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LEGAL NOTICE This report was prepared by the Florida Solar
Energy Center (FSEC) as an account of work sponsored by the
Gas Research Institute (GRI), Neither GRI, members of GRI,

nor any person acting on behalf of either:

Makes any warranty or representation, express or implied,
with respect to the accuracy, completeness, or usefulness of
the information contained in this report, or that the use of
any apparatus, method, or process disclosed in this report

may not infringe privately owned rights; or

Assumes any liability with respect to the use of, or for
damages resulting from the use of, any information,

apparatus, method, or process disclesed in this report.
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To develop a method to characterize the cooling
load distributions in conventional and energy
efficient residences, specifically as related to
building dehumidification loads, as they pertain
to the potential for the use of gas-fired
dehumidification and cooling equipment.

Prior to this work no detailed effort to
understand and predict the effect of moisture on
building cooling locads had been attempted. The
behavior of moisture is particularly problematic
because there is a limited phenomenological
knowledge base and material moisture property
data is sketchy. Combined heat and mass
transfer methods first proposed by Luikov are
used in this analysis. These methods are
amenable for use in detailed models but not
directly usable in the conduction transfer
function models used in building energy
analysis. Therefore, moisture migration in
buildings must first be characterized through
detailed modeling techniques and those
characteristics carried over to the building
energy analysis codes.

The analysis has shown that typical buildings
have surprisingly high capacities to store and
release moisture. Analysis techniques that
ignore this fact exhibit significant errors in
the prediction of dehumidification loads and
room humidity conditions in buildings. These
errors are guite high for ventilated buildings
and can lead to inaccurate estimates of cooling
loads and room humidity conditions. The
analysis has shown the potential for the use of
gas-fired dehumidification systems to be
warranted and economically viable in many of the
climates for the more energy efficient
residences,
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and experimental field measurements the research
has characterized mass transfer potentials in
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this characteristic behavior are incorporated in
a conduction transfer function analysis code
(TARP) and a detailed moisture adsorption and
desorption building analysis code (MADTARP) is
developed. The code is used to parametrically
analyze the performance and cooling and heating
loads for a variety of building strateqgies in
nine southeastern climates. Results of the
analysis are then used to estimate the
requirements and economic feasibility of
gas-fired desiccant dehumidification systems as
compared to competing electrical systems.

This project represents the first comprehensive
effort to accurately examine moisture transfer
in buildings and its resultant effect on latent
and sensible cooling loads. Performance
requirements for air conditioning systems are
significantly impacted by moisture adsorption
and desorption in building materials and
furnishings. Gas fired desiccant
dehumidification and cooling systems under
development at GRI will benefit greatly from a
more accurate representation of building loads.
Further development and validation of these
modeling capabilities is reguired though,
including generation of a data base of building
material moisture properties, verification of
algorithms in the field, and documentation of
the computer program for public use. GRI plans
to continue support for this development and
validatiocn in coordination with cognizant
national engineering organizations and federal
gevernment agencies sponscering research in this
area. '

GRI Project Manager
Doug Kosar
Project Manager, Ccoling Systems
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SECTION ONE
INTRCDUCTION

buring the past ten to fifteen years there has been an effort
to reduce the level of energy use in the United States. A
significant portion of this effort has concentrated on
building energy consumption., Passive design and
energy-efficient buildings have been an outgrowth of these
efforts. The major part of the buildings effort, however, has
concentrated on methods of providing heat for buildings.
Uniike much of the past work, this study represents an
extensive effort in building cooling research.

The primary objective of the study has been to characterize
the auxilary cooling requirements of conventional and
efficient buildings that are located in the rapidly growing
Sunbelt portion of the U.S. Of the 1.7 million new housing
starts in 1983, almost 68 percent were in the south.
Approximately 62 percent of these were in the hot, humid
southeastern United States. Fiqure 1-1 illustrates this shift
in population growth and identifies the cities chosen for use
in this study.

The Atlantic and Gulf Coast climates of the Sunbelt are
characterized by long, hot and excessively humid summers, and
cooling loads often deminate the annual 1load. Energy
conservation techniques and passive building design are
capable of reducing the thermal loads on these buildings. But
to date, no effective means, short of mechanical systems, have
been developed to remove moisture loads. As thermal loads are
reduced, moisture loads tend to rise as a percentage of the
total building cooling load. Typical mechanical systems
(i.e., vapor compression air conditioners) are not well
equipped to remove moisture in the absence of a thermal load.
As a result, building humidity levels have a tendency to rise
above traditionally acceptable levels in efficiently designed
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Figure 1-1 1983 single family residential housing starts.
Source: USA TODAY, Jan. 19, 1984,

buildings that are located in humid climates.

The excessive humidity in such climates not only limits the
efficiency of natural cooling techniques but also severely
complicates building energy analysis. The thermal behavior of
a pbuilding can be modeled in considerable detail with publicly
available software, but conventional building energy analysis
techniques do not consider the detailed behavior of moisture
in buildings. When moisture enters (or 1is generated in) a
building, it may either increase the moisture content of the
room air, be absorbed by the materials in the room, be removed
by the mechanical cooling system, or experience a combination
cof the three. Conventional building energy analysis
techniques assume that all moisture entering the room results

in an increase in the moisture content of the rcom air only.



In reality part of this moisture will be absorbed by the room
materials and part will be removed by the cooling system.

Many building materials and furnishings have a large
propensity to absorb and desorb moisture. Building energy
analysis models that do not include analysis of moisture
absorption and desorption (MAD) will inaccurately predict beoth
cooling loads and room humidity conditions, and thus, the
performance of the air conditioner. When passive cooling
options (especially ventilation) are used in combination with
thermally efficient building envelopes, this phenomena results
in large errors in predicted cooling loads,

Until this study, no comprehensive effort to accurately
examine the effects of moisture transfer in buildings had been
attempted. An extensive search of the literature has been
conducted to determine the state~of-the-technology of moisture
transfer into and through solid materials and the behavior of
moisture in buildings on the whole,

Two recent researchers, Kusuda [1984] and Miller [1985], have
addressed the effects of MAD on building conditions and loads.

Their initial work illustrated the potential importance of MAD
in whole buildings. This study builds wupon their initial
findings in monitored buildings. Additional whole-building
monitoring has been conducted by FSEC during this study and
has contributed extensively to our confidence in the
analytical tools that are used.

The physical and analytical theory that forms the core of this
study comes largely from the work of Luikov [1966, 19751.
Luikov has considerably advanced the theory of combined heat
and mass transfer and the serious reader should consult his

work.,



The literature, however, reveals no comprehensive analytical
method of evaluating moisture transport in buildings, so cne
was develcped callied MADAM (Moisture Absorption and Desorption
Analysis Method). It is shown in Section 2 of the report to
be a well validated and highiy accurate method. Results from
MADAM have produced an accurate moisture prediction algorithm
that has been included in TARP I[Walton, 19831, a detailed
hourly building energy analysis program., The new program is
called MADTARP (Moisture Absorpticn/Desorption and Thermal
Analysis Research Program), The algorithms incorporated in
MADTARP have been separately compared against monitored data
from an unoccupied residence to determine appropriate
whole-building molsture helding capacities feor "typical”
buildings. This work is also well documented in Section 2 of
the report.

MADTARP was subsequently used to parametrically analyze the
energy requirements of typical (new construction), energy
efficient, and passively cooled buildings in nine cities. Of
these cities, five can be classified as hot and humid, three
as warm andé moderately humid, one as temperate and moderately
humid, and one as temperate with normal humidity. It was
found that buildings have far more capacity to adsorb and
desorb moisture in all climates than any previcus building
analysis method could account for. This £fact considerably
affected the predicted cooling loads and/or space conditions
in all the buildings and climates analyzed.

It has become apparent through this study that even typical
buildings in humid climates, cooled by conventional mechanical
cooling equipment (i.e., vapor compression air conditicners
and heat pumps), are not capable of maintaining the conditions
of the ASHRAE Standard 55-1981 for human comfort. As the
thermal performance of these buildings is improved the

moisture problem is exacerbated, and if passive or hybrid
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cooling systems are added, building moisture problems can
become critical.

With respect to the ASHRAE comfort standard, typical
residences in the five most humid climates using traditional
mechanical cooling systems have annual moisture removal
shortfalls between 3,500 and 6,000 pounds. If energy
conservation measures are employed and infiltration levels are
reduced to their lowest reasonable (for health reasons)
levels, this shortfall can be somewhat reduced to 3,000 to
4,500 pounds (see Figure 2-2), If passive or hybrid cooling
systems are added to residences to reduce the thermal cooling
load the annual shortfall will rise to between 4,000 and 8,000
pounds.
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Figure 1-2 Annual latent load shortfall to maintain ASHRAE
comfort conditions for the basecase and energy
conserving frame residences.

Nonetheless, 30-490 percent savings in cooling energy
consumption with bearable humidity liabilities (<68% RH) were
found possibie in southern homes. The results, reported in
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Section 4, indicate that if infiltration is kept low, the high
humidity levels (>68% RH) asscclated with mold and mildew
growth are limited primarily to passively cooled residences
and residences that are vented on a daily cycle (e.g., night

venting with air conditioning during the day) .

However, as energy conservation measures were added tc¢ the
basecase (typical) residence, room relative humidity tended to
rise. 1If infiltration was not simultaneously reduced to 0.5
air changes per hour from the basecase rate of 0.75, room
relative humidities climbed above 68% in the energy conserving
residences as well, The oniy conservation strategy
investigated that did not have a strong tendency to raise
indoor RH was increased thermostat settings. In this case the
temperature rose along with the humidity ratio of the
buildings and room RH remained relatively stable. Although
they saved energy, all other strategies except reduced

infiltration resuited in an attendant increase in indoor RH.

Because buildling RH tends to rise with increases in the
thermal integrity of the envelope, the economic feasibility of
using gas dehumidification equipment to meet moisture loads in
buildings has been examined in Section 5 of the report. As in
all analysis the results are driven by the basic assumptions.
For this study the room moisture limits of the ASHRAE Standard
55-1981 for human comfort constitute a major assumptiocn that,
if relaxed, will significantly alter the results.

The base alternative against which the gas dehumidificaticn
equipment is compared is the stand—-alone electric
vapor-compression dehumidifier. The reasoning for this choice
is  rooted in the fact that over 591,000 electric
dehumidification units were soid in 1984. Results of any
comparative analysis are a strong function of the basis for
comparison and, again, the results presented here may be

greatly altered by the choice of an alternative Dbase system.
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Accepting these assumptions, there are significant economic
advantages to be gained through the use of gas rather than
electric dehumidification systems. The analysis shows that
simple paybacks of one and one-half years are obtained in

passively cooled buildings in eight of the nine climates
examined. Even in energy conserving buildings paybacks of
under one and one-half years were realized in six of the nine
climates, and eight of the nine climates analyzed had simple
paybacks of three and one-half years or less for the energy
conserving building.

Improvements in building thermal design are becoming more and
more popular. Good thermal building practices are now being
encouraged through building codes, utility incentives or both
in many states. The success and popularity of passive
building design for heating in northern climates will
undoubtedly lead to a desire on the part of the public to
increase building efficiency and incorporate as many passive
building techniques as practicable in- southern climates as
well, This study indicates that traditional mechanical
cooling systems will not be appropriately matched to the
auxiliary cooling loads found in these improved buildings
because of the inability of vapor compression machines to
remove moisture in the absence of a thermal 1loadqd. As a
result, the marketplace will seek alternative mechanical
equipment that is capable of removing the residual moisture
lecads in good buildings. Desiccant and hybrid cooling
equipment currently under development by GRI and others offers
a realistic alternative to meet this potential marketplace

demand.
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SECTION TWO
DEVELOPMENT OF MADTARP

2,1 BACKGRQUND

The major objective of this research is to characterize the
interface between conventional and energy efficient building
techniques and the mechanical cooling requirements of
residences in hot, humid climates. Four specific types of
energy efficient building techniques are studied in detail.

0 Load avoidance through radiant barriers, window shading,
and increased thermal insulation.
Building coe¢ling through natural ventilation.
Passive/hybrid cooling through night sky roof radiation.
Passive/hybrid cooling through earth-coupled cooling
tubes.

The analysis is conducted primarily in humid climates of the
southeastern United States. It consists of the detailed
hourly building simulatioen and analysis of six different
building "types" in nine different climates. Each of these is
analyzed for performance with respect to two mechanical
cooling scenarios: a "typical" wvapor <compression air
conditioning system and what we term an "ideal" machine. The
typical a/c¢ 1is modeled after a two-ton, T"split" system
(SEER=8,0/5HF=0,76 @ ARI test conditions of 95°F db outside
air and 809F db/67°F wb room return air). The ideal machine
is assumed to be capable of maintaining an upper 1limit on room
temperature and relative humidity. The building loads imposed
on both mechanical systems are carefully evaluated for their
separate sensible and latent components and the sources of
these loads are separately tracked.

At the inception of the research a detailed hourliy building

energy analysis computer code called TARP (Thermal Analysis
Research Program), written by George Walton 1[1983] at the
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National Bureau of Standards, was chosen to perform the
building simulations. The TARP was selected for two primary

reascns:

o First, the technical and scientific bagis of the thermal

code is well documented. The TARP is a derivative of
the BLAST, and more indirectly, the NBSLD computer
codes. NBSLD was written by a team led by Kusuda [1976]
at NBS and Walton (the author of TARP) was a major
contributor to the BLAST code development under Hittle
[1981]1. The TARP is well documented in terms of its
thermal algorithms and both BLAST and NBSLD have
survived the close scrutiny of the buillding energy
research community for a number of years. The TARP is
currently being used at NBS for a number of detailed
validation studies, -The fact that the TARP performs
zone energy balances was an important consideration 1in
the final choice.

o Second, rhe TARP is highly portable. Unlike its
predecessors the TARP is written entirely in FORTRAN-77

and can be installed on a large number of main-frame and
minicomputer systems. We have installed and run the
code on a 1 MByte microcomputer using 16 bit
architecture but that practice, although achievable, is

not recommended.

The TARP, however, does not Ccome equipped to perform the
moisture analysis reguired by this research. It has been
significantly altered and the version used here 1is called
MADTARP (Moisture Absorption/Desorption and Thermal Analysis
Research Program). The biggest alterations are the addition
of computer code that allows analysis of moisture absorption
and desorption (MAD) by materials and the analysis of passive
and hybrid cooling systems. The capability to model

mechanicai system performance and provide for control legic
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have also been included in the code. A method of evaluating
slab-on-grade heat transfer has been included in the analysis
and a number of improvements have been made to existing TARP
algorithms., Each of the aiterations is discussed in detail in
this and the following section of the report. Figure 2-1
illustrates the general structure of the model used in this
study.

MADTARP Program Structure

FsEC

] st

TARP Code

— pSEC Code

Tilgure 2-1 Structural diagram showing interface between
original TARP code and the modificationsg that
make up MADTARP.
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In terms of building energy predictions the most significant
of these changes is the detailed modeling of MAD., Research ot
building moisture problems has been primarily limited to
northern cold-weather problems. As a result, the emphasis has
been on the problem of condensation on or within building
compeonents., The research has concentrated on vapor diffusion
through building materials and has resulted in recommencdations
for the placement of vapor barrier materials within building

envelopes.

In humid climates under summer conditions, vapor diffusion
through opague building envelope {e.g., walls) is not a
significant loads analysis problem. The overwhelming majority
of building moisture arrives in the conditioned zone through
infiltration and internal generation [ASERAE 1981, p. 26.311].
Additicnally, where a good outside weather skin is provided,
condensation of moisture in building materials in summer is an
extremely rare occurrence that should not constitute a serious
problem [Sherwood, 1985]. Ambient dew-point temperatures
rarely exceed internal sét—point temperatures, and then only

for relatively short periods cof time.

There are, however, significant moisture problems asscciated
with warm, humid climates. It is not uncommon in severely
humid climates to have a moisture load in excess of 50 pounds
per day. 1In typical residences, much of this load 1is removed
by the air-conditioning system and does not generally cause
serious problems. In passively cocled or energy-efficient
buildings with traditional air conditioners where sensible
loads have been significantly reduced, these moisture loads
may result in excessive relative numidity levels, even in ailr
conditioned buildings. Sustained relative humidities of 70%
or greater will lead to the growth of molds and mildews
(Humphries 18972].

Methods of accurately evaluating moisture effects in ouildings
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are generally lacking in building energy analysis procedures.
Typically, simple procedures call for the calculation of
sensible loads and the subsequent application of some
percentage of that load to represent the additional moisture
load of the =zone. Where moisture loads are calculated by
detailed procedures, the assumption is usually made that all
moisture entering the zone is added to the zone air.

This assumption can produce severe inaccuracies. In reality,
the moisture that is added to a conditioned zone will be
distributed in some manner between the zone air, the zone
materials and the zone mechanical system. The significant
impact of moisture adsorption and desorption in this balance
has been recently recognized by other researchers as well
[Kusuda 1984, and Miller 1984].

In humid climates, savings from ventilative cooling can be
significantly effected if MAD in buildings is not accounted
for in the analysis. The outdoor air can have a high moisture

content, especially at cool temperatures. Buildings'
ventilated under these conditions will experience a high room
ailr moisture level. This moisture is in turn adsorbed by the
room materials, When the temperature increases and the a/c is
turned on, the room moisture content will be high. Under
these conditions the a/c does less sensible. cooling per unit
of energy use. The net result is that the a/c must run longer
to meet the sensible building cooling load. As the a/c runs
it removes moisture from the room air creating a moisture
transfer potential imbalance between the room air and room
material surfaces. Moisture is then desorbed from the room
materials and the a/¢ must run even longer. 50, over the
course of days, the a/¢c will remove moisture which was
absorbed at inside surfaces much earlier while the building

was being ventilated.
The moisture removal rate of an air cconditioner is heavily
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dependent on the evaporator coil inlet wet-bulb temperature.
If all moisture loads are assumed to go to the zone air,
errors in machine performance characteristics will be made,
even in detailed machine analysis procedures., Depending on
building control strategies, these errors can produce
significant prediction inaccuracies, particularly for hourly
calculations of =zone lecads humidities and ultimately human
comfort parameters,

For accurate modeling of moisture loads and zone conditions

two criteria need to be met:

o Building material moisture absorption and desorpticn
properties must be modeled to correctly account for the
complete effective building moisture capacity in the
zone molsture balance. The infiltration 1load and
resulting zone humidity levels will otherwise bDe in

error.

o Machine sensible and latent cooling performance must be
calculated during the building simulation at each
time-step in the analysis, accounting for the variation
within the time-step of the air conditions entering and
ieaving the cooling coil as it removes moisture. 1L
this is not done, zone humidity levels at the end of the
hour will be incorrectly predicted. This, in turn, will
adversely effect predictions of the machine performance,
infiltration locading and moisture absorption/descrption

in the following time-step of the analysis.

2.2 MADAM
MADAM is an acronym for Moisture Absorption/Descrption

Analysis Method. Tt refers to an analysis of surface and
boundary layer mass transfer pctentials with respect €O

changes in their driving forces. The method uses a valldated,
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extremely detailed finite element program called FEMALP
(Pinite Element Method Applications Language Program)
[Kerestecioglu 19851,

2.2,1 Structure and Capabjilities

FEMALP has been developed at FSEC over the past four years.
In its development two major objectives were realized.

© The capability of solving most systems of simultaneous
ordinary or partial differential equations with any
boundary conditions.

o The capability of |using either hard-built, user
selectable and/or user-defined equation and boundary
condition libraries,

The general capabilities of FEMALP are illustrated in Figure
2-2, Possible boundary conditions for use in FEMALP are given
in Figure 2-3.

MADAM uses FEMALP to determine the coupled heat and mass
transfer potential between single layer or composite materials
and the cavities they bound. Soluticns are accomplished with
respect to variations in temperature, vapor pressure and fluig
flow regimes., MADAM converts the results of this analysis
into a set of algebraic moisture transfer potential
characteristics which can be wused with building thermal
analysis programs to predict the behavior of moisture
absorption and desorption at those material surfaces. In
MADTARP the material characteristics are incorporated in a .
zone moisture balance through a set of ordinary differential
equations describing the characteristic behavior of the
elements making up the balance. The development and
validation of the moisture balance are discussed in Section

2.3 of this report.
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FEMALP
—7-—Dimensions—

~One-dimensional

-Two—-dimensional

-Three-~dimensional

—Coordinate system-

-Rectangular (x,y,z)
-Cylindrical {r, ,z)
-Spherical {e, +

——Modes-
-Steady state
-Transient

—Equations-

-Continuity

-Momentum transfer
—-Heat transfer

-Mass transfer
-Turbulence egquations
-User defined terms
-User defined egquations

~Flow types-—

-Laminar flow
-Turbulent flow
-Compressible
-Incompressible

-Thermal radiation-

-View factors
-Script F
-Shadow checking

Phase change-

-Sublimation (vapor<->sclid)
-Fusion (solid<->liquid)
—-Vaporization (liquid<->vapor)

Figure 2-2 General capabilities of FEMALP.



Boundary Conditions—

~Mode
_EFixed
Moving

Constant
Variable

~Convective

~Diffusive

—Radiative

~Imposed flux
~Phase change
~Insulated
~Impermeable
~Inflow
—Outflow

~No slip
FInjection
~Suction
~Prescribed
—Free surface
-FSymmetry axis
LUser-defined

P I L T T L L T T T ey o e e e e T e e T T T T Y T T )

Figure 2-3 Possible boundary conditions in FEMALP,

2.2.,2 Theoretical Approach

Moisture Absorption and Desorption (MAD) are
material-dependent surface phenomena. The study of MAD can
best be approached through physical chemistry. Colloidal
chemistry describes the physical principles of the
moisture-solid bond in disperse systems. Moist materials can
be clasgssified as colloidal disperse systems formed by moisture

and solids.

Due to the nature of moisture-solid bonding in colloidal
mixtures, the simultaneous heat and mass transfer through
moist disperse solids is a complex, irreversible process. 1In
other words, the adhesive bonding potentials are different for
wetting and drying. MAD rates, therefore, will be different
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Figure 2-5 shows the variation in normalized absorption rates
for wood with changes in the relative vapor pressure
difference between the air and the material surface (analagous
to w). Changes in the convective mass transfer coefficient
(hp) produce a similar rate shift.

1.0 ¢

0.6

FEMALP SIMULATION:

- - - - Microtomed sections
Grain direction
------- Transverse direction

EXPERIMENTAL DATA POINTS:

¢© microtomed section
@ grain directions

A transverse direction
] | I

0 1 3 9 16 75
TIME [hr]

= | =0 0.4

0.2

0.0

Figure 2-5 Comparison of measured laboratory data with
FEMALP Predictions for three c¢ross sections of
Kilinki pine at two different relative vapor
pressures. (Tg=dew-point of surface; T;=initial
dew-point of surface; Ta=dew—point of room air;
RVP=Relative Vapor Pressure difference bhetween
surface and room air).

2.2.2,1 _Apnalytical Solution

There is a direct interrelation between moisture and heat
transfer in capillary porous bodies because liquid motion is
generally accompanied by enthalpy transfer, This
interrelation 1is compounded by +the fact that ligquids are
transferred not only by the forces attributable to volumetric

liquid concentration gradients but also by the forces
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attributable tc temperature gradients. The interrelation
between liguid motion and heat transfer becomes even more
complex when the liguid is evaporated or condensed inside the
porous body. In this case mass within the capillary porous
body transfers not only in the form of liguid but also in the
form of wvapcr. For +this reason, the use of separate
differential eguations (Fourier's equation for heat transfer
and Fick's equation for mass transfer) <cannot define a
solution to the problem. Interrelated differential eguations
for heat andé mass transfer in capillary porous bodies, first
proposed by Luikov {1966, 1975], must be employed for proper

solution...

Luikov has shown that it is mass transfer potential (M) ‘and
not moisture content (U) that defines the liguid transfer
potential in capillary-porous bodies. Moisture content in
mass transfer theory is the analog of heat content (enthalpy)

in heat transfer theory.

