?. This paper is concerned with discussing the feasibility 
of polymeric materials as candidates for use in regenerative desiccant cooling 
systems (DCS). By considering a polymeric desiccant as a component in a DCS, 
we note that:

o polymers have the potential for sorbing water from 5 to 2000$ of their own 
weight,

o polymers have the potential for being readily fabricated into shapes 
required for DCS, e.g., a honeycomb structure 10 x 0.04 x 0.06",

o polymers have the potential of being modified so sorption isotherms of the 
desired shape and heats of adsorption of about 10.8 kcal/mol are both 
obtained,

o polymer structures have the potential of being fabricated to provide rapid 
diffusivities of water vapor through the material,

o polymers have the potential for being regenerated by using heated air for 
the thermal desorption of sorbed water,

o polymers have the potential for maintaining long-term stability through 
thousands of sorption-desorption cycles, and

o commercially available polymers are available at less than $1.00/lb, or 
comparable to the cost of commercial grade silica gel.

Accordingly, polymeric materials could not only serve as both the desiccant 
and support structure in a desiccant wheel, but also could be replaced easily 
and inexpensively if their water sorption capacity degrades for any reason. 
The primary research needs are to develop and to characterize the water sorp­
tion performance of polymeric materials that could serve in an economically 
competitive DCS.

1.2 Desiccant Cooling Systems. We are concerned with the possibility of 
using solid polymeric materials as desiccants in desiccant cooling systems 
(DCS) that process water vapor in an atmosphere to produce cooling. Systems 
with solid desiccants presently used in industrial air-drying applications and 
DCS have been described in other parts of these proceedings. For DCS, a 
desiccant-laden wheel is typically used in which air may flow in the axial 
direction only. The solid desiccant (state-of-the-art; silica gel) is mounted 
onto a wheel and the air to be dried flows through one side of the wheel, 
while the desiccant on the other side of the wheel is being dried by an 
externally heated air stream. These two air streams must be kept physically 
separated to maintain the distinctly separate functions of air dehumidifica­
tion and desiccant regeneration. The historical development that has led to 
the present commercial systems has been summarized [1],

The commercial systems are primarily intended for dehumidifying air and do not 
produce a significant net cooling. There are important differences in design 
philosophy between regenerative desiccant cooling systems and commercial 
desiccant dehumidifiers. Some of these differences have also been described 
in these proceedings. Most importantly, it is apparent from thermodynamic 
analyses of recirculation cycles that the adsorption characteristics of the
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desiccant can have a large influence on the cooling capacity and COP of the 
cycle [1].

Silica gel is presently considered to be the most important candidate material 
for DCS. Extensive optimization studies of the engineering design of DCS 
units have been carried out using silica gel. Models in systems analysis 
studies for estimating the achievable thermal and electrical coefficient of 
performance (COP) also utilize the properties of silica gel, since they have 
been documented extensively over several decades [2]. Since the water sorp­
tion properties of the desiccant are crucial to the performance of any 
commercial system, we initiated a desiccant materials research effort to 
search for and measure the properties of materials that could become better 
desiccants than silica gel.

1 .3 Purpose of Advanced Desiccant Materials 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 materials or to identify new materials 
that will offer new options for components used in operating systems. The 
cost-effective deployment of DCS is currently limited by the sorption perform­
ance, durability, and life cycle cost of the Inorganic materials used. Long­
term materials development is needed which focuses on improving the properties 
of advanced desiccant materials [3] and on identifying the reasons for degra­
dation of their sorption performance. The purpose of advanced desiccant 
materials research and development (R and D) is to provide new materials 
options for DCS. The ultimate purpose is to identify 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 as compared 
to the performance of silica gel, the industrial standard. The life-^-cycle 
cost (i.e., initial cost, performance, and durability) has a direct relation­
ship on the cost-effective deployment of any regenerative DCS. Identification 
of materials with extended lifetimes, enhanced reliability, and sustained 
desirable sorption properties for use in DCS, can be anticipated from a 
sustained R and D effort.

1.4 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 specif­
ically for use in DCS. Some of the important parameters for the water solid- 
desiccant-material system include the isotherm shape, sorption capacity, the 
heat of sorption, the rate of sorption at or near the desiccant bed tempera­
ture (- 25 to 55°C), the rate of desorption at an elevated temperature, the 
physical and chemical stability of the desiccant, and the cyclic repeatability 
of the sorption amount and rates. Some important conclusions and 
recommendations on these parameters were reached in the recent modeling study 
[4], but the possibility of identifying new materials with optimal properties 
was not considered. The problems associated with silica gel and zeolites 
(e.g., isotherm shape, large heat of adsorption, high regeneration tempera­
tures, and hysteresis on cycling) restrict their potential for use in DCS 
[1,4]. Therefore, a search for an advanced desiccant material is a natural 
research need for enhancing the potential of deploying cost-effective DCSs.

1.5 Background for Studies of Advanced Desiccant Materials. The arguments 
for desiccating water from air in an open-cycle DCS are well known [1]. The 
sorption of water vapor by the desiccant is given by the reaction scheme
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2 (2)D(s) + D-H2Osurface- D*H2°internal + D(s)

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

D ‘ H2°surf ace-- 2---------------- -

and D(s)surface + D*H20lnternal - w-

where empty surface sites are generated (Eq. 3) by desorption and water sorbed 
in the material must first occupy a surface site (Eq. 4) prior to desorption 
via Eq. 3. While the details of the molecular processes are much more complex 
than illustrated by Eqs. 1-4, they illustrate that the sorption capacity is 
gained by at least two kinetic steps involving the rate of adsorption (Eq. 1 ) 
and the rate of permeation into the solid (Eq. 2). Equations 3 and 4 
illustrate the reverse steps of desorption and diffusion. The diffusion 
(permeation) steps provide the "solid-side" resistance in the sorption- 
regeneration sequence. The principal limitations are related to finding a 
desiccant material with the required combination of isotherm shape, sorption 
capacity, sorption heat, sorption rates at the bed T, evolution rate at a 
minimally elevated temperature, cyclic stability of the sorption properties, 
and stability of the desiccant itself. These parameters are connected with 
the energetics and kinetics associated with gas-solid interactions.

D(s) + H20(v)

D'H2°surface + internal

(3)

(4)

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 evolution from the solid can 
be determined and compared with experimental results. The latter must be 
taken on materials that at least approach the configurations used for the 
calculations. Practically, the sorption rate processes will be reduced by 
pore volume diffusion and intraparticle diffusion in a packed bed of 
particles. Although some sorption data are available in the literature [5] 
for candidate desiccant adsorbent materials, these data have not been analyt­
ically scrutinized to determine the suitability of new materials in advanced 
desiccant applications.

Recent articles show both experimental activity in water-vapor adsorbent 
systems and analysis of the associated phenomena [6]. In most of these 
studies, the conventional volumetric, SEM, and electron microscopic techniques 
used provide only a limited understanding of fundamental processes. Surface 
compositional analyses of solids have not been correlated with changes in 
sorption behavior. Bonding information available from infrared spectroscopy 
has been coupled with adsorbed amounts in only a few papers. The quartz 
crystal microbalance (QCM) has not been used extensively to obtain adsorption 
equilibrium and rates [6]. We plan to exploit the great potential of the QCM 
for both screening and evaluating advanced polymeric desiccant materials.

2.0 EXPERIMENTAL MEASUREMENT OF WATER VAPOR SORPTION BY DESICCANTS

The experimental apparatus for measuring the water vapor sorption by a solid 
is conceptually quite simple. An arrangement is needed where a solid can be



surrounded by pure water vapor (or a partial pressure of water in the ambient 
atmosphere) and the number of water molecules that bond to the solid can be 
measured. A vacuum system can be used to control the gas (vapor) pressure 
over the solid. There are three basic methods for measuring directly the rate 
of gas adsorption and the equilibrium amount of vapor adsorbed by a solid. 
These are the gravimetric, volumetric, and radiotracer methods. The last is 
excluded because it would require tritiated water and offers no obvious 
advantages over gravimetric techniques. Gravimetric techniques have many 
advantages over volumetric techniques [5,7], especially for water vapor 
sorption studies. Water is one of the most difficult vapors to work with for 
analysis when using vacuum systems, but the determination of adsorption 
isotherms and the rate of adsorption and desorption of water can be carried 
out routinely with gravimetric techniques.

