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ABSTRACT

Air conditioning operating costs for commercial buildings can
be reduced significantly by using a desiccant dehumidifier and an
indirect evaporative cooler in conjunction with a vapor compression
machine. A hybrid air conditioning system of this sort is pre-
sented, and models for the individual components are developed.

Performance maps are developed which enable the operating
characteristics of the hybrid system to be analyzed. Effects of
ambient conditions and the size and type of building loads on system
performance are studied using this concept.

Fourkmethods for supplying the desiccant regeneration thermal
energy are presented and examined. Long term system performance of
each of these methods are presented for a variety of U.S. locations.

The hybrid system which reclaims condenser thermal energy for
regeneration is shown to be the most economical of the systems
studied. Its use can provide significant annual fuel savings com-

pared to a conventional vapor compression system.
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CHAPTER 1 INTRODUCTION

Webster's Third New International Dictionary (1971) defines
the word 'hybrid' as, "Having characteristics resulting from the

blending of two diverse cultures."

When applied to commercial air
conditioning, the two diverse cultures of a hybrid system refer to
the vapor compression cooling systems in use today and the new
desiccant cooling systems being proposed for residential use. A
hybrid air conditioning system combines a desiccant dehumidifier
for latent cooling with a vapor compression machine for sensible
cooling. This work will study the features of one such hybrid
cooling system for use in conditioning small commercial buildings.
As it will study only one basic system configuration it cannot be,
and is not intended to be, an all-encompassing assessment of com-
mercial hybrid systems in general. Rather, analysis of the operating

characteristics of the system developed here will hopefully be used

as a cornerstone for future hybrid studies.

1.1 Air Conditioning of Commercial Buildings

Commercial buildings often have significant heat generation
within their structure, due to people, lights and other heat-
generating equipment. Due to the tight construction of these build-
ings, there is not enough infiltration of outside air to remove this
internally generated heat, so it has become necessary to supply

virtually all commercial buildings with some type of air condition-



ing system.

Small commercial buildings typically have vapor compression
air conditioning systems for their cooling needs. The mechanical
refrigeration units in these air conditioning systems use a signifi-
cant amount of electrical energy, a high grade form of energy, to
provide this cooling. In addition to charging for the use of this
electricity, the electric utility companies also charge a 'demand'
rate to commercial users based on their peak electrical demand
(use). 1In the study of a small commercial building, Spielvogel [1]
showed that its peak electrical energy consumption occurs during
pea# air conditioning hours. In effect, what this means is that
commercial electricity users pay twice for their air conditioning
electrical energy; they pay for the electricity consumed (as we all
do), and they pay higher demand charges because the air conditioning
increases their peak electric demand. For this reason, there is
great interest in developing a commercial-sized air conditioning

system which is less electrical energy intensive.
1.2 Desiccant Air Conditioning of Commercial Buildings

In the mid-1960's, Dunkle [2] first proposed a method of resi-
dential air conditioning which did not rely heavily on electrical
energy, by using a desiccant for dehumidification along with evapor-
ative coolers and heat exchangers for sensible cooling. This concept
has spawned much research into developing desiccant air condition-

ing systems for residential use [3, 4, 5, 6]. To date, however,



3
very little has been done to apply the desiccant concept to commer-
cial-sized buildings. Close and Sheridan [7] extended the use of a
residential desiccant system to meet commercial-sized cooling loads.
Sheridan and Mitchell [8] examined the use of a commercial-sized
hybrid solar desiccant cooling system in Australian climates. Their
study showed great promise for an air conditioning system which com-
bines the present technology of a vapor compression system with

the advanced concept of desiccant dehumidification.

1.3 Objective

The objective of this work is to evaluate the potential of a
commercial hybrid air conditioning system similar to the one studied
by Sheridan and Mitchell. The evaluation will involve four major
steps:

1. Development of a computer model for the hybrid air
conditioning system applicable to small commercial build-
ings. This entails:

a) development of models for the individual system
components, and

b) development of a reasonable control strategy for
system operation.

2. Evaluation of various sources of thermal energy, includ-
ing solar collectors, for regeneration of the desiccant

dehumidifier.



3. Examination of the operating characteristics of the
hybrid system. In particular, studies will focus on the
system response to the building cooling load, the individ-
ual component performances and variations in the ambient
conditions.

4. Simulation of the hybrid system long-term performance for
various U.S. cities representing different climates and
load conditions.

Chapter 2 presents the hybrid system which is to be evaluated.

In Chapter 3, the component models which make up the system are
given, and the system control strategy is explained. Chapter &4
studies the operating characteristics of the hybrid system in re-
sponse to various external factors. Chapter 5 presents three al-
ternative methods for regenerating the desiccant in the dehumidifier,
and Chapter 6 gives the results of system simulations for the hybrid
system in various U.S. locations. The work is concluded in Chapter

7 with an assessment of the hybrid system as a viable air condition-

ing option.



CHAPTER 2 THE HYBRID AIR CONDITIONING SYSTEM

The development of a hybrid cooling system requires a know-
ledge of the air conditioning systems whose characteristics it
shares. In this chapter, the operation of a vapor compression sys-
tem and two desiccant air conditioning systems--the ventilation and
recirculation cycles-—-are detailed. A hybrid cooling system is
then presented which is a combination of the three systems men-
tioned above. A brief description of its operation is given to

make fully clear the system development in Chapter 3.
2.1 Standard Vapor Compression Air Conditioning System

A schematic drawing and psychrometric diagram of a typical
vapor compression air conditioning system is shown in Figure 2.1.
The system consists of one primary component, the%mechanical re-
frigeration (vapor compression) unit, which provides both the
sensible and the latent cooling. Return air from the building zones
at state 1 is mixed with fresh air at state 4, which produces air
at state 2 entering the cooling coil (evaporator) of the vapor
compression unit. Moisture from this air condenses on the cold
evaporator tubes, dehumidifying the air as it is cooled to the
supply air temperature of state 3. The air is thén delivered
back to the conditioned space (building) and follows the process
path from state 3 to state 1, called the load line, as it absorbs

the building sensible and latent heat gains.
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The major disadvantage of this system is that it is electrical
energy intensive. The entire cooling load is handled by a single
machine which is driven exclusively with electrical energy (wCOMP in
Figure 2.1). As mentioned in Chapter 1, a premium price is paid for
electricity used in the commercial sector.

Another disadvantage of this system is that the building temp-
erature and humidity level cannot both be regulated. Typically,
the building temperature is maintained at some acceptable level by
turning on the vapor compression unit when the building becomes too
hot. Because the cooling and dehumidifying processes occur simultan-
eously and are not independent, latent cooling is available only when
sensible cooling is needed. The amount of latent cooling available is
dependent on the cooling coil inlet state and the length of time the
refrigeration machine is on, rather than how much dehumidification the
building needs. The humidity level floats uncontrolled. Normally this
is not a problem, however, because sufficient dehumidification occurs
during normal system operation to handle typical latent loads, and the
building humidity 1ével floats within an acceptable range.

If strict humidity control is needed, the vapor compression
system must incorporate a reheat feature. The coil supply temper-
ature is set at a lower temperature, allowing sufficient condensa-
tion from the air. At this point the air is too cold to use in the
building, and must be reheated using an auxiliary source of energy.

The increased cooling and reheat required for humidity control in-

creases the air conditioning energy consumption considerably.



2.2 Desiccant Cooling Systems

Desiccant cooling systems were designed to reduce the operat-
ing expenses of residential air conditioning. The basic concept of
these systems is to replace the vapor compression air conditioner
with a desiccant dehumidifier for latent cooling and heat exchangers
and evaporative coolers for sensible cooling. These components re-
quire much less electrical energy than the vapor compression unit.
The dehumidifier does, however, require thermal energy for re-
generation of the desiccant.