Figure 2-6 1s used here to show the analogous nature of this
concept. The figure illustrates the discontinuity of both
enthalpy and moisture content in dissimilar materials. Figure
2-6a depicts the enthalpy (heat content) of two materials at a
uniform temperature. A large enthalpy difference that 1is
discontinuous at the boundary -exists between the materials.
Figure 2-6b illustrates the effect of an applied temperature
gradient on the two materials. It is noted that the flow of
thermal energy occurs in a direction opposite to the enthalpy
difference, from the higher potential temperature) to a lower

one.

Figure 2-6c and d iilustrate the analogous phenomenon for mass
rransfer. In this case the driving force of the transfer 1is
the difference in mass transfer potential ( OM) rather than

the moisture content difference.
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Figure 2-6

Distribution of enthalpy (heat content) (a} and
moisture content (¢) in dissimilar materials
having no thermal or moisture transfer
potential; {(b) and (d) illustrate the direction
of heat and mass transfer, respectively, when a
thermal gradient (b) and mass transfer potential
gradient (&) are applied.
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Luikov [19751 has suggested the use of OM concept as a
normalizing function for mass transfer and has experimentally
determined its wvalidity in the analytical description of
combined heat and mass transfer. As a result, a system of
neat and mass transfer equations using continiucus heat (T)
and mass (M) transfer potentlals may be written as proposed by
Luikov (19751,

1£ T and M are taken as the neat and moisture transfer
potentials respectively, then the system of differential heat
and mass transfer equations can be written in the following
form [Luikov, 19751.

Cp 3T/ 3T = K13 72T+R17 %M (2-1a)
Cy 3 M/ 57 = K21V2T+K22?2M . (2-1b)
with
K11 = kr+ v hig kydn
K12 = ¥ hig Ky (2-2)
K21 = ku
K22 = kpm

In Equations 2-1, T and M denote the temperature and the
moisture transfer potentials, respectively. The moisture
transfer potential M is a function of the moisture content (U)
and temperature (T) of the body

M =M (G,T)
and

dy = (3M/ 30)q AU+( 3 M/ 3 T)g dT=(1/cy) du+MdT (2-3)

where
cy=(30/3M)p is the specific isothermal moisture capacity ({(the
amount of moisture increase OrL decrease for a unit change in
mass transfer potential at a given temperature) and Mp=( M/
T)y is the temperature coefficient of the mass—transfer
potential. The moisture content of the body can be expressed
by the following relation:

U = (ml+m2+m3)/mo
where mp, mp and m3 are used to denote the mass of vapor,
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ligquid and solid, respectively, within the capillary porous
body and my denotes the dry mass of the body.

The derivation of Equations 2-1 can be found in Luikov [1966],
For further details the reader is referred to Luikov [156%,
19751 and Luikov and Mikhailov [19651. Only the wvariables
appearing directly in the equations are explained.
hig 1is the heat of phase change [J/kgl,
kM ig the moisture conductivity of the moist material
[kgy/m.s.%M1,
K is the thermal conductivity of the moist material
[W/m+K1,
is the mass transfer potential [OM],
M is the thermogradient coefficient based on the
potential difference [OM/KI,
Y is the ratio of the vapor diffusion coefficient to the
coefficient of total diffusion [unitless].
cM is the specific isothermal mass capacity of the
moist body [kgy/kg-9MI,
cM = u/M
Cp is the specific heat g; the moist body [J/kg-+K],
Cp = Cppy + iglci U3
where C;, Uj are the specific heat and the moisture content,
respectively, of the i-th phase of the mass (i.e., m3, mp and
m3)

2.2.2.2 cCalculation of Specific Isothermal Moisture Capacity
A relation exists between the moisture content of a body (U)
and its mass transfer potential (M) in the form of the
expression:

cy = (QU/aM)p (2-4}
where ¢y is defined as the specific isothermal moisture
capacity. Therefore, the moisture capacity of a material is
equal to the slope of the line tangent to the curve U=£f (M).
Consequently, the experimental determination of the specific

isothermal moisture capacity reduces to finding the
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equilibrium moisture content, under which thermecdynamic and
molecular equilibrium exists between the meisture content of
the body and the humidity of the air and hence, also, the mass
transfer potential.

If the equilibrium moisture content (Ug) of the material 1is
dgivided by the mass transfer potential of air at a given
relative humidity, the specific isothermal moisture capacity
of the material can be calculated. Hence, the following
equation may be used to determine the specific isothermal
moisture capacity of the material.

cy(RH)yp = [Ug (RH) /Mgir (RH) 7] {2-5)
The mass transfer potential of air has been experimentally
determined by Luikov [1966] to be a function of relative -
humidity and is shown _in Figure 2-7, Unlike eguilibrium
moisture content in materials, the mass transfer potential of
air has been shown to be independent of air temperataure
[Luikov 19661].
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The product of the specific isothermal moisture capacity cp
and the mass of the perfectly dry body mg 1s called the
moisture capacity of the body (Cy).

Cm = cM Mg

After the mass transfer potential £field 1is solved the
concentration of water wvapor can be calculated from the
following relation

' C= ° cygM (2-6)
where p is the dry body density in (kg/m3), Cm 15 the specific
isothermal moisture capacity of the body in (kgy/kg.°M) and n
is the moisture transfer potential in (°M). Consequently, the
unit of moisture concentration is kgy/m3.

A system consisting of differential equations 1is fully
described when the boundary ccnditions (i.e., the values along
the boundary of the enclosure of integraticn) are known.

Boundary conditions for Equations 2-la and 2-lb are:

kp{ T/3n)=g' 'y p+hpp (T=Tap) +(1-¥ Y hj g iup (M-Map) (2-7a)
+EPU(T4_T4rP)
n
MR Fi3,p o (T4-T34, rp) =0
3 i
Km M/3n-g''mp+ky 6 M(5T/3 n)+byp(M-Mazp) =0 (2=7b)

Figure 2-8 presents a schematic diagram of the set of boundary
conditions that are used by the problem.

Equations 2-1 through 2-7 can be soived under differing
conditions to obtain setz of temperature and moisture transfer
potential distributions within materials. The solutions of
these equations are given by Kerestecioglu [1885] in detail.

2.2.2.3 Incorporating MADAM Results in MADTARP
With respect to MAD, a certain portion of the surface material
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Figure 2-8 Diagram of the boundary conditions {zee Egs.
2-7a and b) used in combined heat and mass
transfer analysis to determine the MAD
characteristics of materials.
will come into eguilibrium with the environment. It
equilibrium moisture content data are available, then the

surface moisture content of this layer can be related to the
surface humidity ratio Wg. Equilibrium moisture content data
are given 1in terms of environment relative humidity and
material temperature such that,

Wg = flu,Wgac.:T) ‘ (2-8)
The moisture content of the surface layer and the amount of
moisture absorbed or desorbed are known from the solution of
Equation 2-1lb, and Wgat 1s the humidity ratic of saturated air
at temperature T, which is also known. Therefore, the

equilibrium moisture content data for the surface layer may be
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written in the following format with piece wise linearization:

Wg = A1 Mc + A2 (2-9)
where:

Al = f(Wgat Mg,T) (2-10a)

Ay = £(Wgat,T) (2-10b)

The moisture content of the effective MAD surface layer is
defined by the ratio of the absolute moisture content (M) and
the dry weight (Mg) of the layer. Therefore, in MADTARP the
dry weight (M3) represents only the weight of the material
layer that effectively ©participates in absorption and
desorption. MADAM gives an effective Mg £for a MADTARP
analysis that is dependent upon the structure and boundary
conditions of the problem.

2,2,3 MADAM Validation

The analysis method used by MADTARP has been validated against
both laboratory and field data. Where material moisture
characteristics are well known, MADAM can accurately predict
poth moisture contents and their rates of change. Figure 2-5
shows a set of validation results from the base finite element
model (FEMALP) used by the method plotted against laboratory
measurements [Wexler, 19651 for various sections of Kilinki
pine wood under two conditions of relative vapor pressure.
Laboratory data from gypsum wallboard [Kusuda, 1983] and brick
(Luikov, 1965] are also well predicted by FEMALP (Figure 2-9)},

Field data have been obtained from the attic of a multifamily
living unit located in OQroville, CA monitored by Lawrence
Berkeley Laboratories I[Cleary, 1984], The monitoring effort
by LBL was accurate and detailed to the point that even
infiitration/ventilation rates are well described. Good
agreement with measured moisture data would not be possible
otherwise. The effective mass transfer coefficient (hy) is
strongly related to surface boundary layer velocities and very
accurate results are only possible when fluid flow parameters
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can be accurately estimated. The primary attic material
(wood) alsc has well-defined moisture and thermal transfer
characteristics. Therefore, the results depicted in Figure
2-10 are excellent. There is a high degree of confidence in
MADAM where the regquired modeling parameters are known,

2.3 HINE AND MOQISTURE GORITHMS (MAMA

The detailed calculation technigues used by FEMALP cannot be
used directly in an hourly building energy analysis model
without paying a significant computer run time penalty. The
parameters of Equation 2-10, however, may be calculated for
different materials over the range o¢f temperatures 0-40°C andg
humidity ratios (0.,001-0.040 kg/kg) that relate to buildings,
Once this is accomplished through MADAM, the coefficients of
Equation 2-10 may be found and the equation may be used in
detailed hourly building energy analysis programs with a high
degree of confidence and very little run time penalty.

2.3.1 (Capablities of MAMA

Equation 2-9 must, of necessity, participate 1in a zone
moisture balance that accounts for all moisture sources and
sinks that affect the zone moisture balance (see Figure 2-11),.
In general the sources consist of the infiltration rate in air
changes per hour (ACH), the internal moisture generation rate
(MGR) and MAD. The moisture sinks usually consists of only
the moisture removal rate of the a/c (MAC). The internal
moisture generation rate i1s usually an independent constant
and does not present a significant calculation problem.
Infiltration rate, however, 1s a dependent variable that is a
function of both the exterior humidity ratio as a source and
the mechanical system and MAD potentials as a molsture sink.
In the event moisture condensation or vaporization potentials
exist (CON) they too must be considered as a sink or source,

respectively, for moisture in the zone.

The rate of change 1in room meisture content iz a complex
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Figure 2-11 Schematic showing principal components of room
moisture balance. Diffusion through the
envelope 1s accounted for through the MAD term.

phenomencn. Infiltration rate, for instance, 1is highly
sensitive to both the latent machine performance
characteristics and the MAD rates of the room materials. As
the machine removes moisture from the zone, the difference in
moisture content between the zone and ambient increases,
thereby increasing the rate of change of the room moisture
content due to infiltration. As the machine removes moisture
it also increases the vapor pressure difference between the
roonm air and room material surfaces, resulting in an increase
in moisture desorption from materials to the room air.
Therefore, the room air moisture level is prohibited from
dropping too rapidly by- these additional moisture scurces,
The sensible ccoling performance c¢f the machine 1s usually
highly dependent on zone molsture content. If the zone
moisture content remains high the machine must run longer and
consume more power to accomplish the regquired sensible
coceling. If machine run time increases, total moisture
removal increases, in turn increasing both the relative
moisture infiltration and materlal desorption rates.

Mathematical problems of this type can be handled precisely
through differential eguations. MADTARP uses an exact
solution of a set of differential equations (referred to as

MAMA) to solve this problem and predict the performance of
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building systems with respect to moisture transfer.

2.3.2 T tic A ac
The governing moisture balance equations for a given control
volume may be written as:

m dWp/dt=MGR+MAC+ACE m (W-W,)=-CON=~MAD (2-11)
where:

CON=hgq Apg (Wp=-Wg) (2-12)
ang

MAD=dM./dt=hy Ay (Wo-Wg) (2-13)
and

Wg=A1 Mc+Ag (2-14)

Equation 2-11 describes the conservation of moisture in a
control volume. The first term on the right-hand side (MGR)
is the internal moisture generation rate and, in the case of
humidification modeling, the desired amount of moisture input
is added through this term. The second term (MAC) is the
amount of moisture that is removed by the cooling equipment.
It corresponds to the latent cooling performed by the
equipment. The third term (ACH) represents the amount of
moisture that 1is brought to or removed from the zone by
infiltration and/or wventilation. The fourth term (CON)
represents the amount of moisture that is condensing over cold
surfaces and is described by Equation 2-12. Finally, the last
term (MAD) represents the amount of moisture that is absorbed
or desorbed by the envelope and internal furnishings and is
described by Equations 2-13 and 2-14. For a MADTARP analysis
dme, A1, Mg and Ay are prescribed based on MADAM analysis (see
Section 2.2}.

MAC is defined by functional relationship. In this case the
amount of latent and sensible cooling performed by the cooling
equipment is a function of the outdoor dry-bulb temperature
and the indoor dry-bulb and wet-bulb temperatures. Mechanical

performance characteristics can normally be obtained from
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manufacturer's data. Generally the egquipment perfocrmance data
are given in tabular format., Therefore, the data usually have
to be curve fit for functional relations that can be used in
Equation 2-11, The amount of moisture removed by the cooling
eguipment can be represented by the fcllowing equation:

MAC=(LMC1+LMC2 W,) CF {2-15)
In Equation 2-15, LMCl and LMC2 are the machine latent 1load
performance functions. Consequently, Eguations 2-11 through
2=-15 combined with the correct initial boundary conditions
constitute a system cf differential equations., The initial
boundary conditions for the system are:

at t=0 Wr(0)=Wro
and (2-16)
at t=0 Ms{(0)=Mco

The exact solutions of the differential eguations are given
as:
W, (t)=Cy exp(mit)+Cy explmpt)+E3/Ep (2-17)
and
Mc(t)=[E5/(m1-Eg}l C1 expimit)+[Eg/ (mp-Eg)]
Co expimptl+ E4/§2 (2-18)

In Equations 2-17 and 2-18, mj and mp denote the roots of the
characteristic equation of this system of differential
equations and the are described as:

m],2=-Ej+(E]2-4E) 0.5 (2-19)
The constants C; and Cp used in Eguations 2-17 and 2-18 are

defined as:

C1 = = Cy-E3/Ep+Wy,q (2-20a)
Co=(mp-Eg) IWro—(E3/Ep)] (1/{mz-m1)]
-({my-Eg)}/ [Eg (mp-m1)] [Mgo-(E4/E3)] (2-20b)

The functions Ej through Es used in Equations 2-17 through
2-20 are given with the following relations:

E1=(MGR+ACH M W, +LMCl CF+hcg Acg We)/m

Eo=(LMC2 CF-ACH M-hcg Aegl/m
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E3=-1/m
Egq=-hp Ap Az
Es=bp An
Eg=—-hqg Ap Al

and
Ej=-(Ep+E3 Eg+Eg)
E2=Ez Eg
E3=-E} Eg
E4=E] E5-E» E4 (2-21)

From the solution of Equation 2-17 the indoor humidity ratioc
can be calculated, and from the solution of Equation 2-18 the
moisture content of the material can be calculated. Since
Equations 2-17 and 2-18 are the exact solutions of the system,
no complex numerical technigque need be employed.

The calculation of cooling eguipment run time is based on a
known sensible load. Therefore, before <calculating the
egquipment run time, the hourly sensible load must be obtained
from another source ‘(the TARP thermal processor).
Consequently, 1if the required hourly zone sensible locad is
designated by Qrg the following equation may be written:

trt
Q

The right-hand side of Equation 2-22 is sifmiliar to Eguation
2-15, SMC1 and SMCZ2 are the sensible equipment performance
functions. By integrating Equatien 2-22, the following
equation in terms of required equipment run time is obtained:

Qrg=(SMC1+SMC2 E3/E2)tee+(SMC2 Cy/mq)

lexp(mitpe) =11 (SMC2 Cp/m3p) [explmptyy)—=1] (2-23)
Since ty+ appears in both the linear and exponential terms,
Equation 2-23 has to be solved iteratively for the reqguired

cooling run time.

With a known equipment run time the amount of moisture removal
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as a function of indoor humidity ratio can be calculated from
the following eguation:
trt

Qr1 =J[YLMC1+LMC2 Wp) de (2-24)
o}

Substituting Equation 2-17 into Equation 2-24 and integrating
over the equipment run time yields the following latent load
removal equation:

Qr1=(LMC1+LMC2 E3/Eg)t,+(LMC2 C1/my)

[exp(mitet) =11 (LMC2 Cp/mp) lexp(motpy)-11 (2-25)

Usinag multivariable rearession analvsis, mechanical system
performance parameters can be reduced to regression equations.

In this study, the following equations are used to represent
equipment performance:

Qri=agta); Tgtaz T02+a3 Tit+tag Ti3+a5

T;2Ty+ag cos (Ti)+a7 sin (Tj)+ag cos(Ty)+ag Wy (2-26)

Qrg=apt+ta] Tptasz T02+a3 Ti+ay Ti3+a5

T;2To+ag cos(Tj)+a7 sin (Ti)+ag cos(Ty)+ag Wr (2-27)
The ccnstants used in the preceding equations for a typical
two-ton condensing unit with an 850 cfm evaporator unit are
tabulated in Table 2-1. Table 2-2 gives the manufacturers

data from which the constants are developed.,

The equations developed up to this point apply partichlarly
for real mechanical systems with a pricri performance
conditions. TIf an ideal system is to be modeled, some of the
described eqguations must be altered. Equations 2-11 and 2-13
remain the same but the MAC term in Equation 2-11 reduces to
zefo. In the modeling of ideal systems the room relative
humidity as well as temperature conditions can be maintained
at a predefined upper limit, which means the machine is
capable of removing any exXcessive molisture or thermal 1load
instantly. However, when the room numidity or temperature
condition drops Dbelow the set point the system does not
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operate. With the ideal machine the indoor humidity condition
fluctuates Dbetween the set point and a 1lower value.
Consequently, MAD has to be taken into account.

If the room conditions are below the set point, Equations 2-11
through 2-14 can be used by setting
MAC = 0

However, when the room humidity conditions climb above the set
point plus a user-defined humidistat hysteresis (HYy), the Wr
term used in Equations 2-11 through 2-13 must be replaced by
(Wr-HYp), representing the new set point accounting for the
lower hysteresis condition.

With the new conditions, Equation 2-13 is replaced with the
following equation: '

Mo(t) = [Mgo —(22/21)] exp (-Z1t) + (Z2/%7) (2-28)
where

21 = hp Ap A1

7o = hp Ap (Wr- Wr)-hy Ag Ao

2.3.3 Validation of MA

Eguation 2-11 represents the energy balance on a conditioned
room f{(alsoc see FPFiqure 2-11). The balance evaluates the
moisture flows in the zone by component. However, very little
MAD data exists for real buildirngs. The MAD term in Eguation
2-11 is defined by the relation given in Equation 2-14. Tts
functional coefficients (see Egs. 2-10a and 2-10b) are derived
from MADAM given the known characteristics of only two
representative building materials: gypsum  drywall to

represent wall materials and rag felt" to simulate
furnishings, clothing, linens, rugs, etc. In order to have
confidence in this relationship it is necessary to confirm it

through measured data.

A two-story townhouse in Cocoa, FL (see photograph in Figure
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2-12) known zs Rancewood Villas is being meonitcred by FSEC
under separate contract.

Figure 2-12 Photo of Rangewocod Villas townhouses showing
south facade. Two westernmost units in the
fourplex are monitored by FSEC.

The monitoring system was designed to collect as much moisture
data as practicable., Dry-bulb and dewpoint temperatures are
neasured on both sides of the a/c evaporator coil (return air
and supply air) and the ccil condensate is measured through a
calibrated rain gauge. Coil measurements are taken only when
the condensing unit and evaporator coil bplower are operating. -
Total machine run times are recorded at fifteen minute
intervals and power consumption of compressors and blowers are
recorded through automated kWh pulse counters, Room dry-bulb

and wet-bulb or RE measurements are taken both upstairs and
downstairs in the townhouse, A full set of site

metereclogical data are also taken: dry-bulb, RH, solar
radiation, net sky (far-infrared) radiation, wind speed, wind
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direction and ground <temperatures to three feet below the
surface are monitored,. All data are scanned at rapid ( 10
second) intervals and the average 1s recorded at fifteen
minute time increments.

A data-set from September 14-25, 1984, was chosen for the
analysis presented here. During this period the building was
ventilated on the nights of September 21-22 and September
22-23 and the a/c ran the remainder of the time.

No continuous infiltration measurements are taken on the
townhouse due to the expense of such menitoring devices.
Therefore, the ACH term in Equation 2-11 is not precisely
known. Two sets of one-time infiltration measurements using
SFg gas chromatograpnh techniques were performed on September
21, The resulting air change rates were between 0.25 and 0.4
ACH (air changes per hour). Two separate mechanical systgm
air volume flow rate measurements have alsc been made.

Given the volumetric airflow rate o¢f the machine and the
measured dewpoint temperature difference across the evaporator
coil, the machine latent performance characteristics may be
determined. The volumetric airflow rate of the system was
measured by airflow measurement devices to be between 980 and
1005 CFM. Since the condensate was also measured the airflow
rate may be separately calculated as:
CFM = {(CON+Crag)/ (Wi-Wg)* *rt)

where
CFM = volumetric flow rate across evaporator coil
CON = measured condensate
Creg = residual coil moisture (not measured)
Wi = evaporator coil inlet humidity ratio
Wo = evaporator coil outlet humidity ratio

= density of air
rt = runtime

Since Cpeg 15 an unmeasured term in the equation and accurate
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estimation is difficult, the data-set used in the calculation
of CFM was reduced to only those hours when the machine
run-time was greater than 48 minutes (0.8 hourl). From this
data-set only the second and following hours of continuous
machine operation were chosen for the analysis. The first
hour in each series of hours was eliminated to obviate any
time lag problems associated with condensate measurements,
The evapcrator coil volumetric flow-rate was calculated by
this technigque to be 995 CFM. This is in good agreement with
the measured values. A flow-rate of 1000 CFM was chosen for

use in the validation.

In order to validate MAMA it is necessary to Xnow all but one
of the walues on the right hand side of Eguation 2-11. MAD is
the term of interest but ACH is not continuously measured, so
some accurate estimation of ACH must be made. T¢ do this, a
reasonable estimate of the effective MAD surface area was
assumed and an hourly infiltration schedule was determined
through back substitution in Equation 2-11 using the first
day's (September 14, 1985) measured data. This infiltration
rate was found to wvary between 0.25 and 0.40. The pattern of
the variation in infiltration was found to correspond well
with the measured environmental windspeeds, with the lcocwer ACH
at night when windspeed was low and the higher ACH during the
day when windspeed was high, Examination of external
windspeeds showed very similar windspeed patterns for the
entire period of the data set, Thus, the ACH schedule
calculated for the first day was assumed reasonable for the

entire period.

Next, a set of analysis was performed using this calculated
hourly ACH schedule to determine the optimum effective MAD
surface area (Ap) for use in Eguation 2-13. This optimization
was accomplished using the calculated ACH schedule from the
first day for all 12 days of the data-set. Upon optimization
the most effectiv e MAD surface area was found to be 2798 f£t2,
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Figure 2-13 shows the measured and calculated room humidity
ratio for the entire period using this effective MAD surface
area.

1.8
{  RANGEWOOD VILLA DATA (SEP 14-25, 1984), COCOA, FL
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Figure 2-13 Room humidity ratio as measured and as
predicted.

Next, the analysis was performed with the effective MAD
surface area set equal to zero to examine results when no MAD
is possible. Results are given in Figure 2-14 as the error in
predicted room humidity ratio with respect to the measured
data.

For convenience and for use in MADTARP, a ratic between the
effective MAD surface area and the heat transfer surface area
of the building was calculated. For the material moisture
capacity that optimized the townhouse case, this effective
surface area multiplier (ESAM) was calculated to be 0.5. The
townhouse contained minimal furnishings (one bed and one sorfa)
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and was unoccupied. As a result, this ESAM 1s probably too
low for typical occupied residences since they contain mnmuch
more moisture absorbing material {clothing, linens, towels,

additional furnishings, etc.).