Of the available gravimetric techniques, the beam balance and the quartz 
crystal microbalance (QCM) are the two best choices when the advantages and 
limitations of all microbalances are considered [7]. We have chosen to use a 
QCM for our initial studies because of the commercial availability of QCMs and 
their ease of use for studying the sorption of water by materials at or near 
25°C [8]. The experimental system, which is shown schematically in Fig. 1, 
consists of a vacuum system, a residual gas analyzer, a QCM, and a temperature 
bath for the QCM. These components and their operation have been described in 
detail [6],
If a desiccant material with an overall density of 1.4 g/cm^ is placed on a 
quartz crystal, then a desiccant film 0.1 pm thick would have a mass of 14 pg, 
so the limit of detectability of mass change would be 0.1$/Hz. [100? x (14
ng/Hz)/l4 pg], where ± 1 Hz can be routinely monitored with commercially 
available oscillator circuits. For thicker desiccant films, the percent mass 
sensitivity is even smaller. Since the interest is for desiccants with 
percent mass gains in water of over 5?, the QCM sensitivity is more than 
sufficient, even if an active quartz crystal area of only 0.25 cm2 is utiliz­
ed. The mass measuring range of the QCM will permit studying polymer thick­
nesses that vary by over 100 times, so permeation rates can be deduced.

For operation in vacuum, the quartz crystal holder is an integral part of a 
vacuum system apparatus. The essential components of this holder include a 
2.75^-in. stainless steel Conflat^ vacuum flange with feedthroughs for a therm­
ocouple, cooling water, and the electrical leads needed for operating the 
oscillator.

The advantages of the QCM for measuring the sorption of water vapor by advanc­
ed desiccant materials are as follows:

o The fundamental water sorption properties of desiccant materials can be 
studied in the absence of any engineering design restrictions.

o An appropriate mass sensitivity (14 ng/Hz cm ) is obtained using commerc­
ially available equipment. For example, a 100 nm-thick polymer film with 
a mass of 14 ng on a 1-cm2 QCM results in detectable mass changes of
0.1%, or a single monolayer of an adsorbed gas is detectable for contanr- 
inant studies.

o The response time is fast; i.e., 2 s per point.

o It is UHV compatible, and can be baked to 450°C.
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o It can be used in pure water vapor at pressures comparable to the rela­
tive humidity in actual desiccant systems. Thus, the sorption kinetics 
of the desiccant can be studied in the absence of any gas-side diffusion 
effects.

o Once constructed, it is simple to use and is not sensitive to shock or 
vibration.

o An accuracy of < 2 $ can be achieved.

o It can be easily adapted for simultaneous use with IR or surface analysis 
equipment.

Some of the principal limitations of the QCM are:

o Only one temperature (or a narrow temperature range) can be studied with 
a given crystal at the maximum sensitivity.

o Samples must be coated onto the quartz crystal and must adhere to it.

o Liquid samples are not easily studied.

o Condensation of unknown gases on the sample or volatile materials in the 
sample may cause problems in securing the actual water sorption.

3.0 POTENTIAL POLYMERIC ADVANCED DESICCANT MATERIALS FROM ANALYSIS OF THE
LITERATURE

About 300 articles were identified in a literature search for potential candi­
date advanced desiccant materials. Since sorption capacity is crucially
important for use as a desiccant, the computerized literature search was
carried out for articles containing the words water vapor and polymers. About 
half of the literature citations were for articles in Japanese, Russian, or 
Eastern Bloc languages; these were not translated based on our best judgments 
from the English abstracts. This decision was based principally on making the 
most prudent use of the funds available for the work.

3.1 Criteria used for Prioritizing Potential Candidate Materials. There are
two sets of parameters that could be applied for ranking the identified
materials in a list of potential candidate advanced desiccants. The first set 
is as follows: (1) Cost, both initial and life cycle; (2) Performance; (3) 
Durability, lifetime, and how performance parameters depend on temperature; 
(4) Availability; (5) Processibility; (6) Modifiability; (7) Stability at
temperatures below 100°C; and (8) Specific heat. For polymeric materials, the 
most important criterion is (2). As a first approximation, polymers should 
have relatively uniformly good prospects for (1), (4), (5), (6), and (7), and 
marginal values for (8). It was not expected that durability of polymers used 
as desiccants, i.e., (3)» would have been evaluated, and this expectation was 
correct.

The second set of parameters considered are performance related, and were 
divided into three categories; i.e., primary, secondary, and other criteria. 
These criteria were ranked and reviewed by several members of the SERI 
desiccant team before analyzing the available literature references. The 
criteria, which are more detailed than previous listings [1] and were generat­
ed by SERI researchers [9], are as follows [6]:
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o Primary Criteria (X = P/P0, w = weight gain)
- Sorption capacity; isotherm data on capacity and shape, where 

dw/dx > 0.5 for 0.05 < x < 0.8

- Permeation data, rate, or diffusivity where a diffusivity > 10 3 m /s 
is desired and surface diffusion versus Knudsen diffusion needs to be 
considered. Pore size, pore size distribution, and their influence on 
capacity and sorption kinetics are included here.

o Secondary Criteria

- Isotherm data yielding heats of adsorption and that indicate degree of 
hysteresis, if any

- Specific heat, where (dw/dx)/CD > 0.5 g K/J is desired from 0.05 to0.8 P

- Desorption kinetics at T < 100°C for regeneration.

o Other Criteria (some may be primary and others secondary) include

cost, processibility, mechanical properties, commercial availability, 
stable at T < 100°C, effects of impurities on isotherm data, and 
effect of cycling to an "elevated" T on the data for the primary and 
secondary criteria; i.e., chemical stability.

Since the goal of our research is to measure the performance parameters of the 
material itself, the obvious engineering^-related parameters (e.g., bed 
geometry, material form, desiccant size and shape, packing density, pressure 
drops, and heat and mass transfer) were not considered.
3.2 Potential Advanced Desiccant Materials. A prioritized listing of poten­
tial polymeric advanced desiccant materials is given in Table 1 . This listing 
is based on the relatively sparse information available in the open litera­
ture. Further refinements should be possible from product information avail­
able from various manufacturers. The only primary information that we were 
able to use were the sorption capacity and, in most cases, the isotherm shape.

There were no permeation or diffusivity data given when isotherm data were 
given. The permeation coefficients available were typically in the lO"10 to 
10'12 m2/s range, or slower than desired in the primary criteria. The permea­
tion rates in polymers depend strongly on the properties, but no evidence was 
found for any systematic synthesis effort to improve the diffusivities of 
water in polymers. In fact, synthesis efforts have been concentrated on 
retarding diffusivities for the obvious applications in corrosion protection.

Finally, no important data published about the kinetics of water adsorption or 
desorption were found nor were any studies of the cyclic reproducibility for 
either the capacity or sorption rates reported. The only type of comments 
found were "adsorption is fast" or the isotherms were reproducible after 
"several cycles of measurement." Some polymers swell during water vapor 
adsorption, and this could be detrimental to pressure drops in a working 
system.

Further refinement of the ranked lists in Table 1 will be possible when other 
factors can be considered. In some cases, data should be available from the 
manufacturers of the polymers, but in other cases, the properties will have to
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be measured. In addition, the list in Table 1 is being expanded by direct 
contact with additional manufacturers, suppliers, or investigators with labor­
atory formulations. The search for additional hygroscopic polymers or 
inorganic solids will be an ongoing process while the QCM equipment is being 
used for the preliminary screening of the current lists or candidates in Table 
1 .

4.0 KEY RESEARCH ISSUES FOR POLYMERIC DESICCANTS

The key research questions in seeking candidate polymers for DCS are:

o Will any commercially available polymer have the properties required for 
use in a DCS?

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

o Do impurities in a gas^-fired air stream result in loss in sorption perform­
ance of candidate polymers?

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

o Can the polymeric material be modified to improve performance properties 
such as isotherm shape, heat of adsorption, regeneration temperature, 
cyclic stability, and diffusivity?

o Do the performance properties depend on the sample size and configuration, 
e.g., 0.1 mg (QCM), 100 mg (beam microbalance), and SERI test-loop scale 
and configuration.