Two of the more well-studied desiccant systems are the venti-
lation and recirculation cycles. Figure 2.2 contains a schematic and
psychrometric diagram of the ventilation cycle; Figure 2.3 contains
the same for the recirculation cycle. As their names imply, the
ventilation cycle uses outside air for the process air stream, while
the recirculation cycle reuses the room air.

Both the ventilation qnd recirculation cycles combine a de-
humidifier with regenerative evaporative cooling. The dehumidifi-
cation process resembles a constant enthalpy process. The airstream
is heated as it is dried out. Actually, the dehumidifier does not
reduce the total cooling load; it replaces the latent load with addi-
tional sensible load. However, the hot, dry air leaving the dehumid-
ifier can be sensibly cooled in a rotary heat exchanger (regenerator)
using evaporatively cooled air as the heat sink. This cooling is

essentially free (excluding power to turn the rotary heat exchanger)
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Recirculation Cycle Desiccant Cooling System
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and can be further increased by evaporatively cooling this cool air
leaving the regenerator. Both cycles use this principle to obtain
low cost air conditioning. They are very similar, differing only in
their source of the primary and secondary air streams. A more com-

plete discussion of these two cycles is given in [9].
2.3 Hybrid Air Conditioning Systems (General)

Hybrid air conditioning systems have been proposed as a means
of reducing the electrical energy consumption of commercial air con-
ditioning systems. This is done by combining the features of a vapor
compression system with those of the ventilation and recirculation
cycie desiccant systems. As mechanical refrigeration is the primary
source of electricity usage in a conventional vapor compression sYs~
tem, hybrid systems are designed to reduce the amount of cooling
which is required of the vapor compression unit, thereby reducing
the total electrical energy consumption.

Hybrid systems utilize a dehumidifier to handle the latent
portion of the cooling load, and one or more heat exchangers and
evaporative coolers to provide a portion of the sensible cooling.
Except for small parasitic power requirements, these components use
no electrical energy. This leaves only a fraction of the sensible
cooling load (no latent load) to be handled by the vapor compression
unit.

Along with the primary advantage of reduced electrical con-

sumption,‘hybrid systems also offer both temperature and humidity
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control. This is possible because the sensible and latent cooling
are handled independently. Regulation of the desiccant dehumidifier
will permit humidity control, while regulation of the vapor compres-
sion machine allows temperature control.

As stated earlier, the dehumidifier needs no electrical energy
for operation except for small parasitic power requirements. Howf
ever, the desiccant cannot adsorb moisture from the air indefinitely
without being regenerated. Regeneration is the addition of thermal
energy, which is low grade energy, to the desiccant for the purpose
of driving off the moisture it holds. The point to be made here is
“that hybrid systems offer a tradeoff; electrical energy consumption
is reduced at the expense of using thermal energy. If a source of

thermal energy is not available, it must be purchased.
2.4 A Hybrid Air Conditioning System Presented

In their study, Sheridan and Mitchell [8] examined a hybrid
codling system which contains a desiccant dehumidifier, an indirect
evaporative cooler and a vapor compression unit. The work presented
here will further develop this particular system, as it has shown
tremendous potential in Australian climates.

A simplified schematic of the commercial hybrid air condition-
ing system is shown in Figure 2.4. Fresh outside air at state 6 is
mixed with the building return air at state 1 to produce air at state
2. This mixing process allows the system to operate in either the

,ventilation or the recirculation mode, depending on the quantity of
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koutside air being brought in. The desiccant dehumidifier (DEH)
heats and dehumidifies the air to state 3. An indirect evapora-
tive cooler (HXR) uses the wet bulb temperature of the ambient
air, state 10, as a heat sink to sensibly cool the process air
stream to state 4. Additional sensible cooling tb the building
supply air condition, state 5, is accomplished with a vapor compres—
sion unit. The air is delivered to the conditioned space and follows
the process path from state 5 to state 1, called the load line, as
it picks up the building sensible and latent heat.

Moisture in the desiccant, adsorbed from the process air
stream in going from state 2 to state 3, must be driven off for
continued operation. To accomplish this, thermal energy is added
to ambient air, reaching a temperature at state 8 which will enable
the desiccant to be regenerated. A portion of this thermal energy is
supplied by the vapor compression condenser, heating the air to state
7. Additional thermal energy to reach the regeneration temperature
at state 8 is supplied by an auxiliary natural gas heater. The re-
generation stream is cooled and humidified to state 9 as it passes
through the desiccant and picks up moisture.

The location and effect of the system fans have been omitted
from the discussion and diagram of the system so as to make the
basic operation more clear. A complete detailed diagram of the
hybrid system will be presented in the final section of Chapter 3.
Chapter 5 will present some alterﬁative methods for supplying re-

generation energy to the desiccant which involve solar collectors.
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CHAPTER 3 HYBRID SYSTEM COMPONENT MODELS

In this chapter, the operation and control of the hybrid system
is explained fully. Each of the system components is examined in
detail. Simple, easily-calculated models representing the actual
complex heat and mass transfer processes involved are presented
for each of the components. The chapter concludes with a schematic

and psychrometric diagram of the complete hybrid system.

3.1 Building Controller

The primary function of the building controller is to determine
the desired supply air temperature and humidity ratio (Fig. 2.4,
state 5) to best meet the Euilding load while minimizing the system
energy required. It is assumed that the controller ‘'knows' the

building sensible and latent loads during any ‘time period.

I

3.1.1 Supply Temperature and Mass Flow Rate

A general rule of thumb states that air flow in a building
should not exceed 400 cfm per ton of cooling required. This estab-

lishes a minimum enthalpy difference beyween the supply and room

Bt

%

aité}of ~ 15 kJ/kg. That is, hR - hS > 15 kJ/kg. With this minimum
enthalpy criterion, the supply air temperature; TS’ and the system

flow rate, MSYS, are determined from energy balances as,

(h_, - h,) QSENS
T =T R S

S "R~ CP (QSENS + QLAT) (3.1)

¢ ™I
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_ QSENS

MSYS = Ty~ T (3.2)
where
T = air temperature, °C
h = air enthalpy, kJ/kg
QSENS = building sensible load, kJ/hr
QLAT = building latent load, kJ/hr
CP = air specific heat, kJ/kg-°C

and subscripts S = supply

R

room

If the calculated value of MSYS is less than the fresh air vent-
ilation requirement, MVENT, then MSYS is set equal to MVENT and the

supply air temperature is recalculated1 as,

= _ QSENS
Ts = Tx = Nsvys x cp (3.3)

3.1.2 Supply Humidity Ratio

A mass balance on the building yields the following differen-
tial equation for the time rate of change of the room (building)

humidity ratio:

+ 'y
c‘lwR L MSYS | _ MLIQ we x MSYS 5
dt MB R MB :

lThe 400 cfm per ton criterion is no longer in effect.
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where
wp = room humidity ratio, kg/kg
MSYS = system flow rate, kg/hr
MB = building moisture capacitance, kg
wg = supply humidity ratio, kg/kg
MLIQ = QLAT/HFG
QLAT = building latent load, kJ/hr

HFG = latent heat of vaporization of water, kJ/kg

For an initial room humidity ratio, Voo the solution to the dif-

ferential equation is

MLIQ + wg x MSYS MLIQ + wg x MSYS | ~ ﬁsi—g-’i—t
w. = + W. - e
R MSYS RI MSYS (3.5)
There is a maximum permissible room humidity level, LYNG specified
by ASHRAE [10] for maintaining comfort. Substituting LYIN ¢ for Wps

equation 3.5 can be solved explicitly for the maximum allowable
supply humidity ratio, WoMAX As this is the humidity ratio the
controller will 'tell' the dehumidifier to supply, this ensures that
the air conditioning system does not dehumidity any more than is
absolutely necessary to-maintain occupant comfort (per ASHRAE [10]).
If the ambient humidity ratio, w,, is less than WoMAX the
controller instructs the economizer to supply 1007 outside air.