A brief parametric analysis using additional ESAMs of 0.25
(half optimum) and 1,0 {double optimum) was performed to
observe the sensitivity of material moisture capacity.
Results from this analysis are given in Figure 2-15. Note
that y-axis scales in Figures 2-14 and 2-15 are almost
identical, resulting in an interesting observatcion. If the
effective surface area (and thus, the moisture capacity) 1is
set to zero in the model, large errors in prediction of room
humidity ratio result. However, 1f MAD is modeled even with
incorrect effective MAD surface areas, r[0O0OMm humidity ratio
errors are relatively small. It is also interesting to note
that after ventilation periods, errors in humidity ratio are
either consistently high or consistently low and in opposite
directions for [ESAMs of 0.25 and 1.00, respectively.
Therefore, if ESAM is incorrectly estimated it will primarily
affect results following a step change 1in room moisture
conditions. In typical ventilated residences this effect has
been estimated to last for two to five days depending on the
moisture holding capacity of the building.

The ventilation periods 1in the data-set (September 21-23)
provide for a step function increase in the room air moisture
content. This gives an additional means of evaluating the
validity of the MAD analysis. If the rate or capacity terms
are significantly in error, the model should have difficulty
predicting room humidity ratios after the vent period even if
they can be matched before ventilation occurs. Figure 2-15
points out that this is indeed the case. If we look in detail
at the data-set before and after these vent pericds the efiect
hecomes more clear. Figure 2-16 is a plot of the predictions

of room humidity ratio for each ESAM plotted over the measured
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data for September 20 before the building is vented. Note

that when ESAM decreases, the humidity ratio amplitude
increases; and that when ESAM increases, the amplitude
decreases. This amplitude shift is related to the rate-of MAD
as it is controlled by available surface area. (The thickness

of the MAD surface remains constant regardless of the aresa
used in the analysis. Thus, the area available for MAD to
some extent also controls the net moisture capacity of the

building.)

Figure 2-17 shows the same data plotted after the vent period

on September 24, There is now a much greater discrepancy in
the curves. It is somewhat more difficult to see but the
amplitude shift remains. Superimposed on the amplitude shift

is a magnitude shift. The magnitude shift relates to a
discrepancy in the total moisture capacity of the building and
is also contrclled by the available gsurface area. One can see
that as ESAM increases, room humidity ratio 1increases in
magnitude put decreases in amplitude; and as ESAM decreases
room humidity ratio decreases in magnitude but increases in
amplitude, Both shifts are the result of a moisture
capacitance effect. It was gratifying to know that 1f the
value of the effective moisture surface area (and therefore,
the room moisture capacitance) can be accurately estimated,
the model can accurately predict the behavior of the room
humidity ratic before, during and after a step change (i.e.,
ventilation) in room humidity ratio even when the room
materials are represented by only two characteristic materials

acting in parallel.

To determine an ESAM value that is likely to be "typical" of
real, occupied buildings, a sensitivity analysis using annual
MADTARP runs was performed. The passive building (see Section
3.5 for detailed building descriptions) was wused in the
analysis and ESAM was varied from 0.0001 to 5 for both an

unvented and a vented building. Results of the analysis
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appear in Figures 2-18 and 2-19. Figure 2-18 shows the annual
maximum, minimum and average zone RH as predicted by MADTARP
for the unvented building. As ESAM increases, the annual RH
swing and the annual average decreases. The most significant
changes occur at lower ESAMs, As noted in the previous
discussion of the townhouse data, the change in average RH is
imperceptible at ESAMs of 1.0 or greater. Even the annual
maximum and minimum RH rapidly apprcach their asymptotic

limits.

Figure 2-18 shows the variation in building cooling load with
increasing ESAM. This figure presents a different picture of
the sensitivity of building load to variation in ESAM. For
the unvented building the difference 1in predicted building
load is insignificant. However, for the wvented building the
cooling load is highly sensitive to  ESAM. As yet,
insufficient data exist to precisely determine a "typical"
ESAM for residences. A value of 0.5 was found to accurately
predict the behaviocr of the monitored townhouses. This value
was obviously low for "typical" occupied buildings where much
more moisture aborption material exist. Therefore, a
conservative value of ESAM = 0.75 was selected for use in this
study. The results presented in the remainder of the report
should be considered in light of this value and the cooling

load sensitivity analysis presented in Figure 2-19.

2.3.4 Interface wikth TPS

The Machine And Moisture Algorithms (MAMA) are developed 1in
such a way that it is possible to use them with any hourly
building locad simulator. The relations between MADTARP and

MAMA are depicted in Figure 2-1. As indicated, MAMA requires
two major input sets. The first input set consists of the
material moisture properties that are obtained from MADAM (see
Section 2.2). The second input set comes from the thermal
performance simulator (TPS). For its moisture algorithms MAMNA

requires only two input parameters from TPS, the zone
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temperature and the sensible cooling load of the zone. In the
current version of MADTARP the =zone temperatures and the
associated sensible loads are calculated for each hour.
Therefore, for every simulated hour a set of zone temperatures
and sensgible loads have to be supplied to MAMA by TPS. MAIMA
can perform detailed calculations within a given hour, which
means the hour can be discretized into finer time steps,
However, TPS can perform conly nourly calculations and the hour

can not be discretized.

The mathematical relationships between the mechanical systems
and TPS have been given in Section 2.3. Currently, the
mechanical system affects the results only in terms of zone
humidity and latent loads. The sensible load of the =zone
remains unchanged. Like the moisture algorithms, the
mechanical system algorithms require three sets of inputs.
The first set consists of the machine performance
characteristics. The second set comes from TPS and consists
of the temperature and the sensible load of the zone, and the
ambient temperature, Finally, the third input set comes from
the moisture algorithms and consists of the humidity
conditions of the zone and its associated materials. After
the zone humidity and sensible load conditions are known, the
mechanical system run time and latent load removal by the
system can be calculated. Like the moisture algorithms, the
mechanical systems algorithms de not alter the results of TPS.

52 4 PASSIVE ANALYSIS AND PERFORMANCE ALGORITHMS (PAPA)
New algorithms were developed to model the performance of

passive and hybrid cooling methods. Ventilative, radiative
and ground cooling strategies were examined. These strategies

were chosen as the most economical for hot, humid climates.

Natural ventilation is totally passive, iL.e., it regulres no

-

parasitic power or fan control. Ventilation 1is hanrdled
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separately from the other methods (which use PAPA), Details

on the ventilation algorithms are presented in Section 3,2.1,

The structure of PAPA and the radiative and ground algorithms

are discussed in the following sections,

2.4.1 Structure ilities

The major c¢omponents of PAPA are shown in Figure 2-20.
Presently there are two cooling algerithms, one for ground and
cne for radiative cooling.

PAPA
INPUTS

1

[CONTROLS]*——-—— PAPA |e—mmm———— — Thern
________ _ Interpreter Performance
__________ Simulator

—————— T ———

Individual PAPA
Passive/Hybrid QUTPUTS
Cooling Algorithm|  be——ee—ee-

Figure 2-20 Components o¢f Pagsive Anaiysis and Performance
Algorithms.

Only one passive/hybrid cooling system is allowed for a given
run. The PAPA 1interpreter correlates the user inputs, the
control 1logic and the thermal outputs for each zone, and
translates them into inputs for the passive/hybrid cooling
algorithms. The passive/hvbrid cooling performance
characteristics are calculated, then transferred back to the
PAPA interpreter which breaks them up into cooling components
for each building zone. These cooling components are included

in the energy balance £for each zone in the MADTARP thermal
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performance simulator (TPS), and backup mechanical cooling
requirements are calculated by MNAMA as detailed in Section
2.3.

The user may select which (if any) hybrid cooling option is
desired. The user also specifies the contrcl parameters (see
Secticon 2.4.3.1) and the fluid flow parameters (see Section
2.4,3,2) for the system. The user may specify eitner English

or metric units for input or output,

Each passive system has a number of parameters which may be

altered., These Input parameters make simulating different
size systems, component locations, materials and
configurations simple. The details of these parameter choices

are given in Section 2.4.3,

2.4.2 Theoretical Approach

The components of any passive or hybrid sensible cooling
system consist of:

© A heat dissipator,

o A distribution system,

o A heat storage medium.
Passive/hybrid cooling systems reguire that heat 1s delivered
to storage during times of adverse dissipaticn conditions and
then distributed to the dissipator during times of favorable

environmental conditions.

2.4.2.1 Heat Digsipators
A heat dissipator is a component of a passive or Qaybrid

cooling system which is used to transfer heat to the available
envircnmental resource. Table 2-3 1lists the typilcal heat

dissipator for each cooling strategy.

In hot, numid climates most cooling sources (natural heat
sinks) are weaker than in hot, dry climates, Hich humidities

increase the sky temperature and reduce the daily temperaturs
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Table 2-3

Heat Dissipators for Passive Cooling

Passive cooling Dissipator Dissipator
strategy Name properties
Ventilation Vent Opening to ambient air
Evaporative Evaporative cooler Water spray which cools
and humidifies air
Indirect evaporative Heat exchanger separates
cooler building air from evapor-
atively cooled air
Radiative Radiator High thermal emissivity,
exposed to night sky
Ground Earth tube or High conductivity to
other system deep earth

swing. The long summer seasons increase ground temperature
and high wet-bulb temperatures 1limit evaporative cooling
potential, Figure 2-2]1 shows the average July daily cycle of
the environmental resources that enable most passive/hybrid
cooling in Miami, Florida {[Clark, 1981]. Figure 2-22 depicts
the same temperatures for Albuquerque, New Mexico, a hot, dry
climate [Clark, 19811]. Although the daily high dry-bulb
temperature is slightly higher in Albuguerque, passive hybrid
cooling is much easier in this dry climate than in humid
climates, Table 2-4 indicates the difference in the potential
cooling limit for these two climates by passive cooling

strategy.

As can be seen from Table 2-4, the only resource that is very
powerful in Miami in July is the sky temperature. All other
resource temperatures are high and will provide limited
passive cooling for a building. However, during milder months
and in less severely humid climates, other cooling strategies
become more effective, although to a lesser extent than in the

ary climates,
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Table 2-4

Comparison of Dry and Humid Climate Passive Cooling Resources

Lower Limit

— b g 2 e e e

E Average July Daily Cycle i
i Parameter ! Potential Cooling i Miami ! Albuquercue ! Difference i
i of Interest : Strategy Effected : (°F) : (°F) : (°r :
% Wet~tulb % Evaporative % 74 % 6l i 13 i
| Dewpoint : Evap. & Radiative | 72 | % 1 %
i Sky % Radiative E 61 % 46 ; 15 i
i Deep ground E Ground coupling ! 77 i 62 i 15 i

2.4,2,2 Digtribution Systems ‘

To maintain comfort in a building, the cooling done at the
dissipator must be distributed te the living areas. Depending
on the building design, the cocling lcad and the cooling
resource, the amocunt of forced distribution can wvary from low
of none to an amount that causes the hybrid system's
performance to be no better than that of a conventional
cocling system, The distribution system moves heat from the
building and/or storage to the dissipator when environmental
conditions are <favorable. At other times the distribution
system may be used to transfer building heat to the storage

(thus maintaining comfort).

The game distribution system could be used for the backup

cooling system and/or a passive solar heating system,

There are twe common types of distribution systens, An
air-system type uses the building air as the transfer medium,
The air either flows naturally or 1is forced by a fan. Since
the heat capacity of air is very low, the volume o©of alr

transferred wmust be high., Therefore, uniess great pressure
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differences induce natural flow, considerable parasitic Ifan
power is reqguired. The other type of distribution sysgtem uses
water as the transfer medium and often as the storage medium
as well, Efficient pumps have small parasitic power
reguirements and the heat capacity of water 1s excellient. It
can be used in conjunction with radiative panel backup cooling
or heating systems. However, 1f a conventional forced air
svstem is used, the water cooling distribution system reguires
a separate network. A heat exchanger to the forced air systen
is possible, but would give the water-cooled system mcst of
rhe disadvantages of the air system, The relative initial
cost of the water or air distribution system 1s highly
dependent on the heat dissipation and storage methods chosen.
Often the efficiency of the water system makes itg operating
costs less than that of air sytems. Table 2-5 shows the usual

components used for air and water distribution systems.

Table 2-5

Compariscn of Air and Water Distribution Systems

1
! ! Natural !Forced !Forced Flow !Capacity ! Common !Compatible !
! ! Flow IFlow | Power Ito Transfer ! Storage !Distr. !
1IFluid ! Method I[Method !Consunption !Heat ! Component !lMethod |
! ! ! ! ! ! ! !
1Air ! Wind, ! Fans ! Moderate ! Very low 1Bldg. mass, ! Forcad !
! |Pressure ! ! ! {Rock beds ! Alr
! ‘or Temp. ! ! ! ! ! !
! IDriven ! ! ! ! ! !
! ! ! ! ! ! ! !
! ! ! ! ! ! ! !
IHater !Gravity, !Pumps ! Low ! High IWater tanks ! Radiator
! \Thermo— ! ! ! I or tubes !' or fan !
! !siphon ! ! ! | ! coil !

2.4.2.3 Storage Systems

e
M

An important element of any passive hybrid system is t

'..J.
[4g}

component used to store the heat until the time at which it

[

f]

disrributed +to the dissipator to be rejected <Lrom the
D

1
1

-

u ag, Most cooling resources are such that it 1

Al

|
-
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desirable to do all building cooling at night. To go that,
heat gain during the day must be stored at comfortable
temperatures. At night, natural or forced flow removes the
heat from storage and rejects it to the environment through
the dissipator.

For effective operation, storage should be very well coupled
to the space which is to be cooled. The thermal coupling is
usually best if the space-air can freely circulate around the
storage and the storage surfaces can freely radiate to other
surfaces in the space. A&n example of such a system is when
actual building components -- such as floor or ceiling slabsg
or/and concrete block walls -- are used as a storage
component, However, in some instances remote storage is more

practical.

In those cases, the storage is exterior to the space and the
distribution system takes heat from the space and transfers it
to storage. Typically this 1is accomplished either by
transporting the storage fluid itself to the living space to
pick up heat and return to the storage, or by using the space
air as the transfer medium and passing it through storage.
Examples of remote storage include large well-insulated fluid
storage tanks or remote rock beds. In many cases, a
compination of remote and integral storage with forced and
natural heat flow are used. 1In the last decade, phase change
materials have been developed which have extremely high
capacities for heat storage. By using chemicals designed to
change phases at specified temperatures, the great majoritv of
the heat is released at specific temperature. Figure 2-23
shows some common passive thermal-storage materials.

2.4.3 Algorithm Development
Descriptions of the control, interpreter, and ground and

radiative algorithms are given in this section,
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A unique, new and effective high-
capacity thermal storage system!
Utilizes state-of-the-art phase
change!

® Lightweight ® Space saving

® Two sizes: 1200 BTU

capacity and 2400

BTU capacity ® Round
SOLAR-PODS too!

Rock Bins

& Low cost - the most economical per

~ gallon storage ® Natural light transmission
e Complements any design @ Corrosion-

free ® Faster usable BTU heat gain in

60% less space ® 80% less weight
than rock or masonry @ Self-sup-
porting ® Easy to install

® Lightweight - largest

tank weighs only 201bs.

# Decorator dyes to color

water ® Five standard sizes

® [mmediate shipment!

Water Tank Water Tubes !Eﬁipgc

Figure 2-23 Commen passive thermal storage materials.
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2.4.3,1 Controls

The purpose of the control algorithms is to maximize the
cooling potential of the hybrid system without overcooling the
building. Controls should be designed also to prevent use of
the hybrid air-conditioning system when it iz less efficient
than the backup system. Hybrid system efficiencies can vary
significantly with climatic conditions, thus tests must bhe
made at each time-step (hour) in the simulation for effective
control of the passive/hybrid system.

The user specifies three set-point temperatures -- Ty, Ty, and
T1 -- and a temperature difference Tg . Default settings are
the cooling set-point for Ty and the heating set-point for
Ti. Tp is the average of Ty and T3. The default for Tg is
1.09C (1.89F),

Based on the history of heating and cooling requirements,
fiags are set which control the setpoint used to turn the
hybrid system on or off, The heating flag is set if there is
neat required and unset after no heat is recuired for an
entire daily cycle (midnight to midnight). The cooling flag
is set 1f there is cooling required and unset after no cooling
is required for an entire daily cycle. The control logic is
given in Table 2-6, showing the values used for the ground and

radiative cooling runs.

! Table 2-6 !
! PAPA Control Logic !

Set point above which hybrid !

1 I

! Heating Cooling ! systems turn on (°F) !
! Flag Flag ! {(A/C set~-point=78, heater=68) !
! Set Set e e e e e e {
! ! Radiator ! Ground !
e [ e e e e !
! Yes Yes l 73 ! 75.75 !
1 Yes No ! 76,2 ! 77 !
! No Yes ! 69.0 ! 74.5 |
! No No ! no change ! no change



Fadiative cooling test runs using this logic indicated that
the heating load was not increased (compared to a non-hybrid
system) nor was the total <cocling reduction penalized

(compared to lower coocling setpoints),

The entering fluid temperature (see Section 2.2.3.2) is the
temperature whnich is checked against the setpoint.

An additional criterion is made to assure system efficiency.
If tne system cannot achieve a user-specified coefficient of
performance, then the system is shut off for that hour. 1In
this case the current time-step 1s rerun with the hybrid
system off, since the system performance has a

cause-and~effect relationship with the building heat balance.

The basecase value for the hybrid system shut-off COP is 2.3.
This COP 1s approximately the rated value for the simulated

air conditioner.

2,4.3.2 PAPA Tnterpreter {(includina fluid flow)

The interpreter algorithm meshes all the other algorithm
outputs for use with the MADTARP thermal processor and MAMA.
This algorithm simulates, in a simplified method, the

distribution system.

Storage 1is done Dby the bpuilding components, DAPA uses the
thermal processor simulation's internal heat transfer routines
to distribute the stored heat to various surfaces. Thus,
using the standard building input deck, the user can simulate
the effect of various amounts or types of mass. PAPA is
presently unaple to simulate remcte storage as described in

Section 2.4.2.3.

For each «zone, the user cpecifies a [Leat exchanger

errectiveness, E;, and a surface transfer to total ratio, S..
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Each of these values must be between 0 and 1.

0 L E; <1 (2-29)
0 £ 8; <1 (2-30)
Also, the total heat exchanger effectiveness must ge 1 or
less.
N
E+ = 1 E; £ 1. (2-31)
z=1

The total heat exchanger effectiveness indicates how much of
the cooling done at the dissipator was transferred to the
building.

The passive/hybrid cooling which is transferred to each zone
is:
Qz = Q3 * Egz, (2-32)

where Qd is the total cooling done at the dissipator.
The portion that goes directly to the zone air is:

Qaz, = Q7 * (1-5,;) (2-33)
And the rest goes to the zone surfaces for storage via the MRT
hetwork:

Qs, = Qz * S5,. (2-34)

If the system fluid is air, then typically the total heat
exchanger effectiveness will equal 1.0, and the surface to
total ratios will depend on the distribution system. Air
circulated in cinder block cores may have a S; cf 0.5, whereas
a ducted system may have a Sy of 0. Default value for all

hybrid system runs were 1.0 for E; and 9 for S,;.

A water system would typically have a total heat exchanger
effectiveness less than 1.0, since the water will be separated
from the zone. If the water 1is simulated as pipes passing
through a room a low S; may be possible. Most applications
would involve water storage and/or radiator distribution in
the zone. These options can be apprcximated in the simulation

using a high S; and massive building components.
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These parameters are also used to - calculate the fiuid
temperature that goes to the dissipator. The starting fluid
temperature calculation consists of two components. Some
"coolth" may remain in the fluid in the circulation system, if
all of it was not transferred to the zones,

Trgl = (1-Ex) * Tgg (2-35)
Where Tgg is the fluid temperature out of the dissipator,
The other component 1is weighted by each zone heat exchanger
effectiveness and the =zone's surface to total ratio storace
factor:

z=N

Tggo = zil Bz * (Try*S,+Tz,*(1-S;)) (2-36)
where Tr, and Tz are the zone mean radiant and dry-bulb
temperatures, respectively., Thus, the fluid temperature is
the sum of these components.

Tre= Tgg1 + Teg2 {2-37)
Note that the passive cooling done is broken up in a similar

manner (see Equations 2-32, 2-33 and 2-34),

In air systems, latent cooling may also occur due to
condensation on the dissipator. The dew-point temperature of
the air 1is weighted by the heat exchanger effectiveness of
each zone times the dew-point of that =zone.

T£d = C10 Ep * Tdg (2-38)

z=1

Since this routine is done prior to MAMA, the entering
dew-polnt temperatufe is based on the previous hour's values.
Some error 1s introduced, but as long as high infiltration or
ventilation rates are not concurrent with the PAPA simulated
cooling, this error will be small.

The Dbuilding latent cooling, Qj4, 1s calculated 1in the
specific passive/hybrid dissipator algorithm (see next
sections). The interpreter divides that cooling into values

for each zone. If the air were assumed tc e very well mixed
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when the system was on, then a simple effectiveness weighting
is adequate:

Q1z = Q13 * E, (2-39)
However, 1if the zone air is nct well mixed then the moisture
ievels will be Gifferent and the latent cooling may occur only
in the most humid zones. The hybrid system nmav cause mixing
which humidifies scme zones and dehumidifies other zones., For
the present study, only one conditioned zone is simulated,
thus Equation 2-39 is adequate.

Typical systems will have just one pump or blower; however, to
facilitate certain outputs, the parasitic power is also
divided into values for each zone:

P, = E; * P (2-40)
where P is the user-specified parasitic power for the entire
hybrid cooling system.

2.4,3,3 Radiati 00
The radiative cooling algorithm is a lumped model of fluid
flowing underneath an emissive surface exposed to the night
5Ky. The user may specify the following radiator properties:
o Length and Width
0o Emissivity
o Tilt
A wind speed modifier may also be specified to account for
radiator configurations which are designed to reduce

convective heat transfer.

2.4.3,3.1 The Model
Figure 2-24 depicts the simulated radiator when air is the
fiuid. When water is the fluid there is no bottom plate. The
assumptions for the model are:

0 Radiator is massless and has infinite conductivity

o Bottcocm piate is massless

0 There is no heat loss or gain below the bottom plate

or to the sides
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¢ For a finite length of fluid in the flow direction,
Te=(Tp+T;}/2 (2-41)

In addition to Eguation 2-41, the eguations which describe the

heat transfer are:

De (Tp=Te) +hg (Tp=Tg)+hg (Tp=Te) +hy (T, =Tp ) =0 (2-42)
he (Tg=Tp) +hy (Tg-Tp) = (mCp/A) (T1-To) (2~43)

Thus, there are four equations and four unknowns (Tg, Trsr Tor
Tp) . The solution for the radiator temperature is:
Tr=(hy*Te+he*Ta+V*T; )/ (8-U) (2-45)
where |
V=.3*[he+Whe+hi*hy/2+hi*h *W/ (Y*2)

+hg*hy2/ (2%a¥Y* D) +hy 2*¥he*W/ (2%a*y2%7) ] (2-486)
S=hy+he+hg+hi-hg2/ {2%a*Y) (2-47)
U=(hi-hf*hy/ (2%a*¥)) * (hi/%+hy*he/ (2%2%a*Y)) (2-48)

Te
®
hy = Ta

T: :> hy =

Adiabatic boundary

Figure 2-24 Radiator model used 1in Passive Analysis and
Performance Algorithms.

and the following equations apply:
a=mCn/A (2-49)
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W=l-hg/ (2%a)-hy/ (2%a) (2-50)

Y=1l+ng/ (2%a)+hy/(2*a) (2-51)
Zo=hy-hy?/ (2*a+hg+hy) (2-52)
Z=hi+%q (2-53)
The user specifiegs the constants hg, MCP, and ny. Therefore,

BEquations 2-4%9 through 2-52 are calculated once per run based
on user-specified flow parameters. The heat tranfer
coefficients hy, hg and hj are a function of Ty, Thus, these
variables are calculated for each node, and Tr is calculated
using iteration due to the relationship between Tys hy, he and
hy.

The convective coefficient, bo, 18 calculated using the same
method as the other outside building surfaces., This method is
fully described by Walton [(1983]. The environmental
temperature seen by the radiator, T., is calculated as a
function of tilt and sky and ground temperatures. The
temperature of the ground surface is assumed equal to tie
ambient temperature. The view factor of the sky radiation
which is reflected from the ¢round is:

Gs = (l-Eg)*(l-cos(t})/2 (2-54)
where t is the radiator tilt up from horizontal and Bg 1= the

ground emissivity.