In the last two years, we have initiated work that provides a rapid QCM method 
for evaluating the performance properties of advanced desiccant materials with 
an emphasis on polymers. These include measuring sorption isotherms, sorption 
and desorption kinetics, sorption capacity, permeability, and the cyclic 
stability of advanced desiccant materials. In the future, polymers will be 
studied that are either commercially available or synthesized specifically to 
serve as a desiccant. Those polymers with the best properties will be 
subjected to simulated use conditions and cause for any performance losses 
will be identified.
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Table 1. Leading Organic Polymeric Candidates for an Advanced Material for Use in Desiccant Cooling Systems

Sorption Capacity 
(wt. % HjO at x • 04)

Isotherm
Shape

Other
Factors

Polystyrene sulptacetionetes 30-)) Linear to Type 2 Swelling of 1.3 to 3 times
Cationites based on methacryllc 

acid
It-)) Nearly ideal* Swelling of 14 to 3 limes

Aminoalky lafcoxysi lanes 10-90 Type 2 Supported by glass fibersi most 
uptake is between x • 04 and 
and 0.9

Copolyoxamides s-u Type 2 Made for membrane applications
Wool plus 1% Calgon Polymer 2(1 21 Type 2 Other modified wools also

Viscose Rayon It Nearly Ideal* Sorption studies at 3)°C so 
uptake may be greater at
23°C| cyclic studies done

Trie thy Ibenzl ammonium cationites lt-22 Nearly Ideal* Swelling of 14 to 3 times
Pcrfluorosulfonic acid membranes 

(du Pont Nation)
13 Nearly Ideal* Influence of processing on 

isotherm shape and capacity 
studied} heat of adsorption 
determined

Cellophane 1) Nearly Ideal*
M x ■ 04

Capacity increases to over
20% at x • 0.9

Vinylon 12 Linear to Type 3 Capacity ranges from 9% to 
l(% between x x 0.) and 0.9

Polyurethanes, poly (ethylent oxide) 1) Type 3 Diffusivity is % x I0'7cm2/* 
and the sorption kinetics 
are last; capacity range is
3%.to 23% from x ■ 0.6 to 0*9

Styrene dlviny (benzene copolymer 9-It Nearly Ideal* Influence of amino groups on 
sorption capacity was studied

Epoxy Resins 10 Sorption kinetics measured 
slow uptakes

Poly (cross-linked) methacrylates 10 Ideal* Sorption at )3°C and larger 
uptakes from x • 04 to 0.9

*The ideal isotherm shape was taken to be linear tor a plot ot sorption capacity vs. x (relative pressure of water vapor). Most of the *neariy 
ideal* isotherms had slight curvatures of a type 2 isotherm with a small BET V value. These isotherms might be excellent fils to those 
modeled in the most recent systems study (1IL
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Figure 1. Block Diagram Showing the Principal Components 
of a Quartz Crystal Microbalance (QCM).
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Southern California Gas Company Perspective on Gas Cooling 
Steve Simons, Southern California Gas Company

Today, I would like to present to you the Southern California 
Gas Company's perspective on the -market potential for gas 
cooling. We see desiccant cooling as one type of system to 
develop in pursuing this lucrative market.

Historically, SoCalGas was heavily involved in the development 
and promotion of gas cooling equipment. Throughout the 1960's 
and early 70's special programs to promote gas cooling were 
available to residential and commercial customers. 
Specifically, SoCal offered advertising campaigns and 
educational classes, reduced gas rates, assumed the 
responsibility for equipment warranties, and provided a field 
service/maintenance organization. SoCalGas was able to sell and 
install over 50,000 tons of cooling through promotion of these 
programs, primarily in the residential market.

However, in the early 70's two major factors caused SoCalGas to 
terminate its gas cooling programs. Gas cooling equipment 
became a liability with the company due to poor equipment 
reliability and the corresponding high maintenance costs 
SoCalGas absorbed in honoring warranty contracts. The second 
factor which hurt sales of gas fired air conditioning units was 
the regulation-induced gas supply shortages. Gas utilities were 
forced to eliminate "load building" marketing programs which 
included rate incentives for gas cooling. However, it is my



understanding that SoCalGas would have discontinued these 
programs with or without the gas supply problem. It was evident 
during this period that manufacturers had little commitment in 
supplying the market with efficient, reliable, cost competitive 
equipment. Over the years minimal improvements in the 
technology or action has been taken by the manufacturers or our 
company to promote gas cooling. The result is obvious! 
SoCalGas's percent of market share has declined significantly. 
Estimates of the gas air conditioning market share are: 
residential - 2%, secondary schools - 13%, health care 
facilities - 11%, restaurants - 9%, commercial offices - 8% , 
and hotel/motels - 4%. These percentages are residual from the 
1960's and continue to decline.

This situation offers gas utilities and manufacturers an 
excellent opportunity. With declining gas prices, stable gas 
supplies, and projected high electric rates, an opportunity to 
move back into this market exists. What is needed to take full 
advantage of the current situation? We need gas cooling 
equipment that is competitive with electric systems; equipment 
that is energy efficient and reliable. We need manufacturers 
that are dedicated to improving their product line and who will 
commit to an extensive distribution and service network.

What is SoCalGas's involvement and future plans? We are 
currently looking at several types of gas cooling systems,
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including absorption systems, gas fired heat pumps, and 
desiccant cooling systems.

We perceive desiccant systems to be directed towards residential 
and small to medium sized commercial applications up to 100 
tons. SoCalGas will conduct laboratory tests on a 4 ton unit 
starting in June, 1986, and proceed with field tests of at least 
one unit during 1987. Field testing of a 25 ton desiccant unit 
was completed in late 1985 in a greenhouse flower application. 
By controlling temperature and humidity in the greenhouse, we 
attempted to decrease growing time, improve flower quality, and 
reduce the need for insecticide sprays. Test results were 
unimpressive, as were the design and operation of the desiccant 
system. Larger desiccant systems for the commercial market, such 
as Cargocaine's Super Aire System are being considered. Another 
application of interest is the integration of desiccant cooling 
with small packaged cogeneration.

SoCalGas is also considering several new marketing programs to 
assist in the promotion of gas cooling. New programs under 
consideration are builder incentives and advertising promotions. 
Minimal maintenance services for gas air conditioners might also 
be offered. Several promotional programs SoCalGas probably 
wouldn't offer are special gas rates, warranty work, and 
extensive service/maintenance programs.

/
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In closing, let me say that SoCalGas is extremely interested in 

improving its position in the gas cooling market. However, we 

will only promote equipment that is efficient,reliable and 

offers customers a cost advantage over the electric competition. 

We do not want to become the major marketing agent for 

manufacturers. SoCalGas is willing to offer assistance to 

manufacturers, but manufacturers must consider establishing 

distribution, marketing, and service organizations.
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GAS RESEARCH INSTITUTE DESICCANT COOLING PROGRAM 
D. R. Kosar Project Manager, Cooling Systems 

Gas Research Institute

INTRODUCTION TO GAS COOLING

The Issue of the future potential of gas cooling In general has become of 
Intense interest not only to gas utilities and the pipelines and producers 
that serve them, but also to energy consumers and, especially, to the many 
commercial users that are experiencing rapidly mounting electricity costs. 
During the long period of falling or stable real electricity prices and 
looming gas shortages and gas price flyups, the market share of gas cooling 
equipment virtually disappeared. This period provided little incentive to pay 
the large installed cost premiums for gas equipment that failed to keep pace 
with the rapid advances in electric equipment. The recent dramatic turnaround 
in the competitive environment created by rising electricity prices and stable 
or falling gas prices has already opened a ’’window of opportunity” for some 
existing, improved gas cooling technologies. However, even more significant 
is the fact that this window need not close in 1990, but can stay open well 
beyond 2000 with advancements in gas cooling technologies.

The cooling (as well as heating) performance of gas and electric equipment 
is measured by a thermal coefficient of performsmce at standard conditions - 
COP for short. It is the useful cooling (or heating) capacity delivered, 
divided by the gas or electric energy input. A COP of 1.0 would be equivalent 
to 100% "efficiency.” The reason COPs can be higher than 1.0 (or 
"efficiencies” greater than 100%) is that the utility energy input is not used 
directly but, instead, is used to "pump” heat from a lower to a higher 
temperature by means of a refrigerant compression or absorption cycle.
Electric cooling equipment usually has COPs of 3.0 or higher, whereas existing 
gas equipment has cooling COPs of 1.0 or less. The new gas cooling 
technologies whose development GRI is supporting is narrowing this performance 
gas - they have COPs well above 1.0 and some might even reach more than 2.0.'