' This means the supply humidity ratio is Wp instead of w , and

SMAX

the corresponding room humidity ratio (Eq. 3.5) will be less than

W, Under these conditions, no dehumidification of the supply air

MAX®
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is needed.

It is possible under high sensible loads for the supply condi-
tion (TS, WS) determined by the controller to lie to the left of the
saturation line on a psychrometric chart. These air states do not
physically exist. A curve fit for W (kg/kg) as a function of Tg
(°C) at the saturation line, in the region with which we are con-

cerned, was developed as:

. -5 _ 1.6005 -3
weup = 8-087 x 107 Tg + 4.377 x 10 (3.6)

If Wg is greater than W We have a condition as described above
where (TS, ws) lies to the left of the saturation line. 1In this

situation, the controller sets w, equal to Woams which is less

S

than WS.

3.2 Return Air Vents

Air which leaves the building zones is passed across the room
lighting fixtures, removing a portion of the lighting load before
it is felt by the bccupants. Anywhere from 307 to 80% of the light-
ing load is typically removed by using return air vents along the
lighting fixtures [11]. The building modeled here is assumed to
remove 407 of the lighting load. The return air temperature, T_,,

is:

- .40 QLITES
Tra = TR * 578 x P (.7)



19

where

Ty = room temperature, °C
QLITES = total lighting load, kJ/hr
MSYS = system flow rate, kg/hr
CP = air specific heat, kJ/kg-°C

3.3 Economizer

The economizer governs the ventilation and recirculation modes
’of operation. That is, it regulates the amount of fresh outside
air to be introduced into the building. Figure 3.1 illustrates
the economizer control scheme. If the outside enthalpy, hA, is
greater than the return air enthalpy, hRA’ the system uses only
the minimum required outside air and recirculates the return air
(recirculation mode). If the outside enthalpy is less than that
of the return air, 100% of the building air requirement is brought
in from the outside and the return air is exhausted (ventilation
mode) . Outdoor air below the supply enthalpy, hS’ is mixed in the
proper quantity with return air to deliver supply air at hS' This
is a free cooling mode. Beyond some point, the outside air is too

cold, and mixing with return air will require additional heating.

Our system ignores this condition.
3.4 Rotary Desiccant Dehumidifier

The dehumidifier used in the hybrid system is a rotary type

heat and mass exchanger containing nominal silica gel as the desic-
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cant., Its performance is modeled using the non-linear analogy theory
proposed by Banks [12]. This method assumes that the mathematical
description of the heat and mass transfer taking place within the
rotary dehumidifier is analogous to that of heat transfer only in’

a rotary heat exchanger.

Potential lines, denoted F. and F2, describe the ideal process

1
path for the air stream. Referring to Figure 3.2a, where P is the
process stream inlet state and R is the regeneration stream inlet
state, the ideal process stream outlet state is at the intersection
of the process stream F; line and the regeneration stream F, line
and is denoted D*. Jurinak [9] has developed three-parameter curve
fits to the Fl and F2 potentials for nominal silica gel. They

are functions of the air stream temperature (°K) and humidity ratio

(kg/kg) given by:

_ =2865 .8624 ~
Fl = ;E:Z§B-+ 4. 244w (3.8)
1.490 :
_T .07969
F2 = -6——36—0—-‘— - 1.127w (3.9)
Two effectivenesses of the Fl and F2 potentials, € and €, ,
Fl F2

determine the actual dehumidifier outlet state. Banks [12] defines

these effectivenesses as:

gl L , i=1,2 (3.10)
F - F
Fi iR iP

where D is the actual outlet state. Figure 3.2b illustrates this

effectiveness concept. Note that for the ideal dehumidifier,
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) = 0.0 and ¢ = 1.0.

F )

The dehumidifier is modeled as an infinite capacity machine.
This implies that the dehumidifier outlet state D is not affected by
the mass flow rate of the process or regenerating streams (provided,
of course, that reasonable flows are chosen). Unlike the residential
desiccant systems, the hybrid system varies the regeneration temper-
ature to provide only the minimum amount of latent.cooling required,
rather than operate at a fixed regeneration temperature. The ad-
vantage of this is that a minimum of auxiliary thermal energy for
regeneration is used. The disadvantage is that at any time, the re-
generation temperature is not known. Equations 3.8, 3;9 and 3.10
must be solved implicitly using Newton's method to determine both
the process outlet temperature at state D and the regeneration
temperature. The process outlet humidity ratio is known from the
building controller (WS) and the regeneration humidity ratio is the

same as the ambient.
3.5 Fan

The fan model calculates the power consumed by each fan in the
system and the amount of heat which is added to the building because
of the fan motors. It is assumed that the entire fan heating load
enters the air handling ducts directly, for ease of calculation.

The total system static pressure drop is needed for computa-

tions, and is calculated as,



(3.11)

2
MSYS =
= % (=12
APsrarrc = 2(OP) * Gpasy)
where
Z(APi) = sum of the duct and component pressure drop (Pa)

at a reference flowrate, MBASE

MSYS

[}

system air flow rate, kg/hr
The ideal static fan power is

= MSYS * A

WeraATIC Psrarrc/ P

where

P = air density, kg/m3

The shaft power is defined as,

w =
SHAFT WSTATIC/nf,S

where

= gtatic fan efficienc
Ng s y

b

Tht total power required is then,

Wrorar = Wsaarr/Nd,m

where

n = drive-motor efficiency
d,m

(3.12)

(3.13)

(3.14)

Finally, using a first law energy balance, the heat added to the

airstream is,

24
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QFAN = Wpopar, ~ WeraTIC (3.15)
= Az - o D F Weparic (3.16)
f,s 'd,m

The outlet temperature of the fan is then calculated as,

Topy = T gFAN

FAN IN  MSYS x CP (3.17)

3.6 Indirect Evaporative Cooler

The indirect evaporative cooler is modeled after a plate type
crossflow sensible heat exchanger described by Pescod [13]. Water
is sprayed into the secondary circuit passages to evaporatively
cool an ambient air stream. Sensible heat transfer occurs between
the warm process air from the fan and this wet bulb temperature
heat sink. No moisture transfer occurs between the two air streams.
Pescod defines an overall effectiveness for rating the cooler per-

formance as

IN ouT

N Ty = Tour
e T T - T (3.18)
IN wb
where T is the process stream inlet temperature, T is the

process stream outlet temperature and T is the wet bulb tempera-

wb

ture of the secondary stream.