The view factor of the ground radiated heat is:

Gf = (l-cos (t))/2 (2-55)
The view factor of the sky is:

Sg = (l+cos(t)}/2 (1-56)
The irradiance frem the environment is therefore:

Qe= T*Sg*Tgd+ 0 *EG*Ge*T 4+ T*GgrT 4 (2-57)

where ¢ is the Stefan-Boltzman constant.

The environmental temperature is:
Te = 4 \/Qge/ © (2-58)
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wnere Tg is in absolute degrees, Note that Te will equal the

sky temperature for a hecrizontal radiator.

The flux between the radiator surface and this mean radiative
environment which it "seesg" igs:

Qr = Er* a * (Tr4—Te4) (2_59)
so0 the radiative coefficient is:
hr = Qr/(Tr_Te) . (2"60)

The environment temperature is calculated once per hour;
nowever h,y 1s calculated for each iteration of T, within each
mode.

The radiative flux between the top and bottom plate is:
Qpi=Ep*o* (T 4-Tp4) (2-61)
where the temperatures are in absclute units (9K or CR), The
coefficient is then:
hi=Qri/ (Ty-Tp) (2-62)

The above calculations are complicated by condensation, If
mocisture condenses on the top of the radiator (when radiator
is cooler than the ambient dew-point temperature) the latent
heat of condensation, Qa, has to be added toc the surface:

Ny (Tr=Ta) +he{Ty-T3) +the((Ty-Tf)+hi (T ~ThH) +Qp=0 (2-63)
If, later +that night, the radiator 1s hotter +than the
dew-point temperature, evaporation can occur. However, so
that errors will be on the conservative side, evaporation ot
the condensed water was not simulated. The authors believe
this to be only a minor effect. The new solution, including
condensation is:

Tr=(h Ta+hoTa+VT{+Qp}/ (S-0) , (2-64)

Condensation may also occur if the air flowing in the radiator
plenum has a dew-point temperature greater than the radiator
surface. 1In extreme cases, condensation may also occur on the

bottom plate o¢f the plenum. The @maximum amount of
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dehumidification the radiator can do 1is approximately given
by:
Q1 =(Wg-Wy ) *V§*Dg {5-65)

Since moisture adsorption and desorption for the present time
step is not modeled until after PAPA is completed, using the
house volume as the flow volume could slightly underpredict
the dehumidification potential. Therefore, the volume of air
used for the Egquation, Vg, was set equal to 1.2 times the
house wvolume, or the net flow volume for the hour, whichever
was smaller. For the base radiation runs, the fliow volume is
significantly larger than the house volume.

The sensible heat release by the condensate is added into the
next segment's starting air temperature:

Ti=To+Q /mCP (2-66;
Again, evaporation of the condensate was considered unlikely

and is not simulated.

The values used for the radiative cooling runs reported herein

are:
Emissivity = ,90
Area = 1625 ft2
Tilt = 22,59 from horizontal
Airflow ' = 2000 CFM
Flow capacitance (MCp) = 2.2 kBtu/hr-OF
hy coefficient = .50 Btu/hr—ft2-OF
hy coefficient = .50 Btu/hr-ft2-oF
Fan power = 225 Watts
2.4.3.3.2 Radiative Mod Nom ture
A - Area of radiator (ft?2)
Df - Density of air in radiator (1b./£t3)
Iy - Bottom plate emissivity
Eq = Ground emissivity

2-57



o
[

4

3

H
0]

i

Radiator emissivity

View factor cf the ground

View factor of ground reflected sky radiation

Convective heat transfer coefficient (htc) to ambient
(Btu/hr-£t2-0F)

Convective htc between radiator and air stream
(Btu/hr-ft2-90F)

Radiative htc between top and bottom surfaces
(Btu/hr=-ft4-0F)

Radiative htc to environment (Btu/hr-ft2-9p)

- Convective htc between bottom of radiator plenum
and air stream (Btu/hr~ftmcp- Air flow capacity
(Btu/hr-°F)

- Heat from ambient condensation (Btu/hr-ft2)

- Irradiance from environment seen by radiator

(Btu/hr-ft2)

Latent cooling (Btu/hr-ft?2)

Heat of condensation within radiator plenum (Btu/hr-ft2)

- Flux between radiator and environment (Btu/hr-ft2)
~Interior radiative flux between top and bottom plates
(Btu/hr-fc2)

Ampient dry bulb temperature (CF or OR)

Bottom of radiator plenum surface temperature (OF

or OR}

- Mean radiative environmental effective temperature (°9F)
- Fluid (air) temperature (°F)

- Entering air temperature (°OF)

- Exiting air temperature (°F)

Radiator temperature (©F or OR)

Effective sky temperature (©R)
- Tilt of radiator

Absclute humidity level of flowing air (1b HoO0/1bgyy ajir)

Abgolute humidity at a saturation temperature egual to
the radiatcr temperature {(lb H20/1b grv air)
Sffective volume ¢f air in radiator (ft3)

- Stefan-Boltzmann Constant .1712x10-8 Btu/hr-ft2-ORr%
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2.4.3.4 Ground Cooling

An earth tube ground cooling model, developed by Benton and
Akridge [Abrams 19801, was adapted for the analysis. Their
simplified model uses time dependent integral solution to
predict the degradation with time of the system, thus
accounting for the heating of the soil without a
three-dimensional finite difference model., A good agreement
was found between the model and a GROCS subroutine for TRNSYS
[Abrams 1980]. The details of their model are not repeated
here.

Two modifications were made to the model. Dehumidification of
the air was modeled if the circulating air dew point was
greater than the pipe temperature. Secondly, the system was
permitted to cycle on and off based on control criteria., This
meant reducing the time variable for the integral solution,
Studies [Scott 1965, Hendrick 1980] indicate significant
improvement 1in performance from c¢ycling. Hendrick shows
cocling capacity at a 1/3 duty cycle after 20 days to be
higher than a 2/3'duty cycle after four days. Based on these
results, it appeared reasonable to assume that after some
wérm-up period (50 hours) every hour the system was off would
be equal to having net run the system one- gqguarter hour
oreviously in terms of the earth cooling potential. Since the
rate of degradation decreases with time, the 50 hour minimum
assures that the results are conservative estimates of cooling

potential.

Parametric analysis by Hendrick leads to the conclusions that
a 300-500-fcot, 12-18-inch polypropylene pipe buried 12 feet
below the surface would be the optimum design regarding costs
and efficiency. A 300-foot, 18-incih pipe ouried 12 feet was

modeled for this study.

Soil moisture level can vary significantly at a given asite,

Soil type can vary within the same town. ‘nerefore, anv
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nredicted ground c¢ooling potential has a high degree of
cotential error. A soill diffusivity=0.025 ft2/hr and soil
conductivity=0.75 Btu/hr~ft~®F were chosen for this study as
average soil conditions., Sensitivities to soil conditions and
pipe characteristics have been reported previously [Abrams
1980, Hedrick 19801 and are not repeated here.

The ground temperature was calculated using the well-known
eguation [Labs 1981]:

A 1200 CFM airflow with a flow capacatance of 1.3 kBtu/hr-°Fr
and an overall heat transfer coefficient of 1.8 Btu/hr-ft2-Cr
and a power draw of 225 Watts was used for the earth tube. A
pressure drop of 0,35" Hp0 was assumed based on Hendrick's
results.

Due to the potential variations of the ground conditions, and
unvalidated procedure for accounting for cycling, the results
from ground cooling simulaticen runs should be used with
caution. Actual ground cooling potential may be significantly
different.

Earth Cooling Nomenclature

T(s,t) - Temperature cf soil.surface s at time t (F)
T(x,r) - Temperature of soil at depth x at time t (&)
T - Mean annual earth temperature (F)
Ag - amplitude of surface temperature wave (F)
- Depth below surface (F)
a - Thermal diffusivity of soil (ft%/day)
t - Time of vyear (days, where O = midnight Dec. 3L
£y - A phase constant
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2.4.4 PAPA and TPS Interface
PAPA 1is called by TPS if the user specifies a PAPA algorithm.

It i1s called during the first iteration and each subsecuent
iteration, Figure 2-__  shows where PAPA is called relative
to the other algorithms (see Walton [1983] for descriptions of
other algorithms}.

SIMDAY-===~—-——
HBZON=—==—=u

~——-VARTMP
-~-HBOUT
-——PAPA
~==-MRTNET
~-~~HBSRF
-——AIRMOV

~=~-SYSTEM--~

—-—CONVRG -UNC

-~=PCRERUN -DES

~=~UTHRMH —VFAN—L

~—-=CALOAD SOLVZIP

—-==S0LVCC

—-=~—MAMA

e RS e e - - 4 S - 4§ . 5.5 X F ¥ )

Figure 2-25 Thermal processor algorithm organization.

The interface between PAPA and TPS is partially handled in the
PAPA interpreter algorithm (Section 2.4.3.2), The
passive/nybrid building c¢ooling parameters are broken into
values for each zone, These values are added into the heat
balance equations in the MADTARP subroutines MRTNET, AIRNOV,
and DES. The c¢ooling compenent coupled to the building
surfaces for storage, gsp, 1is added to the heat balance
equation through the mean radiant temperature (see Secticn
3.1.4 and walton [19831). In AIRMOV and in UKC and DES where
backup coeling is calculated, the hybrid cocling of the zone

air, Qg, is added to the zone air heat balance,

In this manner PAPA results are made a wpart of the heat

valance which must converge. After convergence a test 15 made
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to determine if the  hybrid cooling system  met the
user-specified minimum efficiency criteria (see Section
2.4.,3,1)., This test is made in PCRERUN {(see Sectiocon 2.4.4.1).
If the criteria are not met, the number of convergence
iterations 1is reset to zerc and the simulation is rerun fcr
the time step with the hybrid system off (thus Q, and Qg
Q.

2.5 HMECHANICAL SYSTEMS

Two types of mechanical systems are used for the building
energy analysis in this report. The “"typical" system 1is
discussed in Section 2.3. The other system is referred to as
the "ideal™ machine, The ideal machine is a hypothetical
machine capable of maintaining both & room temperature uppet
iimit and/or a room relative humidity upper limit. Since the
ideal machine is hypothetical it has no performance

characteristics and no power consumption data are calculated.

2.5.1 Typical System Qgeratigg_th;gctgrigticg

The interface between the mechanical system, its c¢ontrol
device (thermostat) and the building load 1s complex.
Mathematical modeling of the typical mechanical system with
respect to the internal zone energy balance has already been
discussed in Section 2.3. Another determinant o¢f mechanical
system performance 1is the control device. Thermostats, for
example, do not really maintain buildings at a "set" upper
temperature. Instead they have a built-in Thysteresis.

Thermostats will not turn the system on until the sensed
temperature is slightly above the set-point, and will not turn
the system off until the sensed temperature is slightly beiow
the set-point, Therefore, the cycling rate o¢f a given
mechanical system is controlled by a combination of the

characteristics of the conditioned zone.
The thermal processor of MADTARP will defiine the energy
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storage {(and release) characteristics of the conditioned zone
and its associated boundaries, but we must define the control
device characteristics before machine run times c¢an be
calculated. For the purposes of this analysis a hysteresis of
+0.189F was chosen to characterize the thermoestat, and for the
ideal machine a hysteresis of 1.0% RH was chcsen for the
humidistat. Using these characteristics MADTARP is capable of
calculating realistic run times for both the cooling and the
dehumidification mechanical systems (ideal machine only).

Another system parameter which the control device helps to
determine is the cycling rate of the mechanical systen, In
general this cycling rate (cycles/hour) is controlled by the
thermostat anticipator, modified by the thermal and moisture
capacitance of the zone (building), and further modified by
the hysteresis characteristics of the control device. Cycling
rates and transient mechanical system performance were not
modeled in this study. For the real machine a machine
capacitance and control device hysteresis are specified in the
building description and a total machine run-time is
calculated for each timestep in accordance with these
parameters. The mechanical cooling system is then assumed o
begin operation at the beginning of the hour at & zone
temperature of the setpoint plus the hysteresis value, and to
run continuously until the total hourly load is met. Because
of the calculation procedure the zone will be at a temperature
egual to the setpoint temperature minus the hysteresis value
at the end o¢f the machine run-time. PFrom the end of the
run-time to the end of the timestep (one hour in the case of
MADTARP) the zone temperature (and moisture level) is allowed
to flcocat. The conditions at the end of the current hour are
then used as the starting conditions for the following hour's

thermal and moisture balance.

Thus, the true performance of a thermostat controi device is
not fully modeled. In reality, the effective set-point
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temperature of the air conditioner will £fluctuate over the
course of the day due to the self-heating effect of the
thermostat anticipator., This will cause the system to operate
more {(lower effective set-point) at night and less ({(higher
effective set-point) during the day than the model used here
predicts, This effect is not medeled in any of the widely
used building energy analysis programs. The results of this
study indicate that thermostat anticipator effects as well as
the transient (start-up) performance of air conditioners may
play a significant role in the prediction of moisture
transport in buildings. These effects, however, have not been

explained in detail in this study.

2.5.2 Ideal Machine
As descriped in the preceding sections the ideal machine is

capable of removing the excessive moisture instantly. It may
be considered to have an infinite capacity. Before
proceeding, the operating characteristics of the ideal machine

need to be described.

The ideal machine can be simulated through the control of a
humidistat, and humidistats like thermostats operate with an
RH hysteresis (BYpR). Therefore, if the room relative humidity
climbs above RH + HYy the ideal machine starts operating, and
brings the room condition to RH - HYR, 1In the mathematical
simulation of the ideal machine ({(see Secticn 2,3.2) the
machine is allowed to turn on and o¢ff an infinite number of
times within the hour. Therefore, when the machine turns on
it instantly removes the required amount of moisture from the
air and then turns off. The reccom is £hen allowed to "float"
back up to RH + HYn. This procedure is performed instantly,
hence depending on the magnitute of the latent 1loads the
machine may cycle a larce number of times. In the simulation
of the ideal machine, MAD also has to be considered foir tne

following reasons.
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o For certain months the room conditions are below the
relative humidity setpoint.
o Simulation of a humidistat creates a dynamic environment

in the room through the humidistat hysteresis.

The 1ideal macaine can be simnulated in two different ways --
without MAD or with MAD. Simulation without MAD can lead to
severe inaccuracies primarily because of the first point given
above. This 1s especially true when the machine operates for
only short periods during the day. If the latent loads are
very large and the machine has to run for long time periods

the error caused by omigssion of MAD is greatly reduced.

2,5.3 echani tem Conteols
MADTARP uses different kinds of sophisticated control systems
which can be defined by the program users. The control gystem
used by MADTARP can be classified wunder <hree major
categories, as follows:

o Passive cooling controls (see Section 2.4)

o Ventilative controls

o Thermostat and humidistat controls

The control systems mentioned above can be used independently
of each other or they c¢an be used in a combination.

VENTILATIVE CONTROLS: Ventilative controls are used 1f the
building is to be cooled by natural or forced ventilation.
Simulation of whole house fans also falls in this category.

MADTARP uses different ventlilative controls which are:

ENTHALPY CONTROL: If the ambient enthalpy falls between the
enthaipy control range the building is allowed to ventilate.

DRY-BULB TEMPERATURE CONTROL: If the ambient dry-bulb falls

between the dry-bulb temperature control range the building is

allowed to ventilate,
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PHV CONTROL: If the zone PMV falls between the PMV control
range the building is allowed to wventilate. In PMV control
the velocity fields created by ventilation, ceiling or whole

liouse fans also are taken into account.

THERMOSTAT AND HUMIDISTAT CONTROLS: With MADTARP, thermostat
and/or humidistat can be modeled. The input requirements for
modeling of the thermostat and/or humidistat are the lower and
upper hysteresis of the control units, If the zone 1s to be
maintained at a temperature of Ts and a relative humidity of
RH- and the unit responses are within + HY+ and * HYyL then the
mechanical system will be turned on when the zone temperature
exceeds

To + HY¢
and the unit will be turned off when the =zone temperature
drops tc

T. - HYy
As with the humidistat, the dehumidifier will be turned on if
the zone relative humidity exceeds

RHs + HYp
and it will be turned cff at

RHs - HYp

The thermcstat and/or the humidistat controls will signal TPS
when to turn on and off the méchanical system and the
dehumidifier. Therefore, the unit run times can be altered by

using different control hysteresis values.
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SECTION THREE
BUILDING ENERGY ANALYSIS TECHNIQUES AND ASSUMPTIONS

3.1 TAR ROCED S

The MADTARP uses the detailed heat balance technigues of TARP
[Walton, 1983] to compute building lcads. The TARP may be
used to evaluate single "design" days or it may be used with
up to one year of weather data for annual performance
evaluation, A large number o¢f occupant patterns may be
specified with scheduled hourly, daily, and seasonal
variations., A full building input language and interpreter
allows the building to be specified in great detail both
thermally and spatially. Many of the specific heat balance
algorithms allow either simple or detailed calculation
procedures that are selectable by the user. And a large
number of dependent building variables may be selected for
output as user-specified reports.

3.1.1 Conductive Heat Transfer

The TARP thermal performance simulator (TPS) uses a heat
transfer methodology based on the standard response factor
technique developed by Stephenson and Mitalas [1967] and
Rusuda [1969] modified for efficiency according to suggestions
by Peavy [1978]. These modified response factors are called
conduction transfer functions (CTF). The CTF of a particular
composite building component describes the dynamic behavior of
the particular composite with respect to an imposed triangular
temperature pulse on either side of the composite. The exact
solution of a series of temperature pulses are solved by
Laplace transform (described in detail by Hittle [1981]) and
the continuous temperature function for the composite 1is
described as a set of CTF values for the x, y, and z tranform
of an imposed pulse. The method is accurate, well documented
and validated. Specific implementations of the technique in
TARP are covered in detail by Walton [1983],
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TPS uses CTF methods to describe envelope heat flows. These
functions and algorithms defining the other zone (room) energy
balance elements are then iterated to convergence in a zone
neat balance. In addition to conductive transfer (described
by CTF), separate radiative and convective energy flows are
considered in the balance.

3.1.2 Radiative Heat Tra er

Radiative transfer is split between the short-wave solar
spectrum and long-wave (far-infrared) spectrum. At the
building interior, solar radiation is split into its diffuse
and beam components., After accounting for glazing
reflectance, absorptance, and transmittance through detailed
modeling, diffuse solar radiation is equally apportioned over
all interior heat transfer surface areas as a function of
their solar absorptance., The beam radiation may either all go
the floor as a functicn of its absorptance (simple metheod) or
be apportioned to the wvaricus interior surface areas by
geometry as a function of their solar &absorptance (detailed
method). The analysis reported here was accomplished with the
simple beam radiation apportionment method. 1In either case
the amount of radiation (diffuse and beam) not absorbed by
the surfaces (l-scliar absorptance) is imposed on the zone air
and "quick mass" in the zone (see Walton [1883]). Long-wave
radiant energy from interior lighting 1is treated as diffuse

solar radiation.

Far~infrared radiation interchange between room surfaces 1is
based on the Mean Radiant Temperature Network {MRTN)
methodology of Joseph A, Carroll [1980]. Various surfaces
interact with a zone MRT instead of directly with each other,
and view factors are modified accordingly to describe the
interaction of a surface with other surfaces as well as with
itself. Thus, the zone node of the network (the MRT) includes
the effect of all surfaces. <Ccoupling the surfaces to the MRT

in this way couples it to itself in a way that compensates for
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the self weight ¢f tne surface in the radiation balance. (For
further clarification and detail of the method see Carroll
[(19801.) The primary disadvantage of the method is that it
may give prediction errors for geometries that differ
significantiy from the hollow cube. For most room geometries,

however, it is considered accurate and fast.

Long-wave radiation components may be applied to the zone
through wuser-selectable internal gain parameters (e.qg.,
iights, appliances, etc.). When this 1s done they are
apportioned through the MRTN to the various heat transfer

surface areas by area and emissivity of surface.

3.1.3 (Convective Heat Transfer

Convective heat transfer occurs on almost all surfaces of a
building. TARP models” both natural convection at interior
heat transfer surfaces and wind-driven (forced) convection at
external heat transfer surfaces. The user may select either
simplified or detailed natural convection coefficients at
interior surfaces. Both the simple and detailed method are
directionally dependent with convection upward having the
nighest <coefficients. The detailed natural convection
methodology has ©been used 1in this study. Convection

coefficients are calculated as follows in W/m2K:

1.52 * iJTair - Tgurf
1.31 # 3\/Tair - Tsurs
0.76 * °JTajir = Tgurf

Upward convection he

Horizontal convection he

]

Downward convection he

Convective transfer from surfaces 'is further modified oy
surface roughness factors. For forced convection at external
surfaces the transfer rate at leeward surfaces is assumed to
be half of the rate at windward surfaces. Wind speeds
reported at airports or from weather tapes may be modified by
terrain factors to account for lower buiiding site wind

speeds. The terrailn factor used in this analysis resuited in
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the weather tape wind speed data input oeing multiplied by

0.67 tc account for suburban terrains.

The reader 1isg referred to Walton [1983]1 for detailed
explanations of TARP's neat transfer metnhodologies and user

input requirements.

3.1.4 HAD TARP

The MAD algorithms discussed in Section 2 of this report
interact with TARP through the TARP thermal processor. The
MAD algerithm uses the results from the TARP thermal processor
to determine the MAD potential of the building interior. This
MAD rate is then used in the calculation of the macnine
performance and room air humidity conditions. Thus, in
MADTARP the moisture transfer and heat transfer eguations are
not fully coupled. The conseguential heat of sorption
associated with MAD is not accounted for in the TARP thermal

processor.,

Because of this the sensible building loads predicted by the

TARP thermal processor will be scmewhat inaccurate. Thi

[43]

inaccuracy 1s potentially significant in some cases. For
instance, in the ventilative cooling analysis the thermal heat
of sorption will add or remove heat depending on the operating
mode of the building. During ventilation periods the building
interior will pe warmed by the adsorption process. Some of

this added heat is removed by the ventilation air.

During the day when the buiiding is under air conditioning,
e desorption process acts to cool the surfaces from which it
occurs. The net result of the effect will be to reduce the
n e dav. This resuits
in siightly less air conditioner run times and slightly higher

rooin humidities.

Therefore, the error in sensible load prediction leads to a
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slight underprediction of the room humidity conditions and
moisture removal requirements for wventilative cooling
strategies.

The magnitude of the sensible 1load error for the closed
building cases is insignificant. In the vented buildings it
will not have nearly the same magnitude as the diurnal MAD
cycle. During the adsorption cycle much of the heat of
sorption will be stored along with the moisture 1in the
building materials. This has the net result of overpredicting
temperature reductions and net thermal energy removal in the
building materials due to ventilation.

During air conditioning cycles the interior surface
temperatures are cooled by the desorption process, resulting
in increasd envelope temperature differences and causing
slightly more inward heat flow. Thus, the magnitude of the
sensible load error is affected by the thermal capacity of the
building. Therefore, the sensible load reductions predicted
in vented massive buildings are more accurate than those for
light frame buildings. Without explicit coupling of the TARP
thermal processor and the MAD algorithms the degree of this
error is uncertain.

3.2 QOTHER MADTARP_ MODIFICATIONS AND APPLICATIOQNS

3.2.1 Infilfration and Ventilation Algorithms
An equation for the mass flow of infiltration air can be
developed from measured values in similar structures [Coblenz,
19631. The MADTARP assumes a correlation of the form.

FI = (Ag+A1* Tg~Ty +Ap*V+A3*V2) (3-1)
This correlation accounts for the stack effects 1in the
temperature difference term and wind effects 1in the two
velocity terms. In Equation 3-1, T, Tz and V dencte room and
ambient temperatures and 1l0m site velocity, respectively. The



constants used in Egquation 3~1 can be defined by the program

user.