I

153



However, generally, their installed cost is still higher than that of electric 
equipment. Fortunately, these performance and installed-cost differences will 
not put these new gas cooling technologies at a competitive disadvantage. At 
the high prevailing and projected ratios of electric to gas energy costs - 
about 4:1 today and no less than 3:1 over the longer range - the higher first 
costs and lower COPs of gas equipment are offset by lower utility costs. In 
fact, the differentials between electricity and gas costs will generate 
substantial savings over the life of the equipment for owner-users. This is 
not all - these savings will be large enough to pay back the installed cost 
differences in just a few years and sometimes in as little as one year! This 
is typical of all of GUI's investments in new or improved end-use 
technologies. GRI, in its R&D program, strives not only for substantially 
lower life cycle costs, but for quick payback of any first cost premium - 
normally 2 to 4 years. This is a more realistic test of commercial viability 
than competitive life cycle costs because definitive studies have shown that 
purchasers of space conditioning equipment and other capital goods that 
provide energy services will generally not accept simple payback times in 
excess of 5 years. It has been said that only the U.S. Government buys on the 
basis of the lowest projected life cycle costs.

BACKGROUND ON GAS COOLING

In the course of GRI's program planning process and in market-oriented 
studies conducted by GRI and other organizations, it has become apparent that 
gas cooling in general could provide enormous benefits to the gas industry and 
to residential and commercial energy users if a secure market foothold can be 
established by the end of the decade. The factors underlying this renewed 
interest in gas cooling include:

o The recent sharp drop in oil prices has resulted in a significant decline 
in gas prices and a move toward a more efficient and market-oriented gas 
industry. As a result, the competitive position of gas has significantly 
improved relative to electricity. Furthermore, gas prices are expected to 
remain relatively stable over the next several years.

I
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o In addition to the decline in gas prices and the dramatic turnaround in 
the near-term supply situation, the long-term prospects for natural gas 
supply have also changed for the better in several significant ways. This 
is the result of the ongoing reassessment of the economics of recovery of 
the unquestionably huge resource base, in part due to the development of 
advanced recovery techniques that make formerly marginal supplies 
producible at market-clearing prices. Another important contributor to 
the greatly improved prospects for supply and price stability is the 
favorable outlook for rising Canadian imports at costs competitive with 
Lower-48 States gas prices until at least 2000. These positive 
fundamentals speak for adequate supply at only modest price increases well 
after the current surplus deliverability has been dissipated, and wellhead 
prices have again achieved equilibrium with true replacement costs.

o Growth in electricity demand through the balance of the 1980s and into the 
1990s is expected to closely track the rate of growth in GNP. A realistic 
assessment of the likely schedules of completion and of probable deferrals 
and cancellations of currently planned utility plant additions indicate a 
high probability of substantial shortfalls in central generating capacity 
by the mid-nineties. GRI's own assessment has identified a potential 60 
gigawatt deficiency by 2000. In response to any shortfalls, utility 
regulatory conmissions can be expected to establish rate structures which 
will penalize peak load users in an attempt to curb load growth. This 
will act to maintain the window of opportunity for gas-fired cooling 
beyond the current circumstances.

o The majority of new construction is taking 'place in the South and
Southwest where the substantial energy load is cooling. Many commercial 
buildings, regardless of location, require long cooling seasons. At 
present, less than 150,000 out of 2.4 million comnercial buildings use gas 
cooling equipment.

o New equipment now available or under development offers superior
performance and reliability over previous gas-fired systems marketed in 
the 1960s and 'TOs. At least two American and four Japanese manufacturers 
are currently marketing advanced gas cooling equipment (absorption 
chillers/heaters) for commercial buildings.
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o At least 25 gas utilities now offer seasonal incentive rates for gas air 
conditioning and several offer rebates of $100/ton or more to builders, 
developers, owners or operators of comnercial buildings that install gas 
cooling.

These trends illustrate the opportunity at hand and the potential benefits 
of an increase in gas cooling installations. For the gas industry, gas 
cooling offers a way to increase sales during the sumner "valley" and offset 
the cost of providing gas service to new customers. Because of the extensive 
gas delivery system that is already in place, these advantages can be realized 
with little, if any, additional capital expense. For regulators and 
ratepayers, gas cooling can provide a cost-competitive option, particularly 
where electric rates and demand charges are high. By reducing electric 
consumption, gas cooling can also help to defer the construction of additional 
power generation plants and thus reduce upward pressure on electric rates.

To improve the efficiency, reliability, and cost-effectiveness of gas 
cooling equipment, GRI has put in place an ambitious R&D effort with the goal 
of introducing several advanced systems circa 1990. The planned expenditures 
for this effort have increased steadily over time. The total expenditure 
planned last year for the period 1986-90 was $155 million. The total 
expenditure now planned for the period 1987-91 has risen to $18J| million, or 
an average of $37 million per year. This does not include the roughly $50 
million of expected cofunding or coordinated funding by participating 
manufacturers. The technologies addressed by GRI's gas cooling program 
include engine driven heat pumps and chillers, absorption heat pumps and 
chillers, cogeneration package cooling systems, and desiccant cooling 
systems. A significant fraction of the 1986-1990 planned expenditures, 
approximately $23 million, is for desiccant cooling system R&D. Likewise, the 
planned expenditure for the 1987-1991 period has risen to over $26 million for 
desiccant cooling system R&D. The current 1986 year plan expenditures for the 
1986-1990 time period are shown in Figure 1 for systems/components, materials, 
and analytical tools R&D for applications of desiccants to residential and 
comnercial space conditioning.

156



SUMMARY OF GRI DESICCANT COOLING PROGRAM

Most cooling systems - whether gas or electric - actually provide two 
types of cooling: sensible cooling, or temperature reduction, and latent 
cooling, or dehumidification. In a desiccant-based cooling system, the latent 
cooling load is met by means of a desiccant, or drying agent, that removes 
moisture from the air. The desiccant is regenerated by the application of a 
heat source that releases the moisture, which is rejected to the outdoors as 
exhaust air. Sensible cooling can be incorporated by including standard 
electric cooling components with reduced capacity. To further reduce the 
amount of electric vapor compression air conditioning, a more advanced 
desiccant-based system incorporates the use of indirect evaporative cooling.
It is also possible to completely eliminate the need for electric air 
conditioning by adding a stage in which the bone-dry, warm air produced by the 
desiccant is brought to comfort levels by evaporating water into it - the old 
swamp cooler idea that works quite well in hot, dry climates such as Arizona. 
The options for substituting gas-fired dehumidification for electric air 
conditioning are shown schematically in Figure 2.

An early result of GRI's R&D work on desiccant systems is SuperAire I, an 
integrated gas desiccant/electric air conditioning system introduced by 
Cargocaire Engineering Corporation in early 1984. First application of this 
system is targeted toward supermarkets. Forty one units have already been 
sold. SuperAire I provides the equivalent capacity of an 80-ton electric air 
conditioner by substituting 15 tons of desiccant and 60 tons of electric 
cooling. In a typical 30,000 square foot supermarket located in the humid 
Southeast, the desiccant-based system reduces the electrical load to the 
customer by 27% while increasing the gas consumption by 750 to 1,500 Mcf per 
year. The overall benefit to the supermarket owner is a 10% reduction in 
cooling and refrigeration costs, and greater comfort of shoppers, and enhanced 
appearance of frozen foods because of better humidity control. Because the 
system requires smaller ductwork than a conventional air conditioner, it can 
be installed in new stores at no cost premium. As a replacement unit in an 
existing store, energy savings result in only a two-year payback over a 
standard system. The system also qualifies for an investment tax credit, 
further increasing its advantages to the user.
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GRI is now supporting the development of SuperAire II, an advanced system 
that incorporates high-efficiency gas-fired heat pipe heat exchangers and 
indirect evaporative cooling to further reduce electric air conditioning 
capacity. This system will use 50% less electricity than a comparable 
all-electric system and provide a net energy saving of 20% for air 
conditioning and refrigeration. Field testing is currently underway at an H. 
E. Butt Company Store in San Antonio, Texas, with a second unit at a Kroger 
Store in Murfreesboro, Tennessee. Other specialized commercial and 
institutional applications which can also economically benefit from the low 
moisture level setpoints and tight humidity control, such as electronics, 
food, and pharmaceutical production, are now under investigation by Cargocaire 
to broaden the applications for SuperAire.