3.7 Vapor Compression Unit

The vapor compression performance is based on published data

from the Trane Company and Carrier Corporation. A general model
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for the coefficient of performance (COP) resulted from a non-linear
regression analysis of Trane 20-70 ton rooftop air conditioner data
at standard evaporator and condenser inlet conditions [14]. The

resulting model was modified to account for non-standard operating

conditions using data for the Carrier 38HQ Weathermaster III heat

pump [15].
COP = 3.68 + .162 FLR * TON * e 'LOJFLR x TON - . qpp
(3.19)
- .0073 TON - .03998 (T, - TEVAP - 15)
- QEVAP
FLR = TON x 12000 x 1.0548 (3.20)
: QEVAP = MSYS * CP (TIEC - TS) (3.21)

where
FLR = ratio of the cooling load to nominal cooling capacity
QEVAP = cooling load, kJ/hr
TON = nominal cooling capacity, tons
TA = air temperature entering condenser (ambient), °C
iEVAP
MSYS = system flow rate, kg/hr

= wet bulb temperature of air entering evaporator, °C

CP = air specific heat, kJ/kg-°C
TIEC = air temperature entering evaporator (from IEC), °C

Ty = supply air temperature, °C

Equation 3.19 is wvalid for machines between 20 and 70 tons in size.
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Also, it is only valid for a fractional load ratio (FLR) between
25% and 100%. However, errors in the COP prediction below FLR = .25
probably will not result in a significant energy use error, as the
loads under these conditions are small.

Using the definition of COP, the compressor work is computed

as,

- QEVAP
"omp = cop (3.22)

The heat rejected at the condenser is the sum of the cooling load

and the compressor work,

= W
QCOND QEVAP + CoMP (3.23)
= QEVAP (1 + —— (3.24)
Q coP :
The temperature of the air leaving the condenser is,
TCOND = T, + —JCOND (3.25)

A  MREG x CP

where

MREG = condenser airflow rate, kg/hr
3.8 Auxiliary Heater

The auxiliary heater is modeled as a natural gas burner with
infinite capacity for supplying thermal energy to the regeneration
air stream. The required regeneration temperature, TREG? is deter-

mined by the dehumidifier (sec. 3.4) and relayed to the auxiliary
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heater. The heater controls an intake/exhaust vent to the outside.
In this way, it can maintain TREG exactly. If the air entering the

heater is lower than TREG’ it is supplied with the necessary amount

of energy. If the air temperature exceeds T entering the heater,

REG

ambient air is mixed with it to obtain TREG’

The auxiliary thermal energy required to maintain TREG is com-

puted as,
+
QAUX = MREG x CP (TREG - TIN) (3.26)
where
MREG = regeneration flow rate, kg/hr
CP = air specific heat, kJ/kg-°C
Ty = inlet air temperature to heater, °C

and "+" indicates that only positive values are considered (other-
:
wise, QAUX = 0).
The purchased natural gas must have an energy content greater

than QAUX due to the inefficiency of the combustion process. For

this analysis, the heater is assumed to have an efficiency of 707%.

3.9 Complete Hybrid System

The simplified schematic and psychrometric diagram presented
in Chapter 2 can now be replaced with a detailed schematic of the
system which will be used in this work. Figure 3.3 shows a detailed

schematic of the hybrid system, while Figure 3.4 is its correspond-
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ing psychrometric process. They are quite similar to those pre-
sented in Chapter 2 with a couple of exceptions. Three system fans
have been added, as well as the building lights. This is the basic

system which will be analyzed in the following chapters.
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CHAPTER 4 OPERATING CHARACTERISTICS OF HYBRID COOLING SYSTEMS

The quantities of importance which characterize air condi-
tioning systems are the amounts of energy which they use to achieve
satisfactory cooling. In this study, we are concerned with three

general energy uses: compressor power (W ) for the vapor com-

coMpP
pression unit, fan power (wFAN) to move the air, and auxiliary ther-
mal energy (QAUX) for regenmeration of the desiccant. Other parasitic
energy uses are ignored. They are small compared with the three

mentioned above (W and QAUX) which will be used to char-

comp® "FAN
acterize system performance.
System performance is affected by the intéractiéns between the
ambient conditions, the system control strategy, the building load,
individual component performance, and others. This chapter studies
these interactions, ultimately to determine under what conditions,

if any, the hybrid system performance is superior to that of a con-

ventional vapor compression system.
4.1 Effect of Ambient Conditions on System Components

Each of the major components in the hybrid system interacts,
sometimes subtly, with the ambient. One would expect their per-
formance to change as the ambient conditions change. This section
examines all of the interactions between the outdoor conditions and

each of the system components.
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4.1.1 Economizer

The ambient affects the economizer in two ways. In the first,
it determines which mode, ventilation or recirculation, the economi-
zer will select for operation. The second effect is more subtle.
Because the economizer mixes outside air directly with return air in
the recirculation mode or supplies outside air alone in the venti-

’ lation mode, any change in the ambient conditions will change the
air state which it delivers to the dehumidifier. This in turn would

have an effect throughout the entire system.
4.1.2 Desiccant Dehumidifier

Figure 4.1 best illustrates the change which occurs in the de-
humidifier operation when the ambient conditions change. For a
fixed outlet state, the ambient humidity ratio determines the re-
generation temperature, while the ambient temperature has no effect
at all. Figure 4.1 shows that an increase in the ambient humidity
ratio increases the regeneration temperature necessary to maintain a
constant outlet humidity ratio. In an ideal dehumidifier, as in
Figure 4.1, the outlet temperature would remain the same. But for

a real dehumidifier, the outlet temperature would increase also.
4.1.3 Indirect Evaporative Cooler

The indirect evaporative cooler uses evaporatively cooled am—

bient air as the secondary stream of the heat exchanger process.
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Figure 4.1 Effect of ambient humidity ratio on the regeneration
temperature of a desiccant dehumidifier for a fixed
outlet state
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As shown in Figure 4.2, an increase in the ambient wet bulb temper-
aturel will reduce the indirect evaporative cooler's cooling poten-
tial. This will mean more cooling must be done by the vapor com-

pression unit, and more power consumed.
4.1.4 Vapor Compression Unit

The vapor compression condenser is cooled by the ambient air.
As shown in Equation 3.18, the unit COP decreases as the ambient
temperature increases. More compressor power is needed under
these conditions. The impact of this interaction is far greater
for the vapor compression system than for the hybrid system because
the vapor compression system relies exclusively on mechanical re-
frigeration for total cooling. Any adverse effect to the COP hurts

the vapor compression system the most.

4.2 Effect of Ambient Conditions on Control Strategy

In addition to affecting the system components, the ambient
conditions affect the way the system is operated. A psychrometric
chart is a convenient way to represent the hybrid system control
strategy for any ambient condition. Figure 4.3 divides a chart into
regions of ambient conditions in which the system will operate in

the ventilation or recirculation modes. The figure is further

1 . . . ;

Technically, the thermodynamic wet bulb, or adiabatic satura-
tion, temperature. The evaporative cooler model is based on the
adiabatic saturation process.
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divided to show which hybrid components are to be used for any
climatic condition to deliver the required supply air. Regions 4
and 5 make up those ambient conditions whose humidity ratio is less
than br equal to the supply humidity ratio as determined by the
building controller (sec. 3.1.2). 1In these two regions, the
desiccant dehumidifier is not used (auxiliary thermal energy for
regeneration is zero in these regions). Above the supply humidity
ratio, regions 1, 2 and 3 all require dehumidification to meet the
supply condition.

Note that regions 3 and 4 do not require the use of a vapor
compression unit. In these regions, the supply temperature is
sufficiently above the wet bulb temperature of the ambient air that
the indirect evaporative cooler can supply the full sensible cooling.

A point to be made of all this is that, while the system com-
ponents perfor;ance are affected.by the ambient conditions, the con-
trol strategy 1s also a function of the weather and this determines

which of the system components are used at any given time.
4.3 Performance Maps

In section 4.2, a psychrometric chart was used to illustrate
the hybrid control strategy for any ambient condition. We can
extend the use‘of the psychrometric chart even further to show
the level of system performance at any ambient condition. Using
electrical and thermal energy consumption as a measure of system

performance, contour plots of energy consumption as a function of
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the ambient temperature and humidity ratio can be overlaid on a
psychrometric chart. These performance maps, as they shall be
called, have the benefits of:

1. Convenient way to summarize system performance for

any climate.
2. Easy to analyze the system using Figure 4.3 and Section
4.1.