Constants Ay through A3 have been changed from their default
values for these runs. The new values are derived according
to the following constraints:

FI = 0.67 when Tz - Ty = 15°F and V = 0 mph

FI = 1.0 when T; - T5 = 159F and V = 7.5 mph
and

FI = 1.67 when T, - Tq4 = 400F and Vv = 15 mph

The last two sets of constraints represent typical summer ang
winter design conditions respectively. At these prescribed
conditions, basecase air change rates are 0.75 ACH for summer
and 1.25 ACH for winter. For the energy conserving residences
the associated rates are 0.5 ACH for summer and 0.835 ACH for

winter.

Velocity values in Eguation 3-1 as used to derive these
constants are assumed to be l0-meter site wind velocities. 1If
airport 1lO0-meter wind speed data are used as input (as is the
case with MADTARP) the wind speed data must be adjusted for
terrain conditions. MADTARP was modified to use a wind speed
terrain modifier of 0.67, representing suburban conditions,
for the analysis reported in this study [Walton 1985].

Eguation 3-1 represents a modifier for a user-defined base
infiltration rate, Its results 1s multiplied by the
user~specified base infiltraticn rate in order to account for
the variations of temperature difference between the interior
and exterior of the building and the effects of site wind

velocity.

with MADTARP ventilation is treated in two different ways.
o user-specified ventilation rates

o «calculated ventilation rates (only for the base case)
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Users may specify a fixed or variable wventilation rate
schedules,

If the room and ambient conditions meet the ventilation
control requirements (See Section 2.5.3), the building is
allowed to ventilate at the user-defined design condition
ventilation rate as modified by Egquation 3-1.

If desired, MADTARP can calculate an estimated ventilation
rate with respect to building configurations and ambient
conditions. This calculation has been performed only for the
basecase house. The calculations are based on a user-defined
library of ventilation rates as a function of pressure
coefficients at each aperture surface. Pressure coefficients
are derived from wind speed and direction inputs (hourly
weather tapes) and ventilation through each aperture is
calculated.

The building ventilaticon locad is then given by Equation 3-2,
VL = m Cp (Tg - Tyz) (3-2)

where

m is the mass of dry air comming into the
building by ventilation

Cp is the specific heat of air

Ta is the ambient temperature

T, is the zone temperature,
3.2.2 Sky Temperature Algorithms

The procedure used by Walton ({19831 for predicting the
effective sky temperature has been revised. The most major
change was using opaque sky cover as opposed to plain sky
cover, Sky temperature has been correlated to opaque sky
cover and dew-point temperature by Clark and Blanpied (19821,
The cloud correction factor (ratio of cloudy sky horizontal
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irradiance toc clear-sky irradiance) is:

CC=1.00+.0074n+.0028n2~7.84%10"2n3-.00076n*Tgey (3-3)
where n is tenths of cpague sky cover and Tqey is the ambient
dew point in ©C.

The clear sky emissivity equation used in conjunction with the
cloud correction factor was developed by Berdahl and Fromberg
[19811]:

Eg(clear) = 741 + ,0062(1/9C) * Tgey (9C) (3-4)
The cloudy sky emissivity is therefore:

Eg = Eg(clear) * CC (3-3)
The sky temperature is:

Tg = Ty * 4 Eg (3-6)

Where Tg and Ty are the sky and ambient dry-bulb temperatures,
respectively, in 9k.

3.2.3 8la onduction Modeli

Simulation of heat transfer between the ground and adjoiring
surfaces 1is one of the building areas that requires
significant research. Research is being conducted by various
groups, but no conclusive validated simulation procedure has
been developed and accepted. Most studies have focused on
either peak heat transfer or simple steady-state solutions.
Detailed transient solutions require large finite element
programs. Research results have also often applied only to
one specific system or building, Moreover, research on
ground/building interaction in summer and in het, humid
climates is almost non-existant. Further complications occur
because soll properties can vary significantly with bullding
location, even in the same city. A fully validated method to
use with a detailed hourly simulation does not exist, and the
experimental work involved to validate a methed was beyond the
scope of this project. Nevertheless, a reasonable method of
simulating slab heat transfer was developed from Natiocnal

Bureau of Standard (NBS) studies.
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3.2.3.1 Modeling Approaches
TARP does not have a ground model. TARP does not easily

permit one to model slab perimeters differently than slab
bottoms. However, TARP does permit monthly ground
temperatures to be entered for a given climate. The ground
temperature for any date is linearly interpolated from these
average (or mid-month) ground temperatures, These
temperatures can then be used in conjunction with an "other
side coefficient (0SC)" to specify the temperature on the
other side of a surface (floor for exampie).

FSEC has used this approach to model the ground/slab heat
transfer. However, determining the appropriate ground
temperatures for each city and for insulated and uninsulated

perimeters required some research.

3.2.3.2 Uninsulated Perimeter

Kusuda, et al., [1982]1 developed a simple procedure for
estimating the effective earth temperatures at a given depth
below an uninsulated slab-on-grade building. The procedure
was derived from extensive Lachenbruch type <calculations
[Lachenbruch, 1975], and the temperature, at a depth z, is:

T, = Tp + (Ty-Tp)f; + B £3 + (C-B) £3
where
Tm = annual deep earth temperature, ©F
T, = annual building temperature, OF
B = gmpiitude of the annual cycle of the monthly
normal temperature, OF
C = amplitude of the house temperature cycle, OF
f1 = annual average temperature function
exp(-(z/a)0+8x(3.312-3,324 (D7) +1,476 (D/23)2))
a = half length of a rectangular slab, ft
b = half width of a rectangular slab, ft
fo = annual cycle of undisturbed earth temperature,

which is a function of day of the year, depth and

soil diffusivity
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f3 = annual cyclic temperature effect upon the
sub-slab temperature, which is a function of
depth, a,b, day of year and soil diffusivity.

This method was used to determine the effective temperature
one foot below the slab, using the parameters given in Table
3-1.

Table 3-1

Input Parameters Used for Slab Model

Scil Properties:
Moisture content - moderate
Thermal diffusivity = .025 £t2/hr = .6 £t2/day

Building Gecmetry
nalf length = a = 15 ft half width = b = 25 ft

City Specific Properties -

f ! Annual deep ! Ambient ! Annual Av. ! Amplitude of !
! City ! Earth Termp., ! Amplitude,! Building House Temp., !

f

1 !

' !AT,) oF ! (B) oF ! Temp., | Cycle, !
! ! ! I (T,) ofF ! (C) OF !
] \ !
! Atlanta, GA ! 64 ! 17.8 ! 73 ! 5 !
! Raltimore, D ! 57 ! 21.6 ! 73 1 5 !
! Charleston, SC 1 67 ! 15.9 ! 73 ! 5 !
| Dalias, TX 1 69 ! 20.2 ! 73 { 5 1
I Houstoen, TX ! 76 1 15.7 ! 74 ! 4 !
! Miami, FL ! 77 ! 7.9 ! 77 ! 2 !
! New Orleans, LA ! 70 ! 14.5 ! 74 ! 4 !
! Crlando, FL ! 74 t10.8 ' 75 ! 4 |
! St. Louis, MD 1 58 ! 23.7 ! 73 ! 5 !

Insulated Perimeter

A recent study by Kusuda [1984] has yielded some results for
uninsulated and insulated slab perimeters. The results were
based on experiments conducted in the Washington, DC area

where heat loss during winter was the prime concern.

The results (see Figure 3-1) indicate that the heat loss
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factor (Fy) is about halved for slab-on grade construction
with perimeter insulation. The slab heat loss 1is given by:
Qg = -Fp*P*(Ti~-Ty}

where
P is the perimeter length in feet,
T; is the indoor air temperature, op
T, is the outside air temperature, OF
Fo is the heat loss factor Btu/hr-ft-°F.

Kusuda, et al.,[1984] determined that there was some climétic
sensitivity to the results as shown in Figure 3-2, However,
the ratio of the uninsulated slab perimeter (system 41) versus
the insulated perimeter (system 53) remains about 2:1 for all
climates.

These results are good for the heating season. However, what
happens during the cooling season? The major differences are
that during the heating season the perimeter is exposed to an
average ambient temperature much lower than the deep ground
temperature and very much lower than the building. In summer,
the average ambient temperature may be about the same as the
building. Thus, heat transfer in winter is primarily through
the perimeter, whereas in summer 1t tends to be more
vertically into the earth. Figure 3-3 shows this effect
[Kusuda 19831,

Kusuda's [1982]1 method was used to predict the average monthly
temperatures beneath the uninsulated slab., To simulate the
effect of perimeter insulation when desired, the winter values
were modified. The difference between the uninsulated winter
month ground temperature and the annual average ground

temperature for that city was cut in half to approximate the
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effect of perimeter insulation. Thus:

Twr(M) = Ta - (TA ~TWU(I))/2
where
Ta = Mean annual ground temperature under the
building
Twr(M) = The insulated perimeter temperature for
winter month M
Twu(M) = The uninsulated perimeter temperature for

winter month M.

The benefit of perimeter insulation in climates with short and
mild heating seasons is limited. In climates with moderate
heating seasons, perimeter insulation 1is helpful and is
becoming more widespread in use. Therefore, all cities with
heating degree days greater than 2000 (base 650F) were
simulated as having perimeter insulation. Those cities with
less than 2000 degree days were simulated without perimeter
insulation. This strategy is based solely on climate, thus it
did not vary by building type. Table 3-2 shows which type of
slab model was used for each city.

Tab;e 3-2

—— T T TEP T e A Sy S A S s T —— o i —

Uninsulated Insulated
Houston Atlanta
Miami Baltimore
Orlando Charleston
New Orleans Dallas

St. Louis

The monthly one-foot-deep ground temperatures used for the

gsimulation are given in Table 3-3,
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3.3 ENVIRONMENTAL DATABASE

3,3.1 SOLMET Database

Solar and meteorological data were collected at 26 sites from
1952 to 1964 and compiled. The sclar data for the 26 cities
were used with computer models to develcp a database of 209
cities. These SOLMET data are available on computer tapes and
are the basis for almost all environmental data inputs for

U.S8. cities used in detailed hourly thermal simulaticns.

The hourly SOLMET data are not assumed to be perfect; however,
the errors present in the data and methods for obtaining the
data have been discussed adequately in other sources (SOLMET,
1979). Also, no suitable alternative is availlable. Since
much of the assessment consists of comparisons, the resulting
relative difference of the various buildings and machines
should be representative of the region despite the limitations
of the weather data.

It is impractical to use twelve years of data to analyze one
climate. Therefore, standard or typical years of data have
been created for each city using January data that are average
or typical, based on certain criteria from the 12 years of
data. The process 1s repeated each month. The major

difference between methods 1s the criteria used.

3.3.2 Development of TCY (Tvpical Cooling Year) Tapes

Typical Cooling Year (TCY) tapes were selected as the most
practical for the purpose of performing a cooling analysis.
The TCY data were available for the cities chosen for the
study and the Trinity University weighting criteria for
choosing typical months included ambient moisture parameters
as well as temperature and solar, The reasons for creating
the tapes and the criteria have previocusly been outlined
[Vieira, 19831.
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3.3.3 (Climates
One of the first tasks of this project was to determine cities
representative of various humid climates.

3,.3.3,1 Definitions
Three types of climates were defined £for this study:

o} Hot, humid

e} Borderline hot, humid

o) Humid but not overheated.
Humid climates were defined as having average August relative
numidities of 60% or greater. Dry climates were defined as
having relative humidities of 50% or less. Hot climates were
defined as the average contour between 400 Langleys of annual
solar radiation and 60 days of high dry-bulb temperature over
90°F. These climates are shown in Figure 3-4,

3.3.3.2 (City Selection

Two cities were chosen to represent the borderline and humid
but not overneated climate types. However, five cities were
chosen for the hot, humid climate since this study focuses on
conservation technigques which will be most economical in the
hot, humid region. The cities selected for each climate type
are given in Table 3-4. These nine cities are shown in Figure
3~-4, Other lcong term average meteorological data £for the nine

cities are shown in Table 3-5.
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3.4 BUILDING DATABASE

3.4.1 Building Selection

A total of six building types have been described for analysis
using MADTARP, Two types of construction (wood £frame and
concrete block) are considered. A "basecase" building 1is
described for each building type. The basecase buildings are
considered to be typical of recent construction practices in
the southeast. The basecases have been evaluated against the
GRI residential database developed by Applied Management
Sciences (AMS) and found in good agreement with type C housing
[DeLima, 1984] for the extreme southeastern sector of the U.S.

Four additional buildings have been described in order to
evaluate energy conserving and passively designed residences.
Three of these are concrete block residences and one is wood
frame,

A mnemonic code has been developed to identify each housing
type for ease of information storage and retrieval. The
two-digit mnemonic codes for each of the residence types is
given at the start of each description, It, coupled with
additional mnemonics identifying other aspects of the
analysis, will often be used to refer to a specific analysis
or result, The building type will always be the first two
letters of any such code. A summary of the building types 1is
given in Table 3-6 followed by detailed descriptions for each
building.
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Table 3-6

Summary of Building Typas

! | | 1 Bleck I Block | I
! Frame | Frame ! Block | Internal | Externatl | Block |
Characteristics ! Basa 1 Conserve ! Basa 1 Insulaticn | Insulatiaon | Passive |
l (FB) l [FC) 1 (8B} | {BI] l [BE) ! {BP) !
!
Windows | A=224 S§F I A=140 SF an | | | ! !
| SC=.45 EWN t N/S only | | | ! I
| 8C=0.87 § | SC=.87S5 .2N | FB ! FC | FC | FC f
{+2' overhang!+2' avaerhang | ! | t !
!
Roof/Attic ! 5/12 ! F8 + | 1 | ! |
| pitch | attic l FB | FC t FC l FC !
I a=20,8 1 radiant | t | t |
I B~19 ¢clg, ! barrier | [ | i |
l
Walls I 11 in | R-18 far | Bx16xB | R-11 on | Block + ext.! External !
1 16 inch | atl walls + I cB t inside | insulation Iwalls=BE all!
! centers | a=,1 & e=.5 | with ! af | 11 on S & ! internal !
| a= .78 | an EWN wallsi R2.,7 | ca | R—8 on EWN ! partitiaons !
I &= .8 I{simulates | inside ! insulatian | 2=.1 & e=,5N! 8" black !
| { RB) l insul,. | | E.W,N ! block walls!
t

Infiltration | 0,75 ach | 0.5 f FB t FC | FC | FC
@ design i | I ! i [ !
H
Sensibie ! | | l ! | !
internal toeds | 50,807 1 44,820 1 FB { FC 1 FC | FC [
Biuw/day 1 1 1 l ! ! !
1
Duct Locatian I Attic | Cand I Attic | Cond I Cond | Cand |

3.4.2 Detailed Buildi Degcriptio

Each of the six residences has an identical floor plan. This
plan is shown in Figure 3-5. It consists of an open living
plan that 1is gquite popular in concept with a dreatroom
separating the master bedroom and &kitchen areas from the
children bedrooms. The residence is criented as shown by the
north arrow in Figure 3-21 for all computer runs unless

otherwise specified in the report.
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Figure 3-5

Floor

plan for

building analysis model.

FB - Frame Basecase Residence

BUILDING CHARACTERISTICS

Residence Type:

o Single story slab on grade

residences used

in MADTARP

o "L" shaped ranch style with attached carport

o Open living plan

Aspect Ratio:

major axis:

(excluding carport)

east-w
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Window glass:

o Area = 224 Ft2 (15% gross floor area) proportioned
such that the ratio of window area to
exterior wall area (including unglazed
portion of decors) remains constant on each
building face.

0 Shading coefficient (SC)

South glass 5C = 0.87
All other glass SC = 0.45
o Double glazed with good weather seals
o Glass areas by orientation:
North = 70 ft2 (net wall = 330 ft2):ratio =
South = 70 £t2 (net wall = 330 ft2):ratio =
East = 42 ft? (net wall = 198 ft2):ratjo =
West = 42 ft2 (net wall = 198 ft2):ratio =
Roof:
o Type: hipped
o Construction: (from exterior) shingles on 30% felt
on 1/2" plywood on trusses @ 24" o.c.

o Slope = 5:12(22.6°) on trusses € 24" o.c.

o Solar adsorptance ( ) = 0.80

o Emissivity ( ) = 0.90

o Roof cverhang = 2' on all sides

Walls:
o Type: 2 x 4 wood frame at 16" o.c.
o Construction: (from interior) 1/2" gypsum drywall
" on 4 nmil continuous polyethelene vapor
pbarrier on studs with R-11 batt infill on
7/16™ Masonite exterior siding
Solar adsorptance ( )} = 0.75
o EBEmissivity ( ) = 0.9C

Net exterior wall area by orientation (excluding
deors and windows)
North = 288 ft? (gross = 400 £t2)

3-24
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South = 330 ft2 (gross = 400 ft2)
East = 198 ft2 (gross = 240 ft2)
West = 198 ft2 (gross = 240 ft2)
¢ Internal partitions: wood 2x4 frame with no
insulation
Doors:

o Two each: 3'-0"x6'-8" on north side-one entry, one
carport/garage (garage door has 10 f£t2 glazing)
o Type: insulated metal with magnetic weather seals

Floors:
0 Construction: 4" structural slab on grade,
monolithic with 10 x16" thickened edge
at perimeter
o 1-1/2" perimeter insulation installed horizontally
@ 10" below finished gfade where indicated by
climate considerations.

Ceiling:
o Type: 8 ft height in all main spaces, 7 £t height
(dropped) in hallways and baths only.
0 Construction: from interior 1/2" gypsum drywall
on 4 mil polyethelene on trusses @ 24" o.c,
with R-19 mineral fiber ceiling insulation

LOAD CHARACTERISTICS
Infiltration:
o Average rate = 0.75 ACH = 18 AC/day
¢ Scheduled rates:

12 pm - 7 am 0.6 ACH = 4.2 AC/day
am - 9 am 1.2 ACH = 2.4 AC/day
am - 3 pm 6 ACH = 3.6 AC/day
pm - 7 pm 1.2 ACH = 4.8 AC/day
pm -12 pm 0.6 ACE = 3.0 AC/day

~) W WD ]

TOTAL

it
-]
0
(e )
o
)
~
[o 1
U
e
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Internal Building Loads:

Internally generated heat sources account for about 20% of the
sensible cooling load in a conventionally built residence. In
residential building designs that incorpcrate well-insulated
envelopes and shaded windows, the internally generated
sensible lcad can be as much as 50% of the total sensible
cooling load., At reasonable infiltration rates (0.5 to 0.75
ACH) the latent heat gain generated by people, washing,
plants, and food preparation is also a significant fraction of
the total latent load (approximately 1/3 to 1/2 in most humid

cities).

In the basecase residence, the total (sensible and latent)-
internally generated load is 75,844 BTU/day. The breakdown of
the loads is shown in Table 3-7. The lighting and occupancy
load 1is typical for an average single-family detached house
[NBSIR 80-21847, The sensible load due to appliances was
derived from average household ownership and predicted energy
use of appliances [U.S. DOE, 1980]. The breakdown of the
latent loads results from research in home humidity control
(Hite, 1948]. The fraction of the heat generated by people is
divided into latent and sensible fractions in the MADTARP
based on temperature ({Walton, 1983]. At 789 the occupant
heat released is roughly 52% latent and 48% sensible.

Hourly Profiles:

A breakdown of the hourly profiles is shown in Table 3=8. The
total hourly profiles for appliances, lighting and occupants
were obtained from the recommendation of a study by the
National Bureau of Standards [NBSIR 80-2184]1. Since MADTARP
cannot schedule occupant activity levels, the schedule for
occupancy was modified somewhat to account for lower metabolic
rates at night and nigher levels during the day and evening.
The latent 1load hourly profile was chosen based on the
occupant profile and the data given in Table 3-7. The values
used wére vased on averages, and no adjustment was made based

on seascn.
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Table 3-7

BASECASE RESIDENCE INTERNAL DAILY LOADS

SENSIBLE LOADS

Source BIU_day
Occupants at 780F 16,600
Appliances 25,935
Lighting 8,272
Total sensible 50,807

LATENT LOADS
(family of four)

Source 1b RTU
Food preparation
Breakfast .34 357
Lunch .51 535.5
Dinner 1.17 1,228.5
Dishes
Breakfast .20 210
Lunch .15 157.5
Dinner .65 682.5
Hopping (twice/wk) 1.29 1,354.5
Plants (total of 7) .93 976.5
Showers (3/day) 1.50 1,575
Subtotal 7,077
People at 780F 17.05 17,960
Total latent 23.79 25,037.

TOTAL DAILY INTERNAL GAINS 75,844
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Although multizone building decks have been run, most analysis
was accomplished with single zone decks. For these runs the
hourly profiles given in the totals column of Table 3-7 are
used.,

Details of how the different locads are treated in the MADTARP
are given by Walton [1983], and are not repeated here,

In addition to the frame basecase residence, five other
buildings have been described for MADTARP analysis, The
building plan and many of the schedules remain the same for
these buildings and only the differences are described here.

BUILDING CHARACTERISTICS
Exterior walls:
o Type: 8x16x8" standard concrete masonry units
Conductivity (k) 0.53 Btu/ft2 ©OF

I

Density ( ) = 38 lb/ft3
Specific heat (c) = 0.20 Btu/lb OF
o Construction: (from interior) 1/2" gypsum

drywall on 4 mil continuous polyethylene
vapor barrier on lx2" furring @ 16" o.c.
with R-2.7 mineral fiber infill on concrete
block on 5/8" stucco.
All other building and load characteristics for BB are
identical to FB.

FC - Frame Energy Conserving Residence

BUILDING CHARACTERISTICS
Window Glass:
o Area = 140 ft2 ( 10% gross floor area)
no windows on east and west building face.
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0 Shading Coefficient (3C)
South glass SC = 0,87
Nerth glass S8SC = (.20
0 Glass areas by orientation:
North = 70 ft2
70 ft2
¢ All glass has R-2 movable night insulation 1in

Soutn

place from 6 pm to 6 am from 21 Oct. - 12 Mar.

Roof:

0 Construction: (from exterior) shingles on 30#%
felt on 1/2" plywood on trusses €@ 24" o.c with
radiant barrier 3-1/2" below plywood roof decking

Radiant barrier emissivity ()
0.9
0.05

upper face

il

lower face

Walls:
o Type: 2x6" wood frame @ 16" o.c. with R-19 fiber
infill insulation,
0 Solar Absorptance ( )
South walls
211 cther walls

It

0.75
0,1 {(to simulate exterior

radiant barrier construction)
0 Emissivity ()
South wails
All other walls

0.9
0.5 (to simulate exterior

"

radiant barrier construction)

© Net exterior wall area by orientation

North = 288 ft2 (gross = 400 ft?2)
South = 330 ft2 (gross = 400 ft2)
East = 240 ft2 (gross = 240 ft2)
West = 240 ft2 (gross = 240 ft2)

LOAD CHARACTERISTICS
Infiltration:
o Average rate = 0.5 ACH = 12 AC/day
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o Scheduled rates:

12 pm - 7 am = 4 ACH = 2.8 AC/day
7 am - 9 am = 0.8 ACH = 1.6 AC/day
g am - 3 pm = 4 ACE = 2.4 AC/day
3 pm - 7 pm = 8§ ACH = 3.2 AC/day
7 pm - 12 pm = 0.4 ACH = 2.0 AC/day

TOTAL = 12,0 AC/day

Internal Building Loads:

o Internal lighting 1o0ads were reduced by 75%
from 8272 Btu/day to 2067 Btu/day to account
for increased efficacy of fluorescent lighting
to the same luminance level.

All other building and load characteristics for FC are
identical to FB.

BRI - Block Enerdy Conserving Residences interior Insulation

BUILDING CHARACTERISTICS
Exterior Walls:
o Type: 8x16x8" standard concrete masonry units
(same as BB)
o Construction: (from interior) 1/2" gypsum on 4 mil
continuous polyethelyne on 2x2" furring with
R-11 rigid insulation infill on concrete
pblock with 5/8" exterior stucco.
All other building and loads characteristics identical
to FC.