To expand the manufacturer base and further broaden application for 
integrated desiccant systems, a Request for Proposal (RFP) was released in 
1985 by GRI soliciting additional commercial and residential system 
development. The RFP identified commercial building ventilation air treatment 
and residential dehumidification as potential Integrated system markets. One 
pending project, to be performed by the leading U.S. liquid desiccant 
equipment manufacturer, will develop a nominal 20 to 100 ton rooftop 
integrated (with electric air conditioning) system for low rise commercial 
buildings. A second selected project team, including a major absorption 
chiller manufacturer/marketer, will develop a greater than 100 ton central 
integrated (with absorption chiller) system for high rise commercial 
buildings. Research to adapt the integrated desiccant technology to 
residential applications is also being initiated this year as an integral part 
of the desiccant cooling program.

To eliminate the need for any electric cooling components, GRI is also 
sponsoring work with Thermo Electron Corporation on total desiccant cooling 
systems in sizes spanning 5 to 20 tons. The work is still in the laboratory 
prototype stages, but performance levels are extremely encouraging. Field 
tests of these advanced systems are scheduled for 1987 and beyond.
Furthermore, a unique closed cycle arrangement for a cooling (and heat pump) 
device employing desiccants is under laboratory development with the Zeopower 
Company.
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In support of these system/component development efforts, GRI is also 
sponsoring research on advanced desiccant materials for improved 
performance/lower cost components and systems and on analytical tools for more 
accurate system and building simulation. A RFP released earlier in 1986 is 
soliciting both basic and applied R&D of desiccation processes and materials. 
Continuation of work with the Florida Solar Energy Center on more realistic 
latent and sensible building load modeling and mechanical and desiccant 
cooling performance simulation is also planned to deliver a public domain 
computer program for researchers and A/Es in the late 80s.

CONCLUSION

This brief outline of GRI's efforts related to gas cooling technologies, 
and desiccant system development in particular, demonstrates our level of 
commitment to this vital and viable opportunity to provide benefits to the gas 
industry and to residential and commercial energy users. GRI not only has 
well-formulated strategies designed to address the particular characteristics 
of many building types and market sectors, but has developed an approach that 
ties together activities in numerous related efforts in order to gain the 
maximum value of research results and speed individual products toward the 
marketplace. A major element of this approach is managing the interactions 
among R&D contractors, equipment manufacturers, member companies, and other 
parties to stimulate technical achievement based on realistic cost and 
performance goals. With a continuation of our effort, GRI can and will make 
important contributions toward establishing desiccant cooling as a viable 
option during this tempting window of opportunity and to the creation of the 
technology base needed for growing long-term market penetration.

1
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Figure 1

GRI DESICCANT DEVELOPMENT PROGRAM 
1986 PLAN BUDGET ($000)

*86 *87 '88 *89 *90

Total Cooling
Systems/Components

800 1,400 1,800 2,400 3,100

Integrated Cooling 
Systems/Components

1,200 2,200 1,950 1,900 1,800

Materials 400 400 600 900 900

Analytical Tools 200 200 200 200 200

Total Budget 2,600 4,200 4,550 5,400 6,000
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Figure 2

EVOLUTIONARY DESICCANT COOLING 
SYSTEM DEVELOPMENT

Electric
Air
Conditioning (AC)

Temperature Reduction

Moisture Condensation

Step 1: Downsize Electric AC and Add Gas Dehumidifier
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Dehumidification
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Step 2: Remove Electric AC, Upsize Gas Dehumidifier 
and Add Evaporative Cooler
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Dehumidification

Evaporative Cooling
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EPRI/GRI/TVA Workshop on:
Desiccant Cooling & Dehumidification 

Opportunities for Buildings 
June 10-12, 1986, Chattanooga, TN

Glenn T. Chinery 
Tennessee Valley Authority 
IS 70A Signal Place 
Chattanooga, TN 37k02

ELECTRICAL UTILITY PERSPECTIVE 
-on-

DESICCANT COOLING 4 DEHUMIDIFICATION

ABSTRACT
In the last several years electric utilities, including TVA, have 
discovered that when "new capacity" is needed to augment their power 
system’s generation base, conservation strategies, including load 
management, are a less expensive option to implement than the building of 
new power plants. When properly designed and controlled, desiccant air 
conditioning systems have operating characteristics which make them 
potentially ideal devices for peak shaving, peak shifting and strategic 
conservation. Since penetrations of desiccant systems in large enough 
numbers to impact electric utilities’ demand loads are not expected until 
perhaps the mid-1990's, the present overcapacity situation faced by many 
utilities will probably not be adversely affected by the development of a 
large desiccant market share. By the time such a market share penetration 
is likely to occur, utilities may be able to defer or outright cancel the 
construction of expensive new capacity which would have had to have been 
built to meet the air conditioning/heating load met by desiccant systems. 
Consumers may additionally benefit by the potentially high SEER's and good 
humidity control such systems can deliver compared to conventional vapor 
compression machines.

INTRODUCTION
According to TVA’s recently published Energy Services Plan (ref. 1), TVA is
"-- strongly committed to energy conservation and end-use management
programs in order to help delay expensive new power plant construction and 
to help our customers use energy wisely." In the same document it was
stated that "(TVA) will improve the economic use of --  existing generating
facilities by reducing energy use during the peak periods and by selling
power in offpeak periods"-- and -- "will demonstrate and promote new
techniques and technologies that enable us to serve our customers better 
and more economically and enhance environmental qualities." This approach 
set the stage for TVA's interest and involvement in desiccant air 
conditioning activities. Widespread penetration of desiccant systems in 
the coming 20 years may assist TVA (and other utilities) in meeting these 
types of goals.

POTENTIAL BENEFITS TO UTILITIES AND THEIR CUSTOMERS
In meeting their load electrical utilities experience the daily roller 
coaster phenomenon of peak demand during certain times of the day and 
paucity of demand at other times. In the summer and winter, in particular,
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the differences between tne "peaks" and "valleys" become extreme. This is 
well illustrated by the graphs in figures 142, which show the actual load 
curves experienced by TVA for a typical summer day and a typical winter day 
in 1984, respectively. A majority of the power system demand profile is 
made up of residential and C4I loads, and a significant portion of the 
residential and C4I loads are composed of space conditioning. As an example, 
residential air conditioners are responsible for about 40 percent of the 
residential summer peak.

TVA's generation mix is composed of a variety of generation sources ranging 
from least expensive baseload generators (nuclear, large coal plants and 
some hydro), through more expensive intermediate generators (coal plants), 
to most expensive peak sources (combustion turbines, purchased power, 
additional hydro). With minor exceptions, the plan followed in committing 
generation units to meet the load is in order from the least expensive to 
most expensive, with respect to operating and maintenance cost.
Accordingly the marginal cost of producing power is highest during the peak 
hours and lowest during the offpeak hours. Table 1 shows TVA's actual 1984 
cost of producing power as a function of generation source.

It would be financially advantageous to the power system (and eventually to 
the rate payers) to reduce or "shave" electrical energy use during 
expensive peak periods, since this would reduce the average cost of all 
power production. It would be additionally advantageous to "shift" some 
electrical energy use from peak periods to offpeak periods, since 
additional load during inexpensive offpeak periods would also serve to 
lower the average cost of all power production. Making up shifted demand 
during offpeak periods is particularly beneficial for utilities with 
overcapacity, which is the present situation with TVA.

Except for electrical energy to power fans, pumps and controls, most of the 
energy required to run desiccant systems is thermal energy used to desorb 
the desiccant. The source of the thermal energy can be diverse. Natural 
gas, solar energy, waste heat from internal combustion engines, and 
condenser waste heat from vapor compression machines are a few of the 
sources that have been utilized successfully to date. Thermal energy, as 
opposed to electrical energy, also has the distinct advantage of being 
easily storable. This means that if it is produced partially or wholly by 
electrical means as (i.e. vapor compression machine or electrical resistance 
heating element) it can be produced during offpeak periods, offering a 
tremendous potential for peak shifting.

If a vapor compression machine is used to produce the thermal energy to 
desorb a desiccant (i.e. from the heating effect of the condenser coil) a 
free by-product is the cooling effect of the evaporator coil, which can be 
used to assist the desiccant system in the building cooling/ 
dehumidification process. Machines that operate on this principle are 
termed hybrid vapor conpression/desiccant systems, and their electrical COP 
is vastly improved over systems which use electrical resistance heaters or 
don't take advantage of the vapor compression evaporator coil cooling 
effect.