3. Trends are easily seen.

4. Convenient for parametric studies.

Performance maps will be used throughout this chapter in the manners
mentioned above.

To generate the performance maps, the building cooling system
is subjected to a dummy load, and the steady-state operation of the
system is simulated over a wide range of ambient conditions. The
purpose of using a dummy load is to eliminate changing loads as a
reason for any changes in system performance. Because the load is
artificial, the pérformance maps are generic, rather than for a
specific building size and construction. A large well-constructed
building may well have similar loads to a smaller, poorly-con-

structed one in the same climate.

4.,3.1 Base Case Performance Maps

To allow later comparison, a base case system was established
using the parameters found in Table 4.1. The component efficiencies

and effectivenesses are reasonable values, achievable with present



TABLE 4.1

Base Case System Parameters

System Parameters

Total load 209 MJ/hr

124 MJ/hr

Sensible load

Regeneration flow (MREG) = .60 x system flow (MSYS)

Component Parameters

Dehumidifier, € = .08
F
1
€ = .95
Fy
Indirect Evaporative Cooler SIEC = .,9025
Fan n = .70
f,s
n = .70
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technology;

The regeneration air flow rate is set at 60% of the process air
flow. This is consistent with what Jurinak [9] has shown to be the
optimum flow for cycles operating in the recirculation mode.l While
the hybrid system does not always operate in the recirculation mode,
the ventilation mode is used only when no dehumidification of the
outside air is required (and thus no regeneration stream is required)
or when the outside air enthalpy is less than the return air (see
Figure 4.3). With this arrangement, air entering the dehumidifier
is always in the range of that found under recirculation mode condi-
tions.

Figure 4.4a is the base case performance map of the total elec-

trical energy use ( WFAN) for the hybrid system; Figure 4.4b

wEOMP +
is the same for a vapor compression system. As the ambient temp-
erature or humdity ratio increase, both systems increase their
electrical energy wuse. This is due to the effects discussed in
sections 4.1 and 4.2. The constant electrical energy lines are
steeper for the vapor compression system, showing that it is less
affected by changes in the ambient humidity ratio than the hybrid

; 2 . :
system. Of its two systems components, only the economizer is

affected by the ambient humidity ratio. The hybrid system de-

1Jurinak's conclusion is based on the operation of a finite
capacity dehumidifier. Our assumption of an infinite capacity
dehumidifier is realistic only if a reasonable regeneration flow
rate is chosen.

2Vapor compression unit and an economizer.
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humidifier, indirect evaporative cooler and economizer are all
affected by the ambient humidity ratio.

The break in the contour lines for the vapor compression system
occur at the supply air humidity ratio. Below this point, 100%
outside air is used for cooling and does not require dehumidifica-
tion. Above the break, additional electrical energy is used to
dehumidify the air. There is no discontinuity in the contour lines
for the hybrid system, Figure 4.4a, because all dehumidification
is done by the desiccant dehumidifier which needs only thermal, not
electrical, energy for operation.

Note that over the entire range of climatic conditions
studied, the hybrid system uses less electrical energy than the
vapor compression system.

Figure 4.5a is the base case performance map of the ratio of
hybrid compressor work to vapor compression system compressor work
(compressor power ratio, CPR). The CPRAtends toward zero at low
temperatures and humidity ratios. The control strategy plot of
Figure 4.3 helps explain this: the system is operating near regions
3 and 4 where the hybrid system does not need the vapor compression
unit. However, in this region the vapor compression system uses
outside air to help reduce its load, and needs only a small amount
of mechanical refrigeration, so there is very little difference in
the compressor power used. At high temperatures and humidities,
the CPR increases but the difference in compressor power is

significant.
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The CPR lines resemble lines of constant enthalpy or constant
adiabatic saturation. The vapor compression system cooling load
is based on the enthalpy difference between the return and supply
air states. Along ambient constant enthalpy lines, this cooling
load remains constant. The hybrid system vapor compression unit
cooling load is based on the temperature difference between the in-
direct evaporative cooler outlet and the supply air states. But
along constant ambient adiabatic saturation lines, the outlet of
the indirect evaporative cooler stays nearly unchanged, and there-
fore the cooling load on the vapor compression unit remains nearly
unchanged. As the vapor compression cooling loads stay constant
along these lines, one would expect the CPR lines to be nearly
constant also.

Figure 4.5b plots the hybrid system auxiliary energy use under
the base case conditions. The slope of the curves changes dramati-
cally along the line which separates the ventilation mode region from
the recirculation mode region. In the ventilation mode, the auxiliary
energy is essentially independent of the ambient temperature, while
in the recirculation mode it is nearly independent of the ambient

humidity ratio.
4.3.2 Effect of Sensible Heat Ratio on System Performance

For the same total load of 200 MJ/hr, the hybrid system was
simulated with sensible heat ratios (SHR) of 1.0 and 0.0. The

sensible heat ratio is defined as,
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_ QSENS

SHR OTOT (4.1)
where
QSENS = sensible load, kJ/hr
QTOT = total load, kJ/hr

For the base case, the SHR = 0.60.

Figures 4.6a and 4.6b show the effects of decreasing the
sensible heat ratio. As the SHR decreases, the supply air state--
as determined by the building controller--moves along a constant
enthalpy linel to a warmer, drier state. The dehumidifier must
dry the process air to this lower humidity ratio, which increases the
regeneration temperature. Additional auxiliary thermal energy,
AQAUX, is required to meet this higher regeneration temperature.

Even with the increased dehumidifier outlet temperature (see
Fig. 4.6a), the indirect evaporative cooler is able to cool the
process stream to, or neérly to, the ambient wet bulb temperature.
Since the supply air temperature is increased, less sensible cool-

ing and less compressor work (AW ) is required of the vapor com-

COND
pression unit.
It is interesting to note that any process which reduces the

amount of compressor work also reduces the amount of heat added to

the regeneration stream at the condenser. The implication is that

lThe controller maintains a 15 kJ/kg enthalpy difference
between the room and supply air states.
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it may not be optimal to reduce the vapor compression work to zero,
as the auxiliary energy requirements may skyrocket.

Performance maps of the hybrid electrical energy use at dif-
ferent sensible heat ratios are found in Figures 4.7a and 4.7b. As
predicted, there is a significant decrease in electrical energy
use as the latent fraction of the load increases (i.e., the SHR
decreases). The opposite is true as the SHR increases.

The hybrid auxiliary energy use is found in the performance maps
in Figures 4.8a and 4.8b. As the sensible heat ratio increases the
auxiliary energy use drops off dramatically, until at a fully
sensiblé load, auxiliary energy is required only at near-saturated
ambientkconditions. An outline of the control strategy map (Fig.
4.3) has been overlaid on Figure 4.8b to help distinguish the dif-
ferent regions of operation. Notice that the size of the regions
change, as do their locations, as the supply air state changes (due
to the changing sensible heat ratio). As the sensible fraction of
the load decreases, the line separating the regions which require
vapor compression cooling (regions 3 and 4, Fig. 4.3) from those
which do not (regions 2 and 5, Fig. 4.3), moves to the right on a
psychrometric chart. " At the high latent load in Figure 4.8b, this
line lies within the recirculation mode region (region 1). This
will never occur in practical cooling situations. That is, oper-
ation in the recirculation mode will always require some vapor

compression cooling.
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In the recirculation mode (region 1), the constant auxiliary
energy lines resemble the dehumidifier F2 lines at its regeneration
state. This is because the air state entering the dehumdifier is
relatively constant in the recirculation mode and therefore the re-
generation temperature is a function of the ambient humidity ratio
only. The ideal dehumidifier regeneration state will lie on the F2
line which passes through the dehumidifier outlet state.