BE - Blogk Enerdy Conserving Regidences Exterior Insulation

BUILDING CHARACTERISTICS
Exterior Walls:
o Type: 8x16x8 standard concrete masonry units

(same as BB}

3-31



0 Construction:
South wall: (from interior) 1/8" plaster on
concrete block on 2x2 furring
@ 16" o,c. with R-11 rigid infill
cn 7/16" Masonite siding.
All other walls: {(from interior) 1/8 plaster on
concrete block on 1x2" furring
@ 16" o.,c. with R-6 rigid infill
on 7/16" Masonite siding.
o Solar Absorptance ( )
South wall = 0,75
All other walls

0.1 (to simulate exterior
radiant barrier wall system)
o Emissivity ( )

South wall = 0,9

All other walls

0.5 (to simulate exterior
radiant barrier wall system)
All other building and load characteristics identical
to BI,

- Block Pagsive Regi C

BUILDING CHARACTERISTICS
o Internal Partitions:
8x16x8" standard concrete masonry units
with 1/8" plaster on each face.
All other building and load characteristics identical
to BE.
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SECTION FOUR
BUILDING ENERGY ANALYSIS RESULTS

The results of this study represent the first known set of
annual building energy analysis computer simulations that
attempt to accurately predict the combined thermal andg
moisture performance of residential buildings. As such, there
is no historical database against which the results can be
directly compared. Only limited measured building performance
data exist for use in model wvalidation. Where measured
performance data were available they were used to validate new
secticns of the code.

Detailed hourly building energy analysis computer codes are
voluminous and complex, but every effort has been made to
assure that the individual components of the MADTARP code
produce reasonable and accurate results. Wherever inaccurate
or unreasonable performance prediction potentials existed, an
effort was made either to improve on the existing analysis
code or to develop completely new algorifhms. The reasoning
for and the theoretical approach to these changes have been

discussed 1n Sections 2 and 3,

Some of these improvements make only a small difference in
results but others offer significant improvements in MADTARP's
predictive capability. " Moisture absorption and desorption,
for instance, have turned out to be much more significant and
important than previously suspected.

4,1 NTRODUCTION
With any analysis technique the underiying assumpticns control

the results of the analysis. The specific assumptions and
analytical technigues that control the performance of
individual algorithms used in the code are given in Sections 2
and 3, but the more general, overall objectives and
assumptions of a particular study contribute greatly to its

cutcome.
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4.1.1 Lifestyle Tnfluences

It 1s a relatively well-known fact that a building's occupancy
pattern plays a major role in its ultimate energy use. This
is particularly true in this study where cooling loads are
emphasized. Figure 4-~1 presents a ple-chart that describes
the Orlando, FL lcad distributions for the basecase buiiding
used in this study. A full 29 % of the building cooling load
is a direct result of its occupancy patterns (internal loads).
A different set of internal 1loading assumptions would
drastically alter the magnitude and distribution of these
building loads. No attempt has been made to parametrically
analyze the sensitivity of this factor on the results of this
study.

The response of the building occupants is important in other
ways as well. Different occupants have different comfort
criteria. This will affect their thermostat settings and
their building ventilation patterns in a significant manner.
Parametric analysis of thermostat settings and two generic
ventilation strategies (temperature controlled venting and
enthalpy controlled venting) have been examined in a number of
climates to study this effect,.

The occupancy patterns of a building are particularly
important to the moisture loads on buildings. The effect is
dramatic in the ventilation analysis where large discrepancies
exist in cooling lecad as a function of the two generic
ventilation strategies. Similarly, strategies that have not
been examined, such as daytime set-up of thermostats when
building occupants are not home during the day, may have
significant building load consequences with respect to

moisture loads.

4.1.2 Human Comfort Constraints

Human comfort has been the subject of many detailed studies,

4-2



It remains, however, a somewhat nebulous and subjective
phenomenon that exhibits large variations among individuals.
Comfort, therefore, is an individual perception. Some of the
comfort ¢riteria used in this study are based on the detailed
work of P.0. Fanger [19701. There are major areas of
disagreement between the work of Fanger and established
industry comfort standards (ASHRAE Standard 55-1981) with
respect to allowable room humidity conditions., Figure 4-2 is
a graphic depiction of the two comfort zones.

By <contract reguirement this study addresses potential
moisture loads primarily with respect to the ASHRAE comfort
standard (room moisture limit=58% RH @ 789F). A limited
number of more relaxed "mold and mildew" prevention runs (room

M iNTERNAL GENERATION (29%)
LATENT LOADS (35%)

WINDQOW SOL<24%0

ROQFC{13%)

INF SENSC3%D
WALLSC7X)

GEN SENSCI8X) q%UL

GEN LATCI XD ’

Figure 4-1 Air conditioning load sources for frame basecase
residence in Orlando, FL,.

INF LATC24%

N
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moisture 1limit=68% RH @ 789F) have been accomplished for
comparative purpcses. The latter value lies outside of the
ASHRAE =zone but is well within the human comfort requirements
of the Fanger zone.

Relative Humidity (%)

0 20 40 60 80 100
90 ‘ . . [ ™ \ |
— |
LL - ! -
2
[+4]
|
=
o z
g =
£ 400 =
Q 300 -
k- ~ 200 S
2 100 &
5 2
-3
E =
0 ~ 20
n . T—Shade
: lin
70 ¢

CLO=5 MET=1.2 PMV:=5

Fanger bounds at 300 ft/min airspeed
Fanger bounds at 150 fi/min airspeed
ASHRAE 55-81 zone @ airspeed £ 20 fi/min

Summer comfort zone [Fanger, 1970]
]
L}
[l ASHRAE zone extension @ 160 ft/min airspeed

Figure 4-2 Compariscen of ASHRAE Standard 55-1981 and Fanger
comfort =zones at eguivalent levels of comfort
prediction.
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4,2 NELUENCE QF MAD ON ILDING ENERGY PREDICT
. The results of the analysis conducted during this study
indicate that modeling of moisture absorption and desorption
(MAD) by building materiais is of significant importance to
building load prediction. If MAD is not modeled the predicted
enerqgy savings of certain cooling strategies (e.g.,
temperature controlled venting) may be significantly in error,
It becomes obvious as the results are examined that typical
buildings have a large, often overriding, moisture storage
capacity that should not be overlooked in predictive energy
analysis techniques.

At this point, it should again be noted, that the thermal and
mass transfer are not interactive in MADTARP. There will be
some degree of sensible load redistribution over the course of
the day because of this, During periods when room RH is
rising, temperature will also incrase somewhat due to the heat
of adsorption. During periods when the room RH is falling,
there will be an evaporative cooling effect caused by moisture
desorption. These effects have not been modeled by MADTARP.

As discussed in Section 3.1.4, this phenomenon does not
significantly affect the closed building analyses. However,
the current results may overestimate the daytime sensible
cooling load in the vented buildings. 1In realty, the building
will have slightly higher room humidities and slightly lower
temperatures. The sensible heat fraction (SHF) of the air
conditioner will drop somewhat and the latent fraction of the
building load will increase. Thus, for the reported
ventilation results the sensible building loads may be
overestimated, but the latent 1locads and room moisture
conditions are predicted scmewhat conservatively.

The extent of the uncertainty is likely to be small, but its
magnitude is unknown at the present time. It should also be
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noted that, to our knowledge, MADTARP is the first building
energy analysis program to attempt a detailed analysis of

moisture and thermal interactions.

4,2.1 Measured a imulated Buyildi Performance

An assessment of the reasonableness of MADTARP's building
performance predictions has been made using measured data from
monitored townhouses in Cocoa, FL (see Section 2.2.3). Figure
4-3 shows the predicted room relative humidities for the
bagecase residence in Orlando, FL for the vented and unvented
MAD and NOMAD (no moisture absorption and desorption) cases.
The difference in the predictions for MAD and NOMAD is quite
pronounced. First, for both vented and unvented runs the MAD
anaiysis sheows far less swing over the daily cycle. Second,
and more important, in the MAD ventilation run there is a

100
] o—e—eo UUNVENTED, MAD
s—8—+8 VENTED, MAD

90 — ¢ UNVENTED, NOMAD
— VENTED, NOMAD
x 4
-
a 80 H
=
=) 4
X
S 70—
|_
-
—J i
[P
o=

60 —

50 ] [ T | T l T | T I T I T I T

0 3 6 9 12 15 18 21 24
STANDARD TIME
Figure 4-3 Room relative humidity £for vented and unvented
MAD and NOMAD basecase residences in Orlande, FL

on July 20.
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significant residual humidity penalty predicted as a result of
ventilation. The room RH does not return to the unvented
condition after the a/c begins to run as 1t doces in the NOMAD
case. This results in an underprediction of the cooling load
for the NOMAD case,

Figure 4-3 gives data for only one isolated day. In order to
agcertain the consistency of this trend the hourly average
values of the room and ambient humidity conditions for the
entire month of June were examined. Figure 4-4 is a plot of
these humidity parameters for the unvented MAD and NOMAD
cases. It is important to note that a strong relationship
exists between the ambient dewpoint temperature and the room
RH for the NOMAD case. This indicates that room RH 1is a
strong function of infiltration. For the MAD case, however,

90 : 75
——t AMBIENT DEWPOINT ~
e-8—& ROOM RH: NOMAD

— o—e—e ROOM RH: MAD

"

= e
t -
a -
= =
2 o
" =
= Z
< =
~ =
ul Ll
x m
3 -
O

o

. 50 1 I LI I L3 ] t I’ v I 1 r ) ] 1) 65
0 3 6 g 12 15 18 21 24
STANDARD TIME
Figure 4-4 July hourly average room and ambient humidity

conditions for unvented MAD and UNOMAD basecase
in Criandec, FL,.
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room RH 1s only a weak function of the ambient dewpoint
temperature, indicating that infiltration has a much weaker
effect than MAD on rocm RH.

Figure 4-5 shows measured data-sets for an unvented and vented
day at the townhouses., The same trends that are observed 1in
the MAD runs are seen in the measured data. This strongly
supports the use of an accurate MAD algorithm for building
energy analysis prediction, particularly when building
ventilation studies are contemplated.

4.2.2 Q rison o AD a AD

Previous computer analyses of building loads and <ooling
strategies have not considered MAD. In order to provide a
comparative baseline for MAD a number of computer runs have
been made with MAD surface areas set to zero. These runs have
been made for the three major building types (FB, FC and BP),
for two of the control strategies (T and V) and for four major
cities (ORL, ATL, HOU and MIA). Results from these runs
illustrate the significance of MAD in building energy
analysis, In all cases the NOMAD runs wunderpredicted the
cooling load. The degree o0f underprediction 1is highly
dependent bn control strategy. Figqure 4-6 presents the NOMAD
cooling 1load underprediction for +the vented and unvented
basecase buildings as a percentage of the predicted MAD
cooling 1load in the four major cities. For the unvented
building the underprediction of cooling load for the NOMAD
case ranges from 2.5% to 5% percent., This represents the
best case condition. The worst case condition is represented
by the temperature-controlled ventilated building where the
underprediction for NOMAD ranges from 10% to 20% percent. It
should be noted that these results are conservative and that
if the effective MAD surface area is raised, the percentage of
underprediction in coocling load will also rise (see Figure
2-17 and ESAM discussicn in Section 2.3.3).
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In Orlando, FL this underprediction represents a significant
error in the predicted «cooling 1load savings that are
achievable through temperature-controlled natural ventilation.
Figure 4-7 presents the percent savings in cooling load
achievable through temperature-controlled natural ventilation
in the three building types for both the MAD and NOMAD cases.

The NOMAD cases (labeled "without  MAD") significantly
overpredict the achievable savings. The basecase residence
savings are overpredicted by 125% ! All previous predictions

of natural ventilation energy savings potential have been
based on this NOMAD predictive technigque. The predominant
evidence from this study indicates that the energy savings
potential of temperature-controlled natural wventilation as a
passive cooling technigue has been overpredicted by recent
building analysis studies [(e.g., see Kamerud, et al., 1984].
Figure 4-8 iliustrates the potential ©percent error in
ventilation cooling savings prediction when MAD 1is not

included in the predictive model.

It is interesting to note that the percent error decreases
with an increase in the thermal performance of the building.
This is true for all four of the major climates. The reason
for this is not immediately apparent but it is caused by a
decrease in the run-time of the air-conditioner and a
resulting higher room RH (see Secticon 4.3.2, specifically
Figure 4-12). Thus, for the most efficient buildings the
loads are better predicted for the NOMAD case bput the

resulting room RH is more poorly predicted.

Based on the results of this study it appears that surface
moisture absorption/desorption is a critical parameter in the
prediction of cooling loads. Both building locad and machine
performance characteristics «can be significantly altered
through MAD, and how we approach the design of energy
conserving bullding systems and cooling equipment is altered
by the effects of moisture capacitance in buildings. These
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results are conservative (i.e., they probably err on the gide
Oof more traditional cooling load analysis technigques), but the
effects are significant, even at conservative analysis levels,
We do not know the absolute error of the results from this
analysis but there is sufficient evidence to assure us that
the use of MAD analysis significantly increases the accuracy
of cooling load predictions.

4.3 THERMAL MODELING QF RADIANT BARRIER SYSTEMS
A Radiant Barrier System (RBS) comprises a low emissivity

surface ({aluminum foil) and an adjacent airspace. Together
these two components almost completely eliminate the transfer
of energy by far-infrared radiation (4-40 m). RBSs have been
researched during this study and through previous research
work at FSEC [Fairey, 1983; Fairey, et al., 1983; and Chandra,
et al. 158417, il

Findings of the work have comfirmed that:

0 A major portion of the ceiling heat transfer on summer
days is driven by the radiant interchange between the
hot rocof deck and the cooler attic flocor. Over 90% of
the net downward heat flow from the hot roof across the
attic air space to the attic floor will occur by
far~-infrared radiation.

© The primary driving force of dcwnward ceiling heat
transfer in typical buildings is solar radiation. On a
cooling season basis, the absence of sunshine would
cause attics to lose more energy through radiation to
the sky than they gain, even in midsummer {(see Section
4,4),

o Traditionali attic insulation materiais (mineral fiber,
etc.) have high emissivities (>0.9) and absorb almost
all radiation emitted by hot roof decks. This radiation
is absorbed both at and below the upper surface of the
insulation, greatly increasing the upper surface
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temperature of the insulation material and thus the heat
transfer through the insulation and into the room.

o Without an attic RBS the attic air temperature will
always be 1less than the insulation or attic £floor
temperature when heat transfer 1is down. Thus, even
under peak summer conditions convective heat transfer in
attics will be upward from the hot insulation or attic
flocor to the attic air.

o For summer design day conditions the daily heat flow
down and through the ceiling of a typical residence may
be reduced by over 40% by using an attic RBS.

o Attic RBSs are a very effective means of reducing heat
transfer in attic spaces in both summer and winter.

4.3.1 Modeling Approaches

The modeling of an RBS cannot be accurately accomplished by
assigning it an R-value or U-value. Traditional insulation
materials have been approached in this manner but an RES
responds through optical phenomena and simply does not fit the
thermal conductance paradigm of simplified building envelope

analysis techniques.

One method of modeling RBSs is to model them as complete
building zones (e.g., an air volume that is bounded by either
interzone solid partitions or partitions that separate the
zone from the ambient environment). This technique will not
work well with models that perform locad calculations based on
room weighting factors like DOE.2, For models like MADTARP,
TARP, BLAST that perform a detailed zone energy balance that
account separately for radiation and convection the radiant
barrier zone method will be more accurate. In the final
analysis, the results will depend on the accuracy of the zone
balance model that is used. The zone modeling approach has

been used for roof RBS analiysis in this study.

If each  external building surface (e.g., each wall
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orientation, etc.) is modeled as a complete building zone,
modeling complexity increases dramatically. In order to
alleviate this problem, simplified methods of evaluating the
thermal performance of RBS have been investigated at FSEC.
The most promising of the methods investigated to date
involves manipulation of the exterior solar absorptance and

emissivity values for the envelope.

Experimental data obtained at the FSEC Passive Cooling
Laboratory {PCL) strongly indicate that the effect of an RBS
at the outer layer of the building envelope {exterior RBS)
will be the significant reduction of the sol-air effect on
that surface. This effect c¢an be simulated through a
reduction of external surface solar absorptance (alpha) and
far-infrared emissivity (epsilon) values. When detailed
finite difference modeling techniques are used, this method
gives good agreement with the measured data at alpha values of
0.1 to 0.2. However, emissivity values must also be reduced
to account for the reduced nocturnal radiation effects of such
systems. Far-infrared emissivity values of 0.5 have been used
to account for this phenomenon. For the wall RBS modeled in

this report the alpha and emissivity modeling method was used.

4.3.2 Copparison of Simulated Results and FSEC Experiments

A number of experimental full-scale tests have been conducted
in the FSEC PCL over the past three years. The tests are
conducted on a side-by-side Dbasis with "traditional"
insulation or construction practices being the "standard" (or
control) against which alternatives are measured. Botn
roof/attic/ceiling and wall components of buildings have been

examined.

The intent of the research has been to provide the necessary,
carefully-measured performance data to assure that the

vhencmena being observed in the experiments can be accurately



and faithfully reproduced by building energy analysis programs
like MADTARP. When this is accomplished the performance of an
RBS may be "predicted" with some confidence for a wide variety
of climates and applications through computer models.

Experimental data on roof radiant barrier performance 1s
available from both full-scale and hot box tests ([Fairey,
1983]. Results from these tests show a 42-44% reduction in
summer design day ceiling heat flux over standard R-19 batt
insulation when attic RBSs are used.

To evaluate RBS performance on a seasonal basis, MADTARP
building input decks that employ a separate roof RBS building
zone were created. The roof RBS zone was composed of the rocof
of the building with a 4-inch airspace directly beneath it
followed by a single-sided radiant barrier with a thermal
resistance (R-value) of 0.002, an upward emissivity of 0.9 and
a downward emissivity of 0.05. This roof RBS zone adjoined
the attic zone of the building.

The roof RBS input deck was then used in design day MADTARP
runs for two thermostat setpoints (78°F and 81°F) at two
radiant barrier zone air change rates (0.25 and 1.0 ACH) .
Very low air change rates were used because test data were
obtained in unvented attic spaces and hot boxes. The heat
fiux through the ceilings for the various runs was examined
to determine the modeling capability of the roof radiant
barrier zone as compared to the measured data. Table 4-1

presents a summary of the ceiling fluxes for the eight runs.

The ceiling £iux reductions given in Table 4-1 compare
favorably (erring on the conservative side) with the measured
flux reductions in both full-scale attics (42%) and in hot box
tests (44%) under design day conditions. Thus it is felt that
analysis of attic RBS can be effectively modeled with a



separate rcof radiant barrier building zone using the MADTARP
code.

Comparison of Ceiling Heat Fluxes for Design Day HMADTARP
Analysis in Orlando, FL - Attic Radiant Barrier Zone wversus
Standard R-19 Celling

! MADTARP RUN ! @ ach = .25 ! @ ach = 1.0 !
! e e e e = — —— s — = !
i ! Ceiling ! Flux ! Ceiling ! Flux !
! ! flux ! Reduction ! flux ! Reduction !
! | Btu/ft2 | WRT I Brtu/ft2 ! WRT !
! ! -—day ! Base ! -day ! Base !
e m e —— e e | e e e !
! Base (R-13) 1 27.15 ! ——— ! 25.94 ! - !
! Tgpat = 780F* ! ! ! ! !
! 1 1 i ! !
! Attic RB Zone: ! 17.56 ! 35,3% ! 15.69 ! 39.5% !
! Tgear = 780OF ! ! ! ! !
! ! 1 ! ! !
! Base (R-19) ! 24.06 ! - ! 22.78 ! —-— !
! Tgrar = 8LOFY ! ! ! ! !
! ! ! ! ! !
! Attic RB Zone: 1 14.75 38.7% ! 12.98 | 43.0% !
! ! ! ! !

A series of annual MADTARP runs were performed using the
basecase, roof RBS zone, and R-30 ceiling insulation input
decks. The R-30 deck was added to the analysis for comparison
purposes sc as to arrive at energy conservation parameters for

increased traditional insulation materials.

For annual runs the roof RBS zone air change rates were
increased to a value which would be appropriate for a poorly
vented (soffit wvents only) roof system. Due to the small
volume of the airspace these air change rates appear high (10
ACH); however, the same flows would produce an air change rate

of only 1.2 ACH if applied to the entire attic space volume,

MADTARP runs have been made for seven climates using these
building input decks. Considering both heating and cocling,
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the roof RBS zone case outperformed R-30 ceiling insulation in
all southern cities. In Baitimore, the performance
difference was still in favor of RBS in terms of annual energy
consumption (savings of 532 kWh vs 497 kWh). 1In Chicago, R-30
ceiling insulation did outperform RBS on the basis of total
kWh savings, but even in Chicago RBS performed very well in
summer saving, 211 kWh, where R~30 saved only %4 kWh.

In terms of the winter performance of a roof RBS ceiling, heat
flux measurements in the PCL roofs show a net daily increase
in heat loss for RBS over standard attics. Flux results from
three consecutive cold days 1in December 1984 indicate a
greater net outward ceiling heat flux for the RBS as compared
to R-19 ceilings. Table 4-2 presents a summary of the ambient
conditions and ceiling flux data for the three days. On day
4344 the two constructions had very similar total heat losses.
On day 4345 there is also a small difference, but on day 4346
the radiant barrier had a 16% greater net heat loss., Figures
4-9a and 4-9b give the hourly ceiling heat flux and ambient
conditions for day 4346. From the flux histories one can see
that the RBS is reducing nighttime heat loss but increasing
the daytime heat 1loss as compared to the standard. The
increase in daytime heat loss is caused by the elimination of
the normal sol-air effect at the roof with respect to heat
transfer across the attic.

There is good evidence to indicate that the medel is
predicting heating energy use correctly. However, the data
given in Table 4-2 and Figure 4-9a need a more subtie
interpretation to understand how this occurs, If  heating
lcad is the parameter of real interest, when will that load
occur? The greatest part of that load should occur during the
evening when the RBS is retarding heat loss, not during the

day when heat gain is retarded.

Figure 4-10 is a comparison of the oredicted net monthly heat
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Table 4-2

from PCL Experimental Database

Ambient Conditions and Ceiling Flux Summaries
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Figure 4-9a Measured ceiling heat flux for R-19 and R~19
plus radiant barrier system attics.
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Figure 4-9b Measured ampient temperatures and solar
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Figure 4-10 Ceiling heat flux and building loads as
predicted by MADTARP in Jacksonville, FL.

flow at the céilings and the total building lecads for the
basecase and the RBS roof zone. The relationship between net
ceiling heat fluxes and the associated heating and cooling
loads is interesting. First, looking at the ceiling fluxes
during the winter, the months of January and December show a
greater heat loss for the R-19 ceiling (standard) than the
roof RBS case. As expected, heating loads for these months
are lower for the RBS case.

However, the months of February, March, October and November
show a different phenomenon. The ceiling heat loss for the
R-19 case is the lower of the two but its associated building
load is the higher! This appears to be contradictory. The
explanation, although not immediately obvious, is simple: The
radiant barrier case is providing additional thermal
protection for the roof when it is most needed -- at night.
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During the day when the radiant barrier performs poorly there
is little cor no heating requirement during these months.

To substantiate this theory the hourly values for ceiling heat
fluxes and heating loads were examined during February and
March. Results from four days in February (Feb. 2 through 5)
were taken from the data set and plotted in Figures 4-11
through 4-15. Figure 4-11 gives results for the entire period
and Figures 4-12 through 4-15 are subsets of this data. The
TCY weather conditions FL on February 2
(Figure 4-11) are similar to the weather conditions on day
4346 at FSEC.
4-9a and 4-12 show very similar trends for predicted versus

in Jacksonville,

(see Figures 4-9a and b) Comparison of Figures
measured heat flux. If the flux values of Figure 9 are divided
(1500 ft2) even the
heat flux magnitudes are very similar., The daily minimum ang
maximum ambient conditions were close for the days (50.09F to

by the ceiling area of the modeled house
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Figure 4-11 Comparison of «ceiling fluxes and building
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73.99F and 180 Btu/hr~ft? peak radiation for the model and
48.59F to 72.00F and 202 Btu/hr-ft? peak radiation for the
measured data). It is reasonable to assume that heating loads
would occur only early in the mornings on such days, and that

the model is predicting reality.