)
Desiccant systems whose thermal energy is derived partially or wholly from 
non-electrical sources (ex. solar with electric backup, or natural gas) can
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TVA POWER SYSTEM PEAK DAY PROFILE
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-Table 1-

TVA’s 1984 Generation Mix, Generation Contribution, 
and Incremental Cost of Power with Respect to Source

Generation
Source

Percentage 
of Total 
Capacity (%)

Combustion
Turbine

7.8

Coal-fired 55

Nuclear 18.4

Hydro 10.3

Pumped
Storage

4.8

Purchased 3.7

Interchanged 
With Other 
Utilities

—

Contribution
as a Percentage 
of Generation 
Throughput

%
Generation 
Costs (c/kWh)

0.039 28.694

60 2.205

21.6 1.823

17.4 0.184

0.3 not avail. ‘

0.32 not avail.

0.4 not avail.
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be controlled not only to shave the peak demand, but also to conserve total 
electrical energy use. It is estimated that these types of systems could 
perform with dimensionless electrical OOP’s of 5 to 25, compared to 2 to 3 
for conventional vapor compression air conditioners. These types of 
systems would most benefit the TVA power system in the mid to late 1990’s 
when additional capacity is projected to be needed.

Assuming they are load-managed using thermal storage, it is estimated that 
residential-sized desiccant air conditioners could shave/shift up to 4 kW 
per residence off the peak demand during the extreme peak hour of a hot 
summer afternoon, if installed in place of a typical 3-3.5 ton vapor 
compression unit. Up to a 2 kW average peak demand reduction could be 
realized for the entire multi-hour daily peak period (10 a.m. to 10 p.m. 
for TVA) during the cooling season. Table 2 shows the potential for peak 
load reduction as a function of the number of residential desiccant systems 
installed in the TVA service area (TVA serves about three million customers 
in a 7 state region). The estimated penetration in the year 2005 was 
projected using very conservative ’’S-curve’’ market penetration 
assumptions. For comparison with this projected megawattage reduction, the 
nameplate rating of a typical TVA nuclear unit is 1100 MW.

Preliminary studies (refs. 4,5) have indicated that desiccant systems are 
capable of handling the entire (sensible and latent) cooling load of a 
residence in the Tennessee Valley, which is fairly representative of the 
humid southeastern portion of the country. Furthermore, when compared to a 
conventional vapor compression system in computer studies, a desiccant 
system with humidistat control was projected to be more capable of keeping 
conditions in a residence within the ASHRAE comfort zone, because of better 
humidity control.

TVA DESICCANT ACTIVITIES
TVA has inaugurated a strong program of national importance in the testing 
and demonstration of desiccant air conditioners for residences and 
commercial buildings. Current activities include:

Testing of three residential-sized units installed in test houses at TVA’s 
Energy Use Test Facility (EUTF) in Chattanooga.

o Illinois Institute of Technology system - house #4, offpeak
electric resistance or heat pump water heater driven with solar 
assist

o American Solar King Energymaster system - house #2, offpeak
electric resistance or heat pump water heater driven with solar 
assist (also can be gas-driven)

o Rhodes Design A system - house #1, offpeak vapor compression driven

Monitoring of a commercial-sized unit in Richmond, Virginia.
o Meckler liquid desiccant system, Science Museum, uses diesel 

generator waste heat

Air quality studies.
o Rhodes Design B system - EUTF high bay air quality chamber, being 

tested for efficacy of desiccant system in removing hydrocarbons, 
toluene, carbon monoxide, sulfur dioxide, etc., and water vapor 
from a room-sized test chamber
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-Table 2-

TVA Power System
Potential Summer Peak Load Reductions 

Due To Various Penetrations Of 
Residential Desiccant Air Conditioning Systems

(MW)

Hourly Diversified Load (HDL) 
Power Savings Per

(No. of Residences) Air-Conditioned Residence (kW)

0.5 1.0 2. 0»« 3.0 4,

1,000 0.5 1 2 3 4

10,000 5 10 20 30 40

100,000 50 100 200 300 400

250,000 125 250 500 750 1,000

286,939* - - 574 - 1,148

500,000 250 500 1,000 1,500 2,000

1,000,000 500 1,000 2,000 3,000 4,000

2,000,000 1,000 2,000 4,000 6,000 8,000

•Estimated situation in year 2005 
••Projected seasonal HDL saving 
•••Estimated peak summer day HDL saving

0*»*
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Funding and technical support of research on hybrid vapor 
conpression/desiccant air conditioners.

o Mississippi State University, ED&T IECRP program,

and hosting of the EPRI/GRI/TVA-sponsored desiccant cooling workshop in 
Chattanooga in June, 1986.

TVA would welcome inquiries by outside agencies and institutions regarding 
additional desiccant testing at its Energy Use Test Facility. The 
facilities and staff include a full NBS-traceable instrumentaion 
calibration facility, and fully-staffed instrumentation & monitoring, and 
analysis sections equipped with state of the art computer and data 
acquisition equipment.

CONCLUSIONS
TVA has recognized the potential of desiccant air conditioning systems to 
assist its power program in the attainment of peak shaving, peak shifting 
and strategic conservation goals over the next two decades. High SEER's 
and good humidity control are seen as additional potential benefits to 
power system customers who install desiccant systems in place of vapor 
conpression air conditioners. Accordingly TVA has instituted a strong 
program of testing and monitoring of desiccant air conditioning systems at 
its Energy Use Test Facility in Chattanooga. The use of desiccant systems 
for air pollutant removal is also being investigated.
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mix.
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Teclmical Note presented to the Desiccant Coaling Workshop, 
Chattanooga, TN, June 10-12, 1986.

CORRELATING FIELD TESTS ON 
SOLID DESICCANT OPEN-CYCLE 

COOLING SUB-SYSTEHS

I.L. Maclaine-cross

School of Mechanical and Industrial Engineering 
University of New South Wales 

P.0. Box 1 
Kensington NSW 2033 

AUSTRALIA
Telephone 4-61 2 6974112

1. Introduction

Solid desiccant open-cycle (SDOC) cooling systees can use low temperature heat 
efficiently (Penney and Maclaine-cross 1985). They are now commercially 
available (Venhuizen 1984) and a number are currently under field tests. More 
field tests may be necessary in the future on SDOC systems with lower cost or 
higher performance. It is desirable that the results of all tests be reported 
in a consistent manner so valid comparisons between performance and economics 
of different systems can be made.

Closed cooling cycle performance depends mainly on the evaporator and condenser 
refrigerant temperature. For vapor compression cycles, only two independent 
variables are important: evaporator and condenser temperature. Correlation 
methods and correction to standard conditions are well understood.

SDOC cooling cycle performance depends on ambient and return temperature and 
humidity. In addition, the variation of performance for off standard or 
design conditions may vary considerably from machine to machine.
The purpose of this note is to propose correlating equations (Section 3) 
based on the known characteristics of SDOC cycles (Section 2). These 
equations may be used to calculate the performance parameters usually quoted 
(Section 4).

Traditionally cooling systems have been compared using fixed standard return and 
ambient states (ARI). These comparisons can be highly misleading for domestic 
installations, as to both relative capital cost and energy consumption (Coellner 
1985). Economic comparisons between desiccant cooling and vapor compression can 
be based on computer simulations using correlating equations but field tests 
over at least one year under the climatic conditions of interest is perhaps the 
most reliable as well as the most expensive.

2. Characteristics of SDOC Cycles

The generic characteristics of SDOC cooling machines are.discussed briefly in 
this section. It is assumed that the internal air states in the machine are 
inaccessible. Some manufacturers have prohibited access to the inside of 
machines, but in any case, internal states are not relevant to the overall
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performance of machines.

Machines may be indirect or direct fired. It is desirable that the same 
parameters be used in correlating both types of machines. Heating water mass 
flow rate does not exist for direct fired machines so it will not be used for 
indirect fired machines. For direct fired machines, the regeneration 
temperature tr*a is the bulk mean temperature of the regeneration stream 
entering the dehumidifier. If this is not accessible, it cannot be measured.
For direct fired gas or electric machines, it is not necessary to know the 
regeneration temperature because the heat available is not affected by this. 
Solar machines are all indirect fired. If water is the heat transfer fluid, 
for typical heat exchanger efficiencies the lower or return water temperature 
will be closer to the regeneration temperature tr«« than the supply or mean 
water temperature. The return water temperature also appears in the $,F chart 
method (Duffie and Beckman 1980) which is probably the most appropriate simple 
system performance correlation for predicting solar cooling auxiliary energy 
consumption.