At high regeneration temperatures, the F2 lines are quite
steep, so the regeneration temperature does not increase substan-
tially with an increased ambient humidity ratio. 1In this situation,
auxiliary energy use does not increase appreciably with the ambient

humidity ratio.
4.3.3 Effect of Load on System Performance

To determine whethe; the magnitude of'Fhe building cooling load
affects the system performance in any unusual ways, the dummy load
was increased from 209 MJ/hr to 313.5 MJ/hr. Performance maps in
Figures 4.9a and 4.9b show the hybrid and vapor compression systems
electrical energy use. Comparing these to the base case results in
Figures 4.4a and 4.4b, both systems have increased their electrical
energy use significantly, which is an obvious result. The only
effect to the process ai; stream is to increase its mass flow rate,
which increases the fan power and compressor work. The system

state points remain the same.
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Due to the increased compressor work, the heat rejected to
the regeneration stream at the condenser increases. The percentage
increase in condenser heat is slightly greater than the percentage
increase in the mass flow rate. Thus, the regeneration air stream
enthalpy out of the condenser increases with increased loads so

that slightly less auxiliary energy is needed.
4.3.4 Effect of Dehumidifier Performance on System Performance

The base case dehumidifier parameters of sFl = .08 and €F2 = .95
are achievable with present technology and describe a relatively
good dehumidifier. The performance map approach is a convenient
method of determining the system effect if poor dehumidifier para-

meters are selected. For this study, the parameters chosen for

system analysis are:

€ = .80
Fy

By increasing the Fl effectiveness and decreasing the F2
effectiveness, the equilibrium regeneration and outlet temperatures
are both increased. This is illustrated in Figure 4.10. The
effect of increasing the regeneration temperature is a significant
increase in the auxiliary energy‘used, as is shown in the perfor-
mance map of Figure 4.11. This increase occurs for all sensible

heat ratios.
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The higher dehumidifier outlet temperature has very lictle
effect on the process stream electrical energy use. The indirect
evaporative cooler is still able to cool the air nearly to the
ambient wet bulb temperature. The inlet condition to the vapor com-
pression unit is thus unchanged, so its electrical energy consump-
tion remains constant.

It is expected that improved dehumidifier performance would re-
duce the amount of auxiliary energy required, but again have little

impact on the electrical energy use.

4.3.5 Effect of Indirect Evaporative Cooler Performance on System

Performance

An ideal indirect evaporative cooler reduces the inlet air
stream to the ambient wet bulb temperature. While this is not
realistic, this would minimize the vapor compression electrical
energy used. Conversely, the poorer the indirect gvaporative cooler
performance, the higher will be its outlet temperature, and
compressor work will increase. Figure 4.12a is a performance map of
the electrical energy use for the hybrid system with an indirect
evaﬁorative cooler effectiveness of € = ,80. Compared with the

IEC

base case system (g .9025) of Figure 4.4a, the electrical

IEC
energy is shown to increase as expected.
One would expect that, as a result of the increased compressor

work, the system auxiliary energy use would be reduced. Figure

4.12b shows this to be true (when compared to the base case system,
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Fig. 4.5b).

To best see the effect of reduced indirect evaporative cooler
performance on the vapor compression unit, Figure 4.13 is a map of
the compressor power ratio (CPR). Comparing this with the base
case CPR map in Figure 4.5a, the contour lines have been shifted
down, meaning the gap between the vapor compressing and hybrid sys-
tems mechanical refrigeration power use is closing but it is still

significant.

4.3.6 Effect of Vapor Compression Performance on System Perfor-

mance

If the COP of the vapor compression unit is increased, the
electrical energy consumption for both the hybrid and the wvapor
compression systems will decrease. For an equal increase in COP
for each system, the compressor power ratio (CPR) between the two
will remain identical to that of the base case (Fig. 4.5a). But
this means that the absolute reduction (not fractional) in the
electrical energy use for the vapor compression system is much
greater, because it consumes much more. The point to be made is
that, as the performance of the vapor compression unit improves,
the hybrid system begins to lose some of its advantage over the
vapor compression system. Figures 4.14a and 4.14b show the electri-
cal energy use of the two systems when the COP is raised by 50%.

Again, the result of reducing the compressor power for the

hybrid system is to increase the amount of auxiliary energy needed.
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This is shown in the auxiliary energy use plot of Figure 4.l4c.

4.3.7 Concluding Remarks Regarding Performance Maps

The utility of performance map analysis is to spot trends in
system performance, to compare various systems, and to aid in the
understanding of the system operation. However, the performance
map data was generated using a fixed load, at a fixed room state,
and with a hybrid system that is slightly modified from the one
presented in Chapter 3. Because of these restrictive conditioms,
using data from the performance maps as representative of the
actual hybrid system under normal operationg conditions may not be
quite accurate. Results of simulations for the 'real' systems under
actual conditions are presented in Chapter 6, and these reflect

a more accurate portrayal of system performance.
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CHAPTER 5 METHODS OF SUPPLYING REGENERATION ENERGY

Hybrid systems offer a tradeoff in air conditioning operating
costs. They provide reduced electrical energy use over a conven-
tional vapor compression system, but at the same time they require
thermal energy for regeneration of the desiccant. The hybrid system
described in Chapter 3 reclaims the vapor compression condenser
heat to supply a portion of the thermal energy needs, while using
an auxiliary heater to supply the remainder. But is this the most
economical way to provide the regeneration energy?

In this chapter, tﬁe benefits and detriments of supplying the
regeneration energy using the condenser and auxiliary heater are
discussed. Three alternatives are presented involving the use of
a flat plate solar collector system. Each system will be simulated,
with the results being presented in Chapter 6 and an evaluation

made.
5.1 Strategies for Supplying Regeneration Energy

Four different methods for supplying thermal energy to regen-
erate the desiccant will be considered here. They are designated
S1-S4. Schematic drawings of the components involved in the re-
generation process are given. To eliminate confusion, fans have
been omitted from the drawings because, while they do contribute to
the thermal energy input to the regéneration stream, each option

(S1-S4) contains a fan, so they do not help distinguish one option
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from another.
5.1.1 Condenser and Auxiliary (S1)

Figure 5.1 shows diagrammatically the arrangement of components
to supply thermal energy to the desiccant using the vapor compres-
sion condenser and an auxiliary heater. This is the standard
method, as presented in Chapter 2. The condenser is cooled with
ambient air. If the air temperature at the condenser exit is below
the regeneration temperature, the auxiliary heater is turned on,
supplying the additional thermal energy needed.

Because this option does not entail use of a solar system, the
initial equipment cost of providing for regeneration is low. Another
advantage is that, generally, as the building load increases, the
condenser supplies a greater fraction of the required regeneration
energy (as explained in Sec. 4.3.3)t This results in a reduced

]

percentage of auxiliary energy being supplied.
5.1.2 Solar and Auxiliary (S2)

Equation 3.19 shows that the vapor compression unit COP in-
creases as the air temperature entering the condenser decreases.
This reduces the electrical energy consumption. Option S2 takes
advantage of this characteristic by‘ using a flat plate solar
collector array and an auxiliary heater to supply all of the regener-
ation energy. A cooling tower can then be used to provide air near

its wet bulb temperature to cool the condenser. The heat from the
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condenser is not used for regeneration. Figure 5.2 illustrates
this option.