Thus, the data, both measured and simulated, indicate that
there is an excellent match between heating load schedules and
the beneficial performance of RBSs. The relatively poor
performance of RBSs during the day in winter 1s more than
compensated for by their beneficial nighnt performance when
heating loads are highest. Even on February 4 (Figure 4-14)
when heating loads existed for each hour of the day., the RBS
case overcame its poorer daytime performance through its
superior night efficacy (net daily heating load of 133.0 kBtu

versus 131.5 KkBtu). The total net heating loads for the
four-day period were 263.4 kBtu for the R-19 ceiling versus
249.,7 kBtu for the RBS case —-- a net savings of 5.2% for the

RBS over the standard heating load.

As a final check the output data files from February and March
were processed to give monthly average hourly data. These
data are plotted in Figures 4-16 and 4-17 and show that the
predominant loads do in fact occur during times of superior
RBS performance, In March there are no daytime loads and in
February they are guite low with respect to the‘night loads.

To assure that this was not a Jacksonville peculiarity,
monthly ceiling flux results from each of the cities were
checked for consistency. Referring to Figure 4-10 one can see
that the ceiling flux 1lines for the basecase and radiant
barrier case cross between January and February and between
November and December in Jacksonville. Examination of the
other cities for this phenomenon showed this happening in each
city. 0f greatest interest was the point at which the

crossing occurred. For all the cities analyzed, the crossing
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point occured during the month that the monthly average daily
horizontal radiation dropped below 1000 Btu/day. The months
changed from city to city but the radiation level of the
cutoff remained very stable. This indicates that the roof
radiant barrier system performance will be well matched to the
building load in almost any climate.

4.3.3 Epergy and Cost Savings

Table 4-3 presents a comparison of the results for the roof
RBS zone and the R-30 ceiling insulation with respect to the
basecase residence. Costing figures are based on local area
prices. There is a wide variance in the prices of radiant
barrier products, depending on the product chosen. Pricing of
installed RBS for this cost analysis is based on a raw product
cost to the installer of $0.07/ft2 and a total installed cost
of $0.20/ft2. For R-30 ceilings only the cost differential
petween blown R-19 and R-30 fiber insulation was considered.
This cost alsc proved to be $0.20/ft2 installed. The
difference in the installed cost of the two systems 1is based
on the fact that blown fiber insulatiocn is at the attic floor
(1500 ft2) and the radiant barrier is at the roof undersurface
(1600 ft2 assuming a 5-in-12 roof pitch). This results in a
total installed cost of $300.00 for the biown fiber insulation
and $320.00 for the radiant barrier system.

The radiant barrier system performs admirably in all climates
that were examined., Only in Chicago did the R-30 insulation
save more total annual energy than the radiant barrier system

plus R-19 ceiling insulation.

4.4 BUILDING LOAD SOURCES
During analysis the sources of the heating and cooling loads

were carefully traced., MADTARP was modified to sum the mass
and heat fluxes from each energy transfer source in three
different catagories: 1) during heating periods, 2} during

cooling periods and, 3) during neutral periods when no heating
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or cooling was required. The thermal as well as radiative
(solar) fluxes were tracked by building surface, then grouped
by surface type and orientation.

Pie-charts representing the sources of the direct heating and
cooling loads have been developed for some major cities Irom
this data. For some analyses an attempt was made to split the
thermal fluxes traveling through the opaque building surfaces
into their solar induced and air temperature induced
components. This was done by reducing the external solar
absorptance values by 10% and re-running the analysis. The
difference in performance represents a 10% reduction in the
solar driving force. When multiplied by 10 the result is
assumed to be the full solar induced load for that component.
Small errors may be expected in the results from this type of
analysis. Due to the detailed room balance performed by
MADTARP, a change in the performance of one building component
affects the response of the other room components, This 1is
why a small reduction of only 10% was used rather than

complete elimination of the solar lcading.

4.4.1 Basecase Building Apnalvsisg

A full description of the basecase residence (FB) 1s given in
Section 3.4. It is not repeated here.

Both heating and cooling load sources have been analyzed but
emphasis was placed on cooling load. Heating loads are not
presented here, Figure 4-18 presents the annual and peak
month (July) air conditioning load sources in ©Orlandec, FL.
the total loads as a function of building floor area are also

given.

The most significant load sources are infiltration and
internal generation (27% and 28% respectively). Infiltration
at tne summer design condition (15T and 7.5 mph site 10m
wind speed) was set at 0.75 ACH. The average during the month
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Figure 4-18 Annual and peak month air conditioner load
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of July after modification due to wind speed and temperature
is only 0.5% in Orlando. Since a minimum air-change rate of
0.4-0.5 is recommended to maintain satisfactory 1indoor air
quality, only minor savings in cooling energy can be expected
through further reductions in the infiltraticn level,

The next most significant lcad source is the solar load
through windows (23%) ., The basecase window shading
coefficient assumed (except on the south) was 0.42 with
additional shading provided by two—-foot roof overhangs. A
window shading coefficient of 0.2 is readily possible through
external shades or large overhangs and would result in a/c kWh
savings of about 6%.

The internally generated load accounts for a significant
portion of the cooling load (28%). Control of internal loads
is highly user-dependent. Through the use of very efficient
refrigerators, microwave ovens and less indoor coocking,
significant reductions in dinternal load (say 25%) may be
possible. This 25% reduction would result in about 5% to 8%
savings in <cooling energy. Internal lcocads may not be
radically reduced since they come almost exclusively from

occupancy of the building.

The roof and wall solar loadings are the next major
contributors to the «cooling loads. To understand the

interaction of solar and conductive loading through roofs and
walls, Figure 4-19 has been prepared, showing heat balance
diagrams for the cooling season. The diagrams show that the
a/c removed only 83% of the building heat gains. Even 1in
oriando, the net conduction through floor, roof and walls (in
the absence of solar radiation) is actually a net benefit
dering a/c operation! Thus, the heat gains through the roof
of the building are almost exclusively driven by solar
radiation, and in the absence of the solar flux the roof would

account for 3% of the puilding cooling. The 3% difference
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Figure 4-19 Cooling season energy balance (3.21 kBtu/ft2)

for Orlando, FL at Tstat=78°F.
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represents the net roof convective losses to air and radiative
losses to the night sky (Figure 4-19 bottom). Similar
calculations were performed for the walls, One could say that
were it not for the sun, the roofs and walls of the building
shoulé not be insulated to save cooling enerqgy. Night sky
radiation reduces the roof and wall surface temperatures below
the ambient air and often the house setpoint. This phenomenon
occurs for all months in the case of the roof load. Wall
conduction, however, 1s a positive load in July in Orlando

(see Figure 4-18).

The loading through the wall is small and thus extra wall
insulation may not save significant cooling energy.
Light-colored walls, shade trees, or wall radiant barrier
systems are more cost effective than increased wall insulation
for cooling.

The traditional advice for roofs has been to use light-colored
roofs. Light-colored roofs have some aesthetic drawbacks
(less curb appeal) and, moreover, are hard to maintain. Many
darken due to mold, mildew, rain streaks, etc. A much more
cost effective strategy for both new and retrofit construction
(for pitched roof attics) 1s to use radiant barrier systems,
For the basecase house in Orlando, attic radiant barriers save
8% to 10% of the cooling energy reguirment. (See Section 4.3
for a full discussion of radiant barrier systems.)

Figure 4-20 gives the a/c load pie-charts for the four main
climates of Atlanta, Heuston, Miami and Orlande. Roof and
wall solar lcads are not given for these runs but the same
phenomena occur here as in Orlando. From the infiltration
loads Houston appears to be the most humid climate and Atlanta
the driest. However, the basic distribution of cooling load
sources appear to be similar across all climate regions in the

souteast.
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4.4.2 Comparison of Energy Conservation Technigues

A  number of energy <conservation strategies have been
considered through parametric analysis using the basecase
residence. Temperature setpoint variaticn (a measure of
ceiling fan performance) has been studied in four climates on
an annual basis and radiant barrier performance is reported
for seven climates in Section 4.3.

Figure 4-21 gives the general results of the Orlando analysis.
Of considerable interest 1is the attendant rise in room RH that
is observed with increasing thermal energy savings where
infiltration levels are not reduced. The fact that the air
conditioner runs less results in less moisture removal from
the building. Thus the thermal technique gains a load benefit
from the reduced moisture load at the a/c. This o0f course
results 1n an increase in the monthly average room RH. At RH
levels of 68% or greater this can constitute a mold and mildew
probiem in buildings [Humpnhries, 19721. More recently
Sterling, et al. [1985] have studied the effect of RH on a
number of health and human habitation parameters. Their
results are given by Figure 4-22,

Figure 4-21 clearly shows that RE levels increase as the
building thermal integrity increases, until the infiltration
rate is reduced. Conservation strategies which increase room
RH 1Jlevels past about 68% constitute a serious potential
problem with respect to health and habitability in residences.
Such practices nmust consider the need for additional
dehumidification capacity with respect to the thermal cooling
capacity of the mechanical system,

Nonetheless it 1is apparent from Figure 4-21 that significant
cooling energy may be saved through the judicial use of energy
conservation strategies. Window shading and radiant barrier
systems appear to be cost- and energy-effective metheds of
controlling heat gain into buildings. Additicnal traditional
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insulation does not appear to be as effective as radiant
barrier systems in reducing cooling loads. Unless additional
dehumidification potential is available, thermal conservation

strategies will increase room RH levels.

The use of ceiling fans as a conservation measure departs
slightly from the previous parametric analysis because energy
savings result from an increase in allowable room temperature
rather than a modification to the building envelope. This is

important for two reasons:

o Increasing the thermostat does not result in an
appreciable increase in RH because the room air
temperature rises along with the amount of moisture
(1b/1b) in the room air.

o There is a parasitic power requirement for the use of
ceiling fans.

Table 4-4 details the load sources for the four major climates
for various thermostat setpoints. At the bottom of the table
the worst month RH and the average RHE for May-October are
listed. Table 4-4 points out the dramatic cooling Ioad
reductions possible by increasing the thermostat setpoint. It
also shows that as the setpoint is increased the operating
SEER of the a/c improves slightly.

As the thermostat increases, the sources of the cooling load
remain about the same except for infiltration and the latent
loads from internal generation. Thege loads are very climate-
and setpoint-dependent, As the setpoint increases the
difference between the internal and external driving forces
(both humidity ratio and temperature) decreases; therefore
cooling energy requirements also decrease, but without a

significant RH penaity.
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Figure 4-23 shows the cooling load savings (accounting for
parasitic fan power) that are achievable at equivalent comfort
conditions as air motion is increased. Ceiling or other fans
can easily produce 1350 f£t/min air motion. This leads to a
comfort zone shift of about 4°9F. Thus, a nominal thermostat
setting of 78CF can be moved up to 82°F in the presence of air
circulation fans without sacrificing comfort.

40
ORLANDO, FL: FAN POWER INCLUDED
&
® 30
[2 4
Ll
= -
(o]
&
=
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m —
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S 10 -
Ll
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0 T | T I T | T
78 79 80 81 82

THERMOSTAT SETTING (°F)

Figure 4-23 Ceiling fan cooling energy savings possible in
Orlando, FL for basecase residence.

The percent savings in ceoling lcad as the thermostat is
increased can be calculated from wvalues given in Table 4-5.

However, fans consume power (see Table 4-57.

To estimate the cooling energy savings given by Figure 4-23 we
estimate a 24 hour 1load of 50 watts continucus power to
maintain the house at 80F (a 20F getup) and 100 watts
continuous to maintain the house at 820F, The fan kWh
consumption was subtracted from the predicted a/c kWh savings

to arrive at Figure 4-23 for Orlando, FL. Cne can conclude
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that in Orlando ceiling fans would save about 7% to B%
cooling energy per degree setup of the house thermostat, and
a significant savings of 32% is possible from a thermostat
setup from 78° to 82°F with no appreciable increase in room RH
liability or sacrifice in comfort.

Table 4-5

Power Consumption (watts) of Fans
(FSEC test Results)

High Medium Low
1. Ceiling fan, 48" 75 40 15
2. Oscillating portable fan, 12" 42 34 27
3 Box fan, 207 160 104 74

Major conservation opportunities exist for window shading
devices and attic radiant barriers and the use of ceiling
fans. Combined, they can save upwards of 50% of the cooling
costs and can be very cost effective. Note that these are pnot
heating solutions like air infiltration reductions or more
insulation. As a matter of fact, low summer windspeeds and
moderate house to ambient temperature differentials result in
basecase normal infiltration levels that are relatively low
(0.6 ACH). Significant air infiltration reduction measures
may be counterproductive from an indoor air guality
standpoint.

More traditional insulation is alsoc not necessarily a
cost-effective summer solution. As for attics, attic radiant
barriers are clearly superior to additional attic insulation
(see Section 4.3). Walls are a low percentage source of
cooling loads and the flcor slab actually promotes cooling in

all climates including Miami.

4,.4.3 Pagsive and Energy Conserving Load Distributicns

A mnemonic code has been established to maintain a reasonable
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method of referencing the results of the analysis. Table 4-6
gives a synopsis of the code. A& specific "basic building
code" may be addressed by a minimum cf four characters, The
first two characters, the building type, are discussed in
detail in Section 3.5, mechanical systems are discussed in
Section 2.5, and control strategies are discussed in Section
4.4.3. Thus, the basecase building for this study 1is FBTT
(frame, basecase, typical system, traditional control
strategy).

The basic building code may be followed by a "parametric
extension” of up to three characters representing some sets of
parametric analysis that have been or may be accomplished.
The maximum number of characters does not exceed seven. Much
of the following report will refer to a specific analysis
result according to this code,

Cooling load distributions for the passive and energy
conserving residences have also been examined, The BP
building was shown to have the lowest cooling load with
respect to cooling seascon performance. For closed buildings,
there is only a small difference in the cooling performance of
the FC (frame energy-conserving) and BP residences regardiess
of climate. However, when passive or hybrid cooling
strategies (eg, natural ventilation, night sky radiation or
ground cooling) are implemented the BP building has greater
reductions in cooling lead than the FC building.

Cooling load distributions for the FBTT, FCTIT, BPTT and BPTR
residences are shown in figures 4-24 through 4-27. The most
dramatic shift in load distribution is seen in the internal
building generation., This load is shifted from 28% of a/c
cooling load in FBTT (Figure 4-24) to 44% of the cooling a/c
ioad in both the FCTT and BPTT residences (Figures 4-25 and
4-26, respectively). The percentage drops slightly (41%) when
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Figure 4-24 Anﬁual load sources and energy balance for 1500
ft frame basecase house in Orlando, FL at
Terar=78°F.
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Figure 4-26 Angual load sources and energy balance for 1500
ft

block-passive house in Orlando, FL at
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Figure 4-27 Angual load sources and energy Dbalance for 1300
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the sky radiation cooling option (BPTR) is selected (Figure
4-27). Accordingly, the envelope and infiltration loads have
been reduced from 74% to 56% of the a/c load for the FCTT and
BPTT residences, and to 59% for BPTR.

Another shift in load distribution is in latent load. The
total latent load (INF+GEN) on the air conditioner changes
from 35% for FBTT to 39% for FCTT and BPTT, and moves to 42%
when the night sky radiative cooling option is included. If
the BP residence is cooled by temperature-controlled natural
ventilation, the total latent load becomes 51% of the a’‘c
load. One should note that these load precentages are
calculated with a typical air conditioner. Thus, the latent
load percentages are slightly misleading because RH varies
with control strategy. If a room RH setpoint were maintained
the latent load fraction would increase dramatically in the

radiator and ventilation runs,

Note that when night sky radiative cooling is being used, the
internal building mass is shown in Figures 4-25c and 4-26¢ to
be contributing 9% of the cooling reguired by the residence
while the a/c 1is operating. Window conduction remains a
benefit of roughly equal contribution (1% to 2%) for all
building types. Roof and wall loads drop from about 15% and
7% of the a/c load tc about 10% and 2% respectively for the

energy consgerving and passive runs,

4,5 COMPARATIVE ANALYSIS
Six different building types have been compared. Three of
these (FB, FC, BP) have been examined in nine different

climates. These three have been examined in terms of at least

two machine types (typical and ideal). Four cooling
strategies have been examined: traditional closed building
(T), temperature-controlled natural ventilation (V), hybrid

night sky radiation cooling (R}, and hybrid earth-tube cooling
(G). The full set of yearly output reports for the analysis
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may be found in Appendix A (GRI copy only). Tables 4-7 jive z
summary of the annual heating and cooling loads for the full
run set.

4.5.1 Byildi Type

All six building types have been analyzed for Orlando,
Fiorida. The frame basecase residence (FB) and the bilock
basecase residence (BB) are typical of present hot, humid
climate construction practices, A number of energy
conservation measures have been added to create a frame energy
conserving residence (FC) and three different block energy
conserving residences (BI, BE and BP). Each residence 1is
fully described in Section 3.4 and summarized in Table 4-7.

To understand the effects of the conservation strategies that
were used in the energy conserving buildings, a separate set
of parametric annual analyses was performed. Proceeding from
the basecase building [FBTT] to the energy conserving building
[FCTT], each of the conservation strategies was examined
separately and in various combinations. Figure 4-28 gives the
results of this analysis. The most interesting phenomenon
seen in the analysis is the tendency for the peak month
(September) room relative humidity to rise with increases in
building thermal efficiency. W@en all conservation strategies
except lowered infiltration are employed (Tll), the average
September room RH .climbs to over 69%, When only reduced
infiltration 1is examained (Tl12), the peak month RH can be
reduced from its basecase value of 65,7% to 63%.

It is also interesting to note the difference in the summer
and winter performance of the individual strategies. Three
cooling strategies (wall radiant barriers I[T02], increased
window shading [T04], and decreased internal generation [T10])
produce an 1increase in the winter heating load (shown as
negative heating savings). The individual strategy savings do
not necessarily produce additive sgavings when used in
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Nomenclature for Parametri¢ Runs
RUN DESCRIPTION
FBTT Frame Base Case Residence
TO1l Increased Wall Insulation (from R-11 to R-19) [WI!
T02 Wall Radiant Barriers [WR]
TQ3 WI + WR
T04 Increased window shading coefficient (8CI
TOS Eliminated East & West Windows (reduce total glass by 84 ft2) [eWl
TO6 SC + EW
TO7 Roof Radiant Barrier [RRI
TO8 SC + EW + RR
TGS WI + WR + SC + EW + RR
T10 Decreased Internal Load [GEN]
Til WI + WR + SC + EW + RR + GEN
T12 Decreased Infiltration [INF]
Tl4 WI + WR + SC + EW + RR + GEN + INF
FCTT WI + WR+ SC + EW + RR + GEN + INF + Winter Night Insulation
Figure 4-28 Predicted annual cooling and heating load
savings as percent of ©obasecase (FBTT) in
Orlando, FL (FBTT cooling .load = 40.09 MBtu

heating load = 2.29 MBtu).
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combination. For instance, increasing the window shading
coefficient [T04] and eliminating the east and west windows
[TOE] produce similar summer savings; however, when used in
combination the individual savings are not additive. This
phenomena also holds for the combination of increased wall
insulation [T01] and wall radiant barrier systems [T02] where
the increased wall insulation appears to primarily affect the
winter savings with no appreciable effect on summer savings.
In general, the conservation strategies produced greater
heating load savings than cooling load savings. Because of
the discrepancy between the total heating and cooling season
loads, however, the total cooling season savings £for FCTT
(13,600 kBtu) are significantly greater than 1its heating
season savings (160 kBtu).

The heating and cooling loads for each building type with the
typical machine and traditional cooling strategy (TT) are
compared in Figures 4-29 for Orlando. The energy conserving
buildings save over 30% of the cooling load and 60% of the
heating load of the basecase residence. The block base (BBTT)

performance is not as good as the frame base (FBTT), causing
about a 10% increase in cooling load. However, the exterior
insulated energy conserving block building (BETT)

out-performed the frame energy conserving building (FCTT).
The passive building, which incorporates the most mass, has
the best performance. Overall, there is 1little difference
between energy conserving Dbuilding tvpes for typical

non-vented residences.
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4.5.2 (Climate Effecfs

One of the major differences in the climates is the length of
the seasons. Cities in the hot, humid c¢limates have short
heating seasons and long cooling seasons, whereas the opposite
is true for the moderate climate cities. The long seasons
lead to significant dJdifferences in the annual cooling and
heating loads as shown in Figures 4-30 and 4-31 for the
basecase residence, Miami has the highest cooling load at
54.8 MBtu. Orlando, Houston, Dallas and New Orleans have 32
to 40 MBtu loads, Charleston is a little less at 27.3 MBtu.
Atlanta, St. Louis and Baltimore each have loads less than 21
MBtu. The order presented in this histogram, decreasing
annual cooling load, will be maintained for other figures in
this secticn. Comparisons are easier to make by having the

order consistent.

Sst, Louis and Baltimore have basecase heating loads of over 30
MBtu, but all other cities have mild heating loads -- less
than 20 MBtu as shown in Figure 4-31.

Various comparisons of the heating and cooling loads for each
city are given in Figures 4-32 through 4-34. The cooling load
in Miami is larger than the combined heating and cooling load
in any other city as shown in Figure 4-32. The variation in
the total load is relatively small (<20 MBtu}., Figure 4-33
shows the heating and cooling loads for each city with the
cooling load represented as negative. The algebraic sum of
the heating (positive) and cooling (negative) loads, Figure
4.34, shows that all the cities but St. Louis and Baltimore

are cocling-load dominated.

Despite the heating load being less, the cost to heat the
residence using electric resistance heat (COP=1.0) can be more
than the cost for cooling using the typical basecase air
conditioner. Figure 4-35 shows the electric use and cost of
conditioning the residence at 10c/kWh., At a heating CoP=1.0
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Figure 4-30 Annual cooling lead for basecase frame residence
in nine climates at Tstat“78 F.
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Pigure 4-31 Annual heating load for basecase frame residence
in nine climates at Tgrat™ =68°F.
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the heating costs is more than $200/year (200 Mwh) for all
cities but Miami, Orlando, New Orleans and Houston. The
cooling electric use ranges from 200 to 600 MwWh (or $200-3600
at $0.10/kwh). Figure 4-36 indicates the total annual
electric use if a heatpump or other high performance heater
with a seasonal COP=2.0 is used. In this case cocling is a
much larger part of the total electric usage and cost. The
cost of the conditioning would also apply to high efficiency
heaters with alternative energy sources with lower COPs
(0.8-1.0) and fuel cost egquivalents of 40% to 50% that of
electricity at 3$0.10/kWh (for exampie, 90% efficient gas
furnace with gas costs at $13.15/MBtu).

The order of cities changes significantly when comparing peak
month or peak hour cooling loads, as shown in Figures 4-37 and
4-38. Miami, where surrounding water Dbodies prohibit
excessively high maximum daily temperatures, has the lowest

peak hour load of the nine cities.
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Figure 4-34 Sum of annual loads for basecase frame residence
in nine climates at T, ,.=68°F and 78°F.
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Figure 4-35 Annual cooling and total electric use for
basecase frame residence in nine climates
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Figure 4-36 Annual cooling and total electric use for
basecase frame residence in nine climates
T_..;=687 and 78°F (heating COP=2.0).
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A new way of presenting the total cooling locad as a function
of climatic variables is shown in Figures 4-39 through 4-42
for the four climates of Atlanta, Houston, Miami and Orlando.
These again are from MADTARP runs of the unvented basecase
house. The top graph in each figure is the percentage of the
cumulative annual cooling 1oad as a function of outdeor air
temperature. The bottom graph shows the percentage of the
cumulative cooling load with respect to the enthalpy of the
outdoor air. From these graphs one can answer various
climate-related questions like "Wwhat percentage of the total
cooling load occurs below an air temperature of, say, ggop2"
The answer for Atlanta for a house maintained at 78°9F is about
47%. One can also determine that cooling loads for the
unvented house maintained at 780F begin at about 68°F outdoor
air temperature. From these graphs one can also get a feel
for the severity of the climate in terms of heat and humidity
(enthalpy). While the drybulb reaches above 939F in all
climates, the outdoor enthalpy rarely exeeds 40 Btu/lb in
Atlanta, but in Houston a £ull 25% of the cooling locad occurs
above an enthalpy of 40 Btu/lb. -
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4,5.3 Natural Cooling Strategies

Three specific natural cooling strategies have been
investigated: passive natural ventilation cooling, hybrid
night sky cooling, and hybrid earth-tube cooling. Ventilative
cooling is assumed to reguire no external parasitic power; for
night sky radiaticn and earth-tube cooling, parasitic power is
required to move the cooling fluid (room air).