A generic SDOC machine is shown schematically in Fig.1. Regeneration heat is 
transfered at rate, Qr«a (W) and temperature tr«4 (°C). The ambient air 
state A has dry bulb temperature t* (°C) and wet bulb temperature tA. Cooled air 
is supplied at state S, ta, ta <°C) and mass flow rate ms (kg dry air/s) to the 
air conditioned space and has specific heat at constant pressure cp. (J/kg K). 
The air returns to the machine at state R, tR, tR (°C). Electric power H. (W) 
is supplied to the machine.

Atmospheric pressure effects the performance of SDOC machines in a number of 
ways. It should be recorded and reported. Fans tend to maintain a constant 
volume flow rate when driven at constant rotational speed. If the atmospheric 
pressure drops, the air density and mass flow rate drop reducing the capacity 
of the machine. Test at a high altitude should be corrected for the change in 
air density. The effect of atmospheric pressure is also manifest through the 
change in the position of the saturation line on the psychrometric chart.
This may be minimized by describing performance relative to the saturation 
line by using dry and wet bulb temperatures in the correlating equation.

The four parameters of interest in describing the performance of SDOC 
machines are the cooling capacity = m.(h„-hs) (W), the thermal coefficient of 
performance COP - m«(hA-h8), the regeneration temperature tra9 (°C) and 
the electric power consumption A. (W). The cooling effect CE = h„-ho (J/kg K) 
is sometimes used in place of the cooling capacity. The electric power 
consumption of SDOC machines is small and almost independent of ambient, supply 
and return air states. There are thus three dependent variables which must be 
correlated with six independent variables.

Kang (1985) has made theoretical performance predictions for a number of SDOC 
machines. Kang found that Qr«g, CE and tr«« are linear functions of the 
space R and ambient A. states. Figure 2 shows this variation for the well known 
ventilation cycle with 95X component efficiencies and balanced mass flows. 
Linear correlating equations would seem appropriate and will allow the use of 
standard multiple linear regression computer programs in reducing the results.
If these correlating equations are expressed relative to the saturation line, 
not only are atmospheric pressure effects minimized but the number of 
correlation coefficients to be calculated is reduced from 21 to 12 or from 
seven to four for each dependent variable.
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There will be many thousand data scans to be correlated if a system has 
its performance measured hourly over a period of a year. Equations of simple 
form are thus highly desirable to minimize variable conversions. Dimensionless 
equations minimize the possibility of unintended unit conversion errors and 
make the results meaningful to professionals regardless of the unit system they 
are accustomed to.

The moisture capacity of dehumidifiers in SDDC coolers is substantial giving a 
response times of the order of an hour. This can cause underestimation of the - 
steady state performance from tests on real buildings if the system is turned 
off every day. In estimating steady state performance from the results of such 
tests it is recommended that at least the first hour of operating data for each 
day be discarded.

SDOC machines can have a number of operating modes, e.g. two speed fans, 
dehumidification on or off. Each operating mode should be correlated 
separately.

The performance of SDOC machines depends also on a number of mass flow 
ratios, e.g. return to supply air flow ratio, regeneration fluid to supply 
air mass flow ratio. These should be recorded and reported.

An energy balance on the complete machine will indicate the accuracy of the 
measurements and is an important experimental check. SDOC machines should 
also satisfy conservation of water mass.

3. The Proposed Correlating Equations

The proposed correlating equations below are linear with dimensionless 
coefficients At, B», Ct, Di. They were selected using the characteristics of 
SDOC cycles discussed above.

U-t? = AiUs-tS) + B,(t,,-tB) + C^tA-U) + Dilti-t*) (1)

Qr.g/(cp«mB) = Aa (tB~tB) + Ba(t„-t8) * Ca(tA-tt) + Da<tt-U) (2)
t r-ag~t A = As (tB-tB) + BsttA-ts) + CsUa-U) + Ds<t^-tr) (3)

The coefficients A,, B,, Ct, Dt, are obtained by multiple linear regression 
(Carnahan et al. 1969) of the experimental results using standard computer 
program packages e.g. IMSL, NAG, SPSS.

The left hand sides of equations (1,2,3) are related to cooling capacity, 
energy consumption and regeneration temperature, respectively. Since these are 
the variables of economic importance which must be estimated most accurately, 
statistical theory requires that they should be the dependent variables for the 
regression. The equations may be rearranged after the above regression 
coefficients have been calculated, with new dependent variables and new 
coefficients calculated from the regression coefficients.

These coefficients may also be calculated theoretically from the component 
efficiencies, mass flow ratios and desiccant, water and air properties. The 
expressions are, however, complex and outside the scope of this note.

Consistent SI units have used in this note, but the values of the
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dimensionless coefficients would be the same if consistent British units were 
used.

4. Use of the Correlating Equations

Equations (1,2,3) may be solved for CE, COP, tr«a and performance maps (e.g. 
figure 2) for standard atmospheric pressure (101325 Pa) plotted on 
psychrometric charts similiar to Kang (1985). SDOC systems may be compared by 
comparing the performance maps, however, the regression coefficients would 
be used to calculate the coefficients of new equations for comparisons based on 
systems simulations.

The calculation of CE, COP and tr«v using equations (1,2,3) is not obvious and 
will be outlined here for given return and ambient states and latent to 
sensible heat ratio, R. Equation (1) reduces to the following linear relation 
between the supply air wet and dry bulbs when the known coefficients and 
temperatures are substituted.

te = A+Bto (4)

If the space load line is plotted on a psychrometric chart and equation (4) in 
its vicinity, their intersection will give the supply air state S. CE nay be 
calculated from specific enthalpies at R and S read from the chart. Qrag may be 
calculated from equation (2) and hence COP. tr»g may be calculated from 
equation (3).

Computers cannot read a psychrometric chart so they have to calculate from the 
equations of the chart. These equation are often poorly arranged in 
psychrometric programs resulting in long computation times. For this problem 
the four equations which must be solved simultaneously are the psychrometer 
equation, the saturation line, the load line and equation (4). Simple 
linearizations may be used to give an approximate explicit solution which may 
be made arbitrarily accurate by recalculating the constants with the most 
recent values of the dependent variable. The return dew point is recommended as 
an initial approximation to the supply dry bulb temperature, tB.

The initial supply wet bulb temperature, t«, is then calculated from equation 
(4). The coefficients of the linearized saturation line, a and b, are 
calculated at t« using

b = dWj/dt* (5)

* *
a s Ws+bta (6)

and the usual psychrometric functions (e.g. Maclaine-cross 1974). The 
psychrometer constant, K, is obtained from

K = <cd.+wUcg)/(hQ-h?) (7)

where the specific heat of dry air, Cd«, is evaluated at (taHs)^, the 
specific heat of water vapour, cg, is almost independent of temperature, the 
specific enthalpy of water vapour, hg, is evaluated at t8 and the specific 
enthalpy of water, h*, at tB. The load line constant, K*, is obtained from

K» = RtCda+HaC^l/h, (B)
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where c** is evaluated at (tK+ts)/2 and h4 at tN. The supply dry bulb 
temperature may now be calculated from the following simultaneous solution to 
the linearized psychrometric equations

(9)

The calculations may be repeated from the top of the previous paragraph a 
second time. Further iterations are unnecessary because not only are the 
equations a very good approximation initially but convergence of the algorithm 
is quadratic for the usual psychrometric functions.

5. Conclusion

Experimental results are useless if they cannot be compared consistently with 
theory and other results. Equations (1,2,3) are proposed to enable this to be 
done.

There are many alternatives or equivalent approaches and equations (1,2,3) 
arose from discussions between SERI, CSU and ASK researchers and engineers. 
The author would welcome further comments or suggestions and they say be sent 
to him or Terry Penney at SERI.
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CLOSED CYCLE DESICCANT REGENERATIVE HEAT PUMP

Under GRI Contract #5083-243-0933 which started May 1, 1984, The Zeopower 
Company designed, constructed and tested a breadboard prototype of a half-ton 

zeolite regenerative heat pump. This prototype provided proof of the concept 
that combining energy regenerative heat exchangers with the closed cycle solid 

zeolite-refrigerant gas system results in an adsorption heat pump with low 

initial cost and high seasonal heating and cooling COPs and therefore low 

operating cost.
The state-of-the-art in adsorption technology before the commencement of 

this contract was defined by low cooling COPs (less than 1.0 for single-effect 

systems) and high initial costs and parasitic energy demands usually associated 

with cooling towers, large numbers of pumps, fans, etc. Higher COPs could be 

obtained by double-effect or two-stage systems, however, at the price of even 

higher initial costs and parasitic energy demands. These facts have resulted 

in very low market penetration of commercial systems and a residential heat 
pump market completely dominated by electrical vapor-compression units.