The advantage of this arrangement, as mentioned, is that elec-
trical energy consumption is reduced due to the cooler air used in
the condenser. This advantage becomes more significant as the dif-
ference between the ambient wet and dry bulb temperatures incfease,
because the cooling tower can achieve a greater wet bulb depression
with the ambient air.

Because it relies on a solar collector system, the regeneration
stream relies entirely on the auxiliary heater during the night and
other non-solar times unless an energy storage system is provided.
The collectors will have a high first cost, above the S1 option,

and inclusion of a storage system will increase that cost.
5.1.3 Solar, Condenser and Auxiliary (S3)

Option S3 consists of an array of solar collectors, the vapor
compression condenser and an auxiliary heater operating in series
to provide the regeneration stream with thermal energy. If the
air leaving the solar collectors is at or above the regeneration
temperature,.the air is bypassed around the condenser. The con-
denser is then cooled with air from a cooling tower for improved
COP. This arrangement is shown in Figure 5.3.

With the bypass feature, the condenser is cooled with solar-
heated air a portion of the time, with cooling tower air a portion

of the time, and with ambient air (during non-solar hours) a portion
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of the time. The fractions of these times will depend on the cli-

mate, the load and the operating point of the system. Because of

all this, the COP may or may not be higher than that of the S1 op-

tion, and the electrical energy consumption may increase or decrease.
This option reduces the amount of auxiliary energy required be-

cause both the solar and the condenser heat are used. However,

like option 82, it has a high initial cost due to the solar collec-

tors and any accompanying storage system.

5.1.4 Condenser, Solar and Auxiliary (S4)

Option S4 is similar in appearance to option S3, except that
the positions of the condenser and the solar collectors have been
reversed. Condenser heat is added to ambient air before being
passed to the collector array. The regeneration stream bypasses
the collector array when the collector losses/exceed the gains, as
during nighttime operation. A schematic of option S4 is shown in
Figure 5.4.

The condenser is always cooled with ambient air, as in option
S1, and thus has the same vapor compression COP as option S1 (and
the same electrical energy usage). But with the addition of the
collector array, the amount of auxiliary energy required is reduced.
The economic question is whether this reduced auxiliary energy use

is worth the cost of the solar collectors.
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CHAPTER 6 ESTIMATES OF ANNUAL PERFORMANCE OF HYBRID AIR

CONDITIONING SYSTEMS

In Chapter 4, the characteristics of the hybrid system were
examined while operating under restricted load and building condi-
tions. While this is helpful in understanding the system operation,
the full potential of hybrid systems cannot be determined without
observing its performance under actual operating conditions. 1In
this chapter, the results of annual simulations for the four hybrid
system options (S1-S4), as described in Chapter 5, are presented for
a variety of U.S. locations. These results will be compared with
the annual simulation of a conventional vapor compression air condi-

tioning system operating in the same location.

6.1 Building Model

‘

The building selected for simulation purposes ié.the same struc-
ture used by Ottenstein [16] in his work with multizone buildings.
The building is three stofies, measuring 30m x 30m x 1lm, for a
total floor area of 2700 m2. It is a flat-roofed, multizone,
heavily-constructed structure comprised of six zones as shown in
Figure 6.1. The floors and interior walls are considered adiabatic,
so that the lower interior zone only has intermally generated heat
gains. The outer walls have the properties of ASHRAE Wall No. 1,
with 207 window area on each face. The roof is described by ASHRAE

Roof No. 8.
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The building has a variable air volume (VAV) air handling
system, and uses a 30-ton vapor compression unit as part of its air

conditioning system.

6.2 Building Load Model

The system simulation results were obtained by using the trans-
ient simulation program TRNSYS [17]. Standard wall and room com-
ponents (Type 17 and Type 19) were used to generate the building
loads. In calculating these loads, the TRNSYS energy rate control
option was specified. This control assumes that the computed load
at each timestep is fully met by the air conditioning system. This
allows the load to be calculated independent of the cooling system.
The annual hourly cooling loads for a building need only be calcu-
lated once and stored in a file. This load data file can be used
repeatedly to examine many air conditioning systems.

The alternative to energy rate control is temperature level
control. Temperature level control provides a more realistic
simulation of building load-cooling system interaction because it
accounts for the dynamics of system operation and the finite
capacity of cooling systems. However, energy rate control results
in greater numerical stability, reduces the computational time and
allows for pre-processing of the loads, making it much cheaper and
easier to use. It was chosen for these reasons.

The building cooling load is calculated based on the Room

Transfer Function Method described in ASHRAE [18]. This provides
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‘a time-dependent sum of solar, conduction and internally gener-
ated heat gains within a given zone. The room temperature floats
within a specified deadband in response to the building load. The
load is zero while the room temperature is within the deadband
setting. If the room temperature exceeds the maximum setting, the
cooling load is calculated which, when met, will maintain the room
temperature at the maximum setting. The ASHRAE comfort zone [10]
was used to determine the deadband temperature range. The latent
cooling load is calculated based on a constant room humidity ratio
of .012 kg/kg. However, the air conditioning system models allow
the humidity level to float within the ASHRAE comfort zone boundar-
ies.

Figure 6.2 shows the lighting and equipment, people, and venti-
lation schedules supplied to TRNSYS for calculation of internal
loads. The maximum lighting and electrical load of 4 W/ft2 is
within the range of typical building loads as stated by ASHRAE [11].
The people and ventilation schedules also follow ASHRAE guides. It
was assumed that the building is occupied for 365 days a year.
Weather data for the locations studied was supplied by Typical

Meteorological Year (IMY) weather tapes [19].
6.3 Component Parameters for System Simulations

The solar collector model used to predict the behavior of the
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flat plate collector array is a modificationl of the TRNSYS Type 1
flat plate collector model. Using mode 1, five collector para-
meters (aside from the collector area) help determine the array
performance. NS is the number of collectors in series, F' is the
collector efficiency factor, UL is the collector loss coefficient,
T is the transmittance of the collector covers, and o is the absorb-
tance of the collector plate. These parameters, as well as those
chosen for the building and other components, are given in Table
6.1.

The collector parameters were selected from Ottenstein's
work with solar collectors in multizone buildings [16]. All of
the components parameters reflect current technological feasibil-

ity.
6.4 Method of Presenting Annual Performance Results

Performance of the hybrid and conventional vapor compression
air conditidning systems are measured in terms of the amount of
’electrical and thermal energy they consume. Comparing these sys-—
tems on the basis of their energy consumption is misleading because
thermal and electrical energies have different values, both econ-
omically and thermodynamically. In studying hybrid systems, Sheridan

and Mitchell [8] and Howe, et al. [21, 22] used the concept of re-

lThe modification is for control purposes only and does not
change the performance of the collectors.
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Building and Component Parameters for Simulation Studies

Dehumidifier,

Indirect Evaporative Cooler,

Solar Collector,

Fan,

Component Pressure Drops,

MREG = .60 x MSYS
Building thermal capacitance

Building moisture capacitance

nd,m

o

APrpc =

APEVAP

APCOND

AP ux HTR™

APgoLAR

2PhueT

APLILTER =

APINTAKE

= 6.24 x 105

.08

.95

.90

.95

4.0 W/m2—°C

.82

.70
.70
250 Pa
150 Pa
60 Pa
60 Pa
100 Pa
50 Pa
500 Pa
32 Pa

50 Pa

kJ/°C

@ Rated flow rate of
MBASE = 23300 kg/hr

= 59450 kg (5 times mass of bldg. air)
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source energy to account for the fact that there is a conversion
efficiency of primary fossil fuel into electricity. While this
approach can be helpful, it is still not entirely meaningful as this
does not reflect the true cost of these energies, which is the
critical result.

In presenting the results of the hybrid and vapor compression
systems, comparison will be done on an economic basis. The term
annual fuel savings will be used as the annual operating cost of
a vapor compression system minus the annual cost of operating the

hybrid system. In equation form,

Annual Fuel Savings (AFS)

]

(Reduction in electrical
consumption) x $/kWh

+ (Reduction in peak demand (6.1)
usage) x S/KW

(Hybrid gas consumption)

x $/GJ

The reduction in peak electrical demand usage can be a significant
fraction of the annual savings, but it cannot be tied directly to
the air conditioning operation because it is dependent on the build-
ing demand profile without the air conditioning system. To circum-
vent this problem, an effective price of electrical energy can be
defined as,

(Reduction in kWh) x $/kWh

+ (Reduction in demand) x $/kW
Reduction in KWh

$/Kih) e = (6.2)
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This essentially increases the base electrical energy cost per kilo-
watt-hour by incorporating the demand cost into the kilowatt-hour
consumption cost. This assumes that the demand charge is directly
proportional to the total electrical energy consumption. Equation
6.1 can now be rewritten as,

Annual Fuel Savings = (Reduction in kWh consumption)

x $/kWh)
eff (6.3)

- (Hybrid gas consumption)
x $/GJ
In the following annual simulation results, the energy price for
the economic analyses are:

$/kwheff = $.06/kwWh

$/GJ $6.00/GJ

6.5 Results for Phoenix

The results of the annual simulations in Phoenix for the four
hybrid systems S1-S4 (discussed in Chapter 5) and the vapor com-
pression systems are listed in Table 6.2. Those hybrid systems
which use solar energy for‘regeneration were each run with four
collector areas. The table gives the compressor and fan electri-
cal energy consumption for each system. Also listed is the aux-
iliary natural gas consumption for the hybrid systems with no stor-
age and with an infinite storage system. These provide lower and

upper bounds for the amount of auxiliary energy the system must



Table 6.2 Phoenix Annual Simulation Results

Annual

Natural Gas Fuel Savings
Electricity (GJ) ($)
Hybrid Collector (Mwh) No Infinite No Infinite
System Area, m2 Compressor Fans Storage Storage Storage Storage
S1 - 98.0 75.1 3.9 0 9703 - 9726
S2- 0 81.6 75.1 452.3 452.3 7996 7996
200 81.6 75.1 272.1 0 9077 10710
400 81.6 75.1 245.3 0 9238 10710
600 81.6 75.1 236.9 0 9289 10710
S3- 0 98.0 75.1 3.9 0 9703 9726
200 86.9 75.7 3.3 0 10336 10356
400 85.3 75.7 3.3 0 10432 10452
600 84.8 75.7 3.3 0 10462 10482
S4— 0 98.0 75.1 3.9 0 9703 9726
200 98.0 75.7 3.7 0 9668 9690
400 98.0 75.7 3.6 0 9668 9690
600 98.0 75.7 3.6 0 9668 9690
Conventional
Vapor - 286.4 48.8 - - - : ——

Compression

08
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supply. The concept of infinite storage means that all energy from
the condenser and solar collectors that is not needed immediately
for regeneration can be stored for future use with no losses. The
infinite storage model did not monitor the temperature at which the
thermal energy was stored or re-used. Instead, it was assumed that
the energy was available at whatever temperature was required. Be-
cause of possible second law repercussions, this infinite storage
concept may exceed its theoretical limits. However, its practical-
ity as a pseudo-upper bound on energy storage is still of value.

The annual fuel savings, discussed in the previous section,
are given in Table 6.2  for both the no-storage and the infinite
storage cases. In the following sections, each of the hybrid sys-
tems will be analyzed individually. Concluding remarks about hybrid

systems in Phoenix will then be made.

6.5.1 Condenser and Auxiliary (S1)

From Table 6.2, the hybrid S1 compressor work is reduced to
34% of that of a vapor compression system. The hot, dry Phoenix
climate allows the maximum benefit from the indirect evaporative
cooler, which uses the low ambient wet bulb temperature as a heat
sink to provide a significant fraction of the sensiBle cooling. The
fan power consumed is 547 greater than the vapor compression system
due to the added system pressure drop of the hybrid components and
an additional fan required. The 3.9 GJ of natural gas used for re-

generation (with no storage) represents a very small additional cost.
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This indicates that the condenser is able to supply almost all of
the thermal energy needed for regeneration. By storing the excess
condenser thermal energy, no auxiliary energy would be needed
year-round in Phoenix.

The hybrid system has an annual fuel savings of $9703 without
benefit of a storage systém. If an infinite storage system could
be purchased, it would only save an additional $23 annually. Ob-
viously, a storage system of any size is not practical economically
for Phoenix.

The annual fuel savings of $9703 must offset the cost of the
additional equipment needed for the hybrid S1 system, if it is to
be an economically sound alternative to a vapor compression system.
In the commercial sector, an economic analysis based on a 5-year
payback is not unreasonable.  To determine the value of the $9703
1 B2

method [23] is employed. The life cycle savings is defined as,

annual savings, a life cycle savings analysis using the P

LCS = P, x (CF LPp - P2 (c

+ C.) (6.4)
1 1 E

A B¢
where

C. L F = annual fuel savings, $ (lst year)

solar collector area-dependent costs, $/m2

2

(@]
[

1
A = collector area, m

CE = cost of equipment independent of collector
area, $

1 ; . .
For the hybrid S1 option, the collector area is zero.
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Pl and P2 are functions of many variables, including the market and
fuel inflation rates. These variables must be projected into the
future, and in general are not equal for all sectors of the U.S.
However, the ratio of Pl to P2 is almost always nearly equal to the
payback analysis time. By assuming Pl/PZ = 5 and setting LCS = O, .

the break-even cost of the additional equipment for the hybrid S1

system is:
Cost of Equipment (CE) = 5 x $9703 = $48515

In other words, an additional outlay of $48515 to install the hybrid
S1 system will pay itself off in five years. For a.nominal 30-ton
cooling system, spending an additional $1617/ton of cooling is
economically justifiable. To put this in perspective, vapor com-
pression units cost'on the order of $200-$500/ton. Figures such as
these should provide incentive for air conditioning manufacturers to
develop and produce the hybrid S1 system, as increased sales dollars

would result.
6.5.2 Solar and Auxiliary (S2)

The compressor work for the hybrid S2 system is only 28% of
that of the vapor compression system. This 67 improvement over
thé hybrid S1 option is due to the use of a cooling tower to cool
the condenser for improved COP. Since the condenser heat is not
used for regeneration, a large amount of natural gas is consumed be-

cause solar energy cannot replace the condenser heat. Natural gas



84

2
consumption decreases from 452.3 GJ with O m of collector area,
to 236.9 GJ with 600 mz. Table 6.2 contains these figures.
Using a similar analysis to that of the previous section, the

break-even cost of additional equipment for the S2 option with no

solar system (O m2) is,

Cg=5x $7996 = $39980

~ The S2 option (with O n?

collectors) requires the same equipment as
the S1 option, plus a cooling tower but has about $8500 less to use.
On a per ton basis, the cost of equipment is $1333/ton, which is
still attractive, but is not as economically promising as the hybrid
S1 system.

With 200 m2 of collectors added to the.system, the annual fuel

savings of $10710 with infinite storage exceeds the S1 option.

Using equation 6.4, the maximum cost which would make the addit‘ion

2

of 200 m“ of collectors economically feasible is

_ 5 x $10710 - $39980

A 200 m?

= $68/m2

c

Unfortunately