Because these analyses are for natural cooling strategies, the
BP building was the primary building of comparison for each.
Without the capacitance effect of the additional thermal mass
contained in the BP building, cooling strategies that require
daily cycling of the building conditions may be largely
non-preductive. For ventilation cooling, however, most of the
building types were analyzed.

The cooling of building inhabitants by airflow across the skin
results in higher permissible thermostat settings, as
discussed in Section 4.4.2 under conservation strategies.
Natural ventilation as discussed bhere is a building ccoling
rather than a people-cocoling strategy. The combination
effects of higher thermostat settings and ceiling fans for
people-cooling coupled with natural ventilation for building
cooling have not been studied here. There is ample reason to
believe, however, that such combinations will result in
significant cooling energy savings. This consideration is
also true of the hybrid strategies investigated where similar
performance improvements may be expected with higher

thermostat settings.

Table 4-8 presents a detailed comparison of the results in
four cities. One can see that each of the three strategies is
highly climate-dependent and that both night sky radiation
cooling and earth-tube cooling have significant parasitic

power reguirements.
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Table 4-8

Comparison of Passive/Hybrid Cogting Strategies

|  A/C DISSIPATION I PASSIVE/HYBRID
! I DISSIPATION CONSUMPTION | !

POWER | SAVINGS IPEAK AVG

l
}
! 1 ! | |
CITY | AUN 1Sen !lLat 1Tatal!SHF[Sen ILat !Total!SHF 1| A/ClHybridlTotallA/C LOADIPower [Month AH
!
l

| IMBtu IMBtulMBtu | IMBtulMBtutMBtu | kWhl kWh [ kith | % P % %
! I ! ! 1—I l ! i ! ! ! ! H
ATL !BPTT | 6.7 | 4,51M11,2 1801 — | — | — | - 1M187! — IM87 1 — | — I 85.0
IBPTV ! 2.8 | 2,8! 5,5 1.50IN/A INA INA INJA | BOC1 D | go0 1 50,8 49,4 ! 80,9
{8PTG ! 0,1 | 0.1! 0,2 [,39111,1! 0,5141,6 §,968 1 231 634 | 657 | 88,2 145.,5 1 87,8
18PTR | 3.1 t 2,60 5.7 1.541 8,71 0,81 9.4 1,892 |1 6191 308 | 927 | 48,0 1221 1 71.8
CHA 1BPTT | 9.4 | 6,9116,3 I,58] — | — | — 1 = {17441 — 117441 — | - | B68.5
IBPTV | 4.7 ! 5.4110.1 [, 481NA [NA IN/A INA 1109241 O 11084 1 38.0 137.3 | 84.7
IBPTG | 1.4 | 2,00 3.4 [,42110,310,8 !10.9 1,94 | 3671 724 11089 | 78.1 37,4 | 89,4
IBPTR | 6.5 | 5.4111,9 1,550 6,10 0,91 7,0 |,B7 112951 854 [1548 | 27.0 [11.2 | 75.8
MIA IBPTT 122.6 114,0136.6 1,681 — | — | ~ | - |3816] - 13316 ! — | = |- 65,0
IBPTV 114,56 111,9126.4 1.55IN/A IN/A INA IN/A 128881 O [2agg | 27.9 127.B | 75.8
[BPTG 122.6 114,0136,6 |21 Q@ | Q1 O 1 a 39161 & 13916 I O 10 ! 85.0
IBPTR 113.5 110,4123.9 |,57115.4! 0,9116.3 1.95 125861 607 13183 t 34,7 18,5 | 72.2
oAL  IBPTT 115.2 1 9.7124,9 1Bl — | — ¢ — | - 26781 — 126791 — | — [ 68,2
IBPTV | 7,9 | 8,5116,.4 . 49INA INA INA IN/A 117301 O 11790 ! 34,1 33,2 | 8541
{BPTG 112.9 | 8.5121.4 !,801 2,7V 0 1 2,7 |1,00123141 298 12612 | 14,1 1 2.5 ! 74.4
IBPTR 110.5 t 7.8118,3 1,57! 9.91 0,9110,8 1,82 11994] 403 12397 | 26.5 10,5 1 71.0

The results compare only the simple cooling stategies
modelled. Increased cooling potential and savings could be
achieved using alternative radiative {(and evaporative) cooling
strategies (e.g., trickle roof or roof ponds). The modelled
radiator was chosen as a low-first cost system which could be
compatible with a GRDD system.

Full scale experimental results of the ground and radiatively
cooled buildings are not available., Therefore, the results of

the cooling strategies are not validated.
4.5.3.1 Natural Ventilati ooll

The mass effects of a building is especially important when it
is vented. Night venting can cool the mass, and the coocled
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mass can then reduce the daytime cooling lcad. Figure 4-43
shows the annual coecling loads for non-vented and vented
puildings in Orlando, Florida. Although significant energy
savings occur, the highest monthly average relative humidity
rizes from 65% to 85%, The RH in the base buildings 1is
slightly lower than in the energy conserving buildings. Much

of the ventilation savings is being paid for with increased
room RH.

Figures 4-44a and b show the savings due to ventilation for
each building type. Not only do the block buildings have a
greater percentage savings (Fig. 4-44a and 4-2la) but each
block building saves more net energy (in MBtu's) than the
comparable frame buildings (Fig. 4-44Db). The percentage
savings range from 13% to 34%. These results indicate that
mass is.very helpful if passive cooling techniques are used.
Since the percent savings increases from BITV to BETV to
BPTV, it appears that a limit to the amount of mass which is
useful was not achieved in these simulated buildings. This is
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Figqure 4-43 Annual cooling loads for vented and unvented
buildings in Orlando, FL. Vented at 15 ACH if
59°F < ambient dry-bulb < 78°F.
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Figure 4-44a Annual cooling load savings £for venting Dby
building type (base load is the same building
type without venting). Vented at 15 ACH if 69°F
¢ ambient dry-bulb < 78°F in Orlando, FL.
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Figure 4-44b Annual cooling 1load reduction oYy venting DY
building type (base load is the same buillding
type without venting). Vented at 15 ACE if 69°F
< ambient dry-bulb < 78°F in Orlando, FL.
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perhaps because total heat transfer surface area was increased
along with the total mass capacity. The interior partition
mass walls in the BP building increased savings by about 1.5
MBtu relative to the BE deck,

Figures 4-45 presents a compariscn of the potential cooling
savings and peak month RH for natural ventilation cooling in
each of the nine climates studied. For natural ventilaticn
there are no parasitic power requirements; therefore, the raw
loads savings shown in Figure 4-45b represents actual savings.
Miami appears to have the mdst to gain by ventilative cooling
even though its percent savings 1is lower than many other

climates.

4.5.3.2 Hybrid Night-Sky Radiation Cooling
Night-sky radiation cooling is similar to ventilative cooling

in that it uses a highly cyclical heat sink. All building
cooling must be accomplished at night and stored for the
following day. Therefore, as indicated in Table 4-8, the sum
of night-sky radiation cooling dissipation and the backup a/c
cooling dissipation is always significantly greater than the
base (BPTT) a/c cooling dissipation. Night-sky radiation is
further reduced in effectiveness by 1its parasitic power
requirements., However, on the good side, night-sky radiation
does not generate as high indoor RH as ventilative cooling
does. BPTR's high humidity levels are due to the fact that
very little moisture is removed by the a/c rather than the
ventilation moisture carry-over that is seen 1in the vented

buildings.

Figure 4-46 compares night-sky radiation coeling load electric
power savings for the nine climates studied. Note that peak
month room RH 1levels are lower than for the ventilation
cooling savings in Figure 4-45. Note that electrical savings
are low compared to natural ventilation but load savings are
generally higher or about the same. A significant increase in
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Figure 4-45a Effective savings of natural ventilation in nihe
cities. Vented at 15 ACH in 69°F ambient
dry-bulb < 78°F.
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Figure 4-45b Raw load savings achieved by natural ventilation
in nine cities. Vented at 15 ACH if 699F <
ambient ary-bulb < 78°F.
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Figure 4-46a Effective savings of hybrid night sky radiation
cooling in nine cities accounting for parasitic
power requirements.
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Figure 4-46b Raw load savings achieved by night sky radiaticn
in nine cities not accounting for parasitic
power requirements.
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load savings is ceen in Dallas where humidity 1is relatively
1ow. In fact, in Dallas hybrid night sky radiation cooling
shows greater electrical savings +han does natural ventilation

cocling.

4.5.3.3 Hybrid Earth-Tube Cooling
Since earth-tube cooling potential 1is primarily determined by

the deep-ground temperature of the earth, the daily cycle of
the heat sink resource is very small compared to the previous
cooling strategies. Thus, ground éooling can be used at any
time of the day that cooling is required if the ground is cool
enough. Earth-tube cooling, therefore, does not suffer the
large regquirement for building thermal storage which the
previous strategies do. 1In Table 4-8 one can see a relatively
large difference between the base load and the sum of the a/c
and hybrid dissipafion loads for night sky radiation cooling.
This difference is significantly reduced for earth-tube
cooling. eEarth-tube cooling, however, is nuch more
climate-dependent than night-sky radiation or natural
ventilation cooling. In Miami, for example, there is no
earth-tube cooling potential at all, while in the northern
climates earth-tube cooling can effectively eliminate backup
air conditioning requirements. This 1is slightly misleading,
however, because surely dehumidification would be an absolute
requirement for such cooling strategies as evidenced by the

very high peak-month room humidities.
Figure 4-47 gives the potential cooling-load electric power

savings and peak-month average room RH for earth-tube cooling

in each of the nine climates.
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Figure 4-47a Effective savings of hybrid earth-tube cooling
in nine cities accounting for parasitic power
requirements.
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Figure 4-47b Raw load savings achieved by hybrid eaFth-tube
cooling in nine «citlies not accounting for
parasitic power regquirements.
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SECTION FIVE
ECONOMIC ANALYSIS RESULTS

As discussed previously, building loads were simulated using
two mechanical systems: a "typical" and an "ideal" machine.
It is important to emphasize again that the ideal machine, as
the name suggests, is a hypothetical air conditicner and does
not exist in reality. The ideal machine 1is capable of
maintaining set conditions of both indoor dry-bulb and
relative humidity, while the typical or real machine responds
only to changes in indoor dry-bulb. This, however, does not
mean that set conditions of relative indoor humidity cannot be
maintained in a building. The real machine in conjunction
with an appropriate choice of reheat, vapor compression
dehumidifier (VCD) or gas regenerated desiccant dehumidifier
(GRDD) can be used to maintain indoor RH as well. The indoor
humidity resulting from the use of a typical machine 1is
dictated by the characteristics of both the machine and
envelope. It is therefore obvious that when set conditions of
dry-bulb and relative humidity are to be maintained, the
typical machine alone will not always meet the RH
expectations.

among the alternatives available to combat that problem, only
the use of the VCD and GRDD is considered here. This section
examines the relative economics of using the two systems in
conjunction with a typical air conditioner when it 1is
desirable to maintain an upper limit on RH as well as an upper
limit on temperature.

5.1 ANALYSIS PROCEDURE_AND ASSUMPTION

The economic analysis primarily involves the determination of
the simple payback in years and the associated return on
investment when the GRDD plus a/c system saves on operating
costs relative to the VCD plus a/c. For this purpose, the
inputs required are the initial costs of the two systems and

their annual operating costs.
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At the outset, it would appear feasible that the above inputs
can be easily generated from the hourly MADTARP analysis
output file. However, closer examination reveals that
simulating the VCD or GRDD in MADTARP is the only true way to
obtain accurate and reliable estimates of capacities and
costs. Attempting to predict them from the hourly MADTARP
output file would result in uncertainties, and estimates may
be somewhat inaccurate. The following will serve to clarify
this argument.

Let us consider a case where indoor conditions of 78CF and 58%
RH must be maintained. The building loads at this setpoint
can be simulated by MADTARP using an ideal machine, and the
hourly output can be obtained. 1In attempting to derive the
economics of the VCD or GRDD systems from the hourly file, the
following three possibilities, one of which may occur at any
given hour, must be considered.

il

Condition 1: sensible load DB £ 780F

0
latent load > 0  RH = 58%

It would seem that only dehumidification is reguired.
However, the sensible heat added to the space by the VCD or
GRDD must be considered. If the indoor dry-bulb due to this
heat addition exceeds 780F, the a/c must be turned on. But,
purely from the data available in the output file it is
impossible to predict the ensuing room conditions and the time
when the indoor temperature is about to exceed 780F. On the
other hand, to run the a/c to remove all the sensible heat
added by the dehumidifier even when the indoor temperature is
less than 78CF would be superfluous and defeat the economics.

This case poses a major problem in the analysis.

780F
58%

Condition 2: sensible load > 0 DB
‘ latent load > 0 RH
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In this case, depending on the sensible heat fraction (SHF) of
the air conditioner at the indoor and outdoor conditions, the
a/c will remove the sensible load, including the heat added by
the dehumidifier, and, and for the VCD option, a portion of
the latent load. If, in removing the sensible load, the
latent load removed by the a/c is more than the latent load,
the room RH will fall. There is no way of predicting the
resulting indoor RH from the MADTARP output files. If less
than all of the latent 1load is removed by the a’‘c,
apportioning the latent load between the VCD and a/c makes the
analysis possible.

Condition 3: sensible load > 0 DB = 78°F
latent load =0 RH < 58%

If the house relative humidity level was very low {(much less
than 58%) the a/c may operate under dry coil conditions to
remove the sensible load. Dry coil conditions did not present
any analy51s problems because there was not a latent load.
However, at higher relative humidity levels {(but less than 58%
for this case) the SHF of the air conditioner may be less than
1.0. Therefore, some latent load might be removed, causing a
drop in humidity level which would not be reflected in the

analysis.

In the present analysis the machine capacities and operating
costs were generated by comparing the hourly MADTARP outputs
of the typical and the ideal runs. The analysis was carried
out for an indoor setpoint of 789F and two RH setpoints for
the ideal runs (58 and 68%). In the VCD plus a/c system, 1t
was assumed that the VCD removed the difference in latent
loads between the typical and ideal runs for any given hour;
whereas in the case of the GRDD plus a/c system, the
dehumidifier removed all the latent load and the a/c removed
only sensible loads. In both cases the sensible heat added by



the dehumidifier was added to the corresponding sensible loads
reported in the MADTARP analysis. The regenerative heating in
the case of the VCD was 2400 Btu/lb H30 removed and 295 Btu/lb
HyC removed in the case of the GRDD. These values were taken
from the data developed by Marciniak, et al., [1985] under
separate contract with GRI. The capacities of the a/c¢ in both
systems were based on the peak hourly cooling loads; the
capacity of the VCD and GRDD were based on peak daily loads.
The costs of the systems were estimated using formulae and
data given in Marciniak [1985].

Following this procedure, the operating costs of each system
were calculated for each city.

The difference in the initial costs of the two systems was
chosen to represent the initial investment and the difference
in the operating costs represented the savings. From this,
the simple paybck (SPB) in years was calculated as follows:

SPB = Ipitial Investment = GRDD-VCD ipitial_cost ' (5-1)
Savings/Year VCD-GRDD annual operating costs

Also, to indicate economic viability, the return on investment
(ROI) was calculated. The ROI is the discount rate at which
the initial investment equals the present worth of lifetime
savings. The formula used is:

1 1+i N o
Present worth = §* === (l=(-—=-=) ) if id {5=2)
{(d=-1i) 1+4d
S* N(1+1) if i=d

where
d - discount rate = ROI when present worth is equai
to the initial investment
i - inflation rate of fuel displaced
N - life in years
S - initial savings per year



If the ROI calculated is greater than the market discount
rate, then the system may be considered economically viable as
a long~term investment.

A life-time of 10 years and a fuel inflation rate of 2.5% were
used throughout the analysis.

5.2 ECONOMIC RESULIS

Economic analysis of the GRDD system versus the VCD system was
carried out for four building types in nine cities. Further,
the analysis was carried out using a two-tier utility pricing
system, one with geographically dependent gas and electricity
costs and the other with uniform utility prices based on
average prices in all cities (7.77 cent/kWh for electricity
and 62.4 cent/therm for gas). This was done to demonstrate
the influence, if any, of location as well as utility costs on
the economics. The electricity and gas prices were obtained
from Kosar [1985]. Figure 5-1 compares the gas and
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Figure 5-1 Comparison of utility prices in different cities
expressed in geguivalent units to show
differences.
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electricity prices 1in the nine cities. Note that a
pseudo-equivalent unit for gas price (kWhg) was used to show
differences in utility costs. The equivalent gas price in all
cities 1is less than half of the electricity cost. This,
perhaps, 1is the single most important factor contributing to
the economic viability of GRDD systems.

5.2.1 Results Rased_opn Actual Costs

figure 5-2 compares the initial costs of the two systems in
nine cities for four building configurations. The initial
costs in the frame basecase buildings are higher than in other
buildings in all locations. The graph also highlights the
separate air conditioner and dehumidifier costs for gach
system. A large  portion of the initial cost is that of the
a/c in the VCD system. For the GRDD system the a/c cost is
reduced somewhat but GRDD cost is substantially increased,
making net system costs higher for the GRDD system.

The reason for the different system a/c requirements is that
in the VCD system the a/c removes all the sensible load as
well as a portion of the latent load, while in the GRDD system
the a/c removes only the sensible load. AlsO, the amount of
sensible heat added to the space by the yCD system is almost
eight times that £or the GRDD system, for every pound of

moisture removed [{Marciniak 19851].

In all city and building type combinations, except Charleston
for the frame basecase house, the initial investment on the
GRDD system 1s higher than the yCD system. The difference in
initial system costs is shown 1in Figure 5-3. The extra
investment requirement of the GRDD system varies anywhere from
a few dollars in Houston for the block passive radiator
building to about $400 in St. Louis for the basecase and
enerqy conserving buildings. This extra investment is not
substantial, and a user can be expected to willingly spend

this extra amount if he can obtain a reasonable return on his
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investment {(and particularly if he proposes to 1install a
dehumidifier anyway).

Figures 5-4 and 5-5 compare the annual operating costs of the
two systems in each city for geographically dependent utility
costs and uniform utility prices, respectively. Figure 5-6
compares the annual operating cost savings of the GRDD system
over the VCD system. The savings are considerable, especially
in humid climates such as Miami, Houston and Orlando. The
higher annual savings are obtained where the latent load to be
removed is highest (e.g., the frame basecase house or the
block passive-radiator building). 1In fact, the operating cost
of only the a/c in the VCD system is almost equal to the total
operating cost (dehumidifier plus a/c) in the GRDD system.
The high a/¢-VCD operating costs are primarily due to the
intensive amount of sensible heat added by the dehumidifier in
the VCD system. Assuming uniform utility prices in all cities
does not alter these trends. Notable operating cost
differences are obtained in Miami and Houston only.

Figure 5-7 compares the simple payback of the initial cost
difference of the two systems for the four building types in
all cities. All four building types in all cities but St.
Louis show paybacks of less than three and a half years. The
payback of the frame base house in Charleston and the block
passive-radiator house in Houston is immediate because the
initial system cost difference is negative. The returns on
investment for each c¢ity and building types are shown in
Figure 5-8. Barring the block passive-radiator building in
Charleston, the return on investment ranges from 13% to 350%.
The extremely high return on investment in Charleston for the
block passive-radiator building is attributed to an extremely
low required investment differential ($25) and a relatively
high annual savings($300). The return on investment £for the
Charleston basecase building and the Houston block
passive-radiator building cannot be calculated because the
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initial investment differential 1is negative (see Equaticn
S-l) .

5.2.2 'Results Based on Required ROI and Payback

In view of the fact that the GRDD costs are difficult to
estimate accurately, an alternative approach to the economics
was alsc studied. In this approach maximum allowable
investment for a desired ROI or payback is calculated based on
operating cost savings potentials.

Figures 5-9 and 5-10 give the maximum allowable initiail
investment differential for ROIs of 10%, 15% and 20% for
geographically dependent and uniform atility prices,
respectively. In all cases except in St. Louis for the frame
conserving and block passive building, the estimated
investment cost for the GRDD system is always less than the
maximum allowable, even for 20% ROIs and regardless of the
utility pricing scheme used.

Similarly, Figures 5-11 and 5-12 show the maximum allowable
investment differential between the two systems based on
paybacks of 3, 5 and 7 years for geographically dependent and
uniform utility prices, respectively. In most cases, for
desired paybacks of 3 years the estimated cost differential is
less than the maximum allowable differential.

5.3 OTHER MARKETING AND ECONOMIC. CONSIDERATIONS
The results of the economic analysis are clear. Given the

choice between a VCD or GRDD dehumidification and air
conditioning system, almost any potential user should choose
the GRDD system. However, from a market potential perspective
these results may be guite misleading.

The analysis assumes an upper RH limit of 58% for the
conditioned room. This represents the upper limiting
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condition of the ASHRAE Standard 55-1981 for human comfort at
a room temperature of 789F. There 1is absolutely no firm
evidence to indicate that homeowners or building occupants
will seek extra dehumidification capacity 1if room relative
humidities exceed this limit.

According to the Association of Home Appliance Manufacturers,
591,000 electric dehumidification units were shipped in 1984.
There is no specific knowledge of the total dehumidification
capacity this number of units represents. However,
informatidn obtained from Sears Roebuck, Inc. (which hold 40%
of the total market) indicates that the largest majority of
their sales of such equipment is in the 30-40 pint per day
range. Furthermore, Sears estimates that only 10% of their
sales are in the southeastern Gulf Coast sector of the U.sS.l.
This estimate indicates that no more than 60,000 electric
dehunidification units with a total capacity of 245,000 pints
are sold for summer dehumidification. It further indicates
that southern home residents may not be overly concerned with
room humidity levels which exceed 58% RH.

In order to examine the degree to which the 58% room RH limit
has affected the results of this economic analysis, four
climates (Miami, Houston, Orlando and Atlanta) have been
evaluated for the basecase and energy conserving frame
residences at room humidity upper limits of 68% RH. The 68%
RH limit was chosen because current research ([Humphries,
19721 and [Sterling, 1985]) indicates that this may be an
upper threshold for the growth of mold and mildew in enclosed
spaces. This is substantiated in part by the sales figures
for dehumidifiers. Marketing analysts for Sears and other
companies assume (and probably correctly) that upward of 90%

1, phone conversation between P. Fairey and Assistant National
Markéting manager for Plumbing at Sears headguarters in

Chicago.
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of the dehumidifier sales in the U.S. are to relieve summer
basement moisture problems in the relatively cool climates of
the northeastern U.S. Without such dehumidification equipment
there is ample reason to believe that mold, mildew and rust
would constitute significant problems for the homeowner under
circumstances where cold basement walls contact relatively

humid basement air.

The results of this analysis indicate that similar problems
would occur in the humid southeast as well. For passively
cooled buildings the problem could be extensive. Figure 5-13
shows that for each of the four major climates a shift in room
RH'patterns occurs for passively cooled buildings. The extent
of the shift depends heavily on the degree of cooling done by
the hybrid/passive system.

The results of the economic analysis are given in Figure 5-14.
They show a marked increase in simple payback periods for the
68% RH limit. Nonetheless, for certain climates and building
strategies a significant incentive still exists for the use of
dehumidification equipment. Although payback periods climb to
as high as seven years in Miami for the energy conserving
residence, they are as low as nine months in Houston for the
basecase residences. Payback periods of less than three
years are obtained for appropriate passive cooling methods
(e.g., radiator in Miami, earth-tube in Atlantal). This 1is
indicative of the fact that gas-fired dehumidification may be
a cost-effective solution to the high humidity problems faced
by passive residences in the hot, humid southeast.
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