Zeolites have very nonlinear adsorption properties which result in a weak 
dependence of system performance on condenser temperature (similar to vapor- 
compression cycles) thus eliminating the need for cooling towers and reducing 

costs. The regenerative heat exchanger concept, on the other hand, permits 

recycling of as much as 80% of the thermal energy required resulting in a 

potential increase of cooling COP from 0.6 to 2.0 with a very slight increase 

in capital costs.
This cooling system is based on the solid zeolite-water vapor adsorption 

principle, and its method of operation is similar to other adsorption systems 

such as the ammonia-water and LiBr-water. Figure 1 represents the cycle: From 

Point A to B to C is the desorption part of the cycle — the zeolite is heated 
to 400°F and water vapor is condensed at 100°F; from Point C to D back to A is 

the adsorption part of the cycle — the zeolite is cooled back to 100°F and
adsorbs water vapor at a boiling point of 47°F. About 15 weight percent of

water is desorbed per cycle and, since the heat of vaporization of water is
about 1,000 Btu/lb, 12 pounds of water per hour will be needed for 1 ton cooling
(12,000 Btu/hr) which corresponds to 80 pounds of zeolite cycled once per hour.

In order to provide continuous cooling from an intermittent cycle, two 

separate zeolite containers are used — one desorbing while the other is 

adsorbing as shown in Figure 2. This permits heat to be transferred from the
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cooling container to the heating container and reduces considerably the required 

energy input, thereby increasing the system COP to above 1. This figure also 

represents the block-diagram for detailed energy balance of the system. Careful 
analysis of the preliminary test results indicate that the energy supplied by 

the heater equals the sum of the energy rejected when cooling the output oil 
back to ambient temperature plus all losses. The losses are of two types: 
normal heat losses through the insulation of pipes and containers and recycling 

losses of the energy stored in the zeolite heat exchanger. At this time, we 

recycle up to 32% of the energy stored in this heat exchanger and hope to improve 

this even further. In Figure 3 the cycle COP of synthetic and natural zeolites 

are compared with the natural being slightly better. Figure 4 compares the 

cycle COP and capacity of a 1-ton system as a function of maximum zeolite 

temperature.
After the cycle analysis, the system's components were analyzed. In a 

36-foot long heat exchanger, the heating or cooling cycle can be completed in 

30 minutes each permitting one complete cycle for each container with 40 pounds 

of zeolite in it. Figure 5 shows the normalized input and output temperatures 

of the heat exchanger during the cooling cycle while Figure 6 gives the same 

data for the one being heated.
The heat regeneration concept is presented in Figure 7. Here the burner 

has to supply energy only to keep the temperature constant at 100% (solid line) 

and this energy is exactly the same as the one rejected to the atmosphere 

(dotted line) as required by the law for conservation of energy.
The key R&D issues were the lack of information on zeolite properties such 

as specific heat, thermal conductivity, heat and mass transfer properties, etc., 

and the limited data available on regenerative heat exchangers where all previous 

work has been done involving materials with linear properties. Therefore, we 

have determined for the first time analytically and observed experimentally the 

propagation of temperature fronts through zeolites during adsorption and 

desorption, determined the rate limiting steps for, and the relationship 

between, heat/mass transfer in the solid and the effects of density and surface- 

to-volume ratio on the time response and performance of the system.
A novel serpentine-like regenerative zeolite-hot fluid heat exchanger was 

designed, constructed and tested. It exhibits the unique properties of using 

atmospheric pressure to obtain and maintain good thermal contact and physical 
integrity during thermal cycling while allowing vapor transport in/out of the 

zeolite. It minimizes fluid volume for low cost and short cycling time while
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COLD LIQUID INPUT/OUTPUT CURVES FOR A 36-FOOT HEAT EXCHANGER
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HOT LIQUID INPUT/OUTPUT CURVES FOR A 36-FOOT HEAT EXCHANGER
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HEAT REGENERATION FOR A 36-FOOT HEAT EXCHANGER

FIGURE 7
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maintaining uniform fluid flow with small hydraulic resistance. We have further 

optimized its efficiency while minimizing weight, volume, and cost, and keeping 

thermal losses low. The design of the system was completed and a schematic 

cross section of the zeolite heat exchanger is shown in Figure 8. Construction 

of the breadboard prototype was completed and a cut-away view of the zeolite 

cylinders is shown in Figure 9.
We designed, built and tested a half-ton zeolite heat pump with modulation 

capability between 10% and 100% capacity consisting of two regenerative heat 
exchangers with 45 pounds of zeolite each (90 pounds total). The heat pump 

was operated using different configurations and control strategies over a period 

of 10 months and demonstrated a cooling COP of above 1.2 and a heating COP of 
above 1.8. The complete performance maps for the heat pump were generated and 

the expected weak dependence on condenser and evaporator temperature was 

demonstrated. After numerous measurements at different oil flow rates and 

cycling times the proper control strategy was established. This strategy is 

based on keeping the cycle time constant which causes a considerable increase 

in COP as the capacity is reduced as shown in Figure 10 and, since cooling 

systems operate most of the time below their maximum capacity, this control 
strategy results in a considerably higher seasonal performance factor (seasonal 
COP). For better clarity of presentation of the data we have combined the two 

curves of capacity and COP versus oil flow rate into one single curve representing 

the COP as a function of capacity. For the breadboard prototype steady state 
performance under ARI conditions (47°F evaporator, 95°F condenser) this performance 

curve is shown in Figure 10 together with the experimentally determined points 

from runs over a period of 6 months. This performance curve is for the 

configuration with two 48-foot heat exchangers and 90 pounds of zeolite.

The system performance was then tested as a function of condenser and 

evaporator temperatures. The tests were performed under steady state conditions 

and constant oil flow rate with the evaporator held constant at ARI conditions 
of 47°F while the condenser temperature was varied from 90°F to 140°F. At each 

different condenser temperature the system was cycled until steady state was 

obtained before the capacity and COP were determined. The results of this test 
are shown in Figure 11 where the capacity curve is plotted against condenser 

temperatures. The data Indicates that while the capacity is reduced with 

increasing condenser temperature the reduction is monotonic and reasonably small 
up to 140°F, which clearly demonstrates the system's capability to operate with 

air-cooled condenser and the elimination of a water cooling tower. This is a
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major breakthrough in adsorption cooling technology and results in major savings 

in costs and parasitic power thus making the regenerative zeolite heat pump 

more competitive in the marketplace.
At this point, the proof of concept of the zeolite heat pump was established 

successfully. Next, the modeling and design of a 3-ton zeolite heat pump for 

residential and small conmercial use was completed.

Two different modeling methods were used: An analytical model was 

developed describing the interrelationships among physical properties, heat 
regeneration and first order approximation of the nonlinear properties. Con­
currently, a finite element computer model was developed using numerical solutions 

to the differential equations describing the system and the computer results 

confirmed the predictions of the analytical model. Both models were then 

validated by comparison with the experimental data determined previously and 

the agreement between the three independently derived results was excellent.
With the confidence gained by the validation of the models, complete 

performance maps were generated describing the operation of the 3-ton heat pump. 
The cooling performance map is shown in Figure 12 while Figure 13 represents the 

heating performance map. These maps were then used for an independent performance 

evaluation and operating cost analyses for residential and small commercial 
applications in Dallas, Chicago and Boston. The seasonal heating efficiencies 
for Chicago and Boston are between 1.45 and 1.6 while seasonal cooling performance 

factors are about 1.6 in Chicago, 1.8 in Boston and 1.3 in Dallas. The annual 
operating cost savings were $361 in Chicago, $515 in Boston, and $206 in Dallas 

resulting in allowed installed system costs for 3 year payback of $4,678 in 

Chicago, $5,140 in Boston, and $4,152 in Dallas. The projected first cost for 

the Zeopower heat pump is (double the factory cost of $1,960) about $3,920 

resulting in less than 2 year payback in Dallas, less than 1 year in Chicago, 
and 8 months in Boston. The independent evaluation definitely establishes the 

economic competitiveness of the zeolite heat pump.
Finally, the overall drawing view of the heat pump is shown in Figure 14 

while an artist's rendition of the packaged unit is represented in Figure 15.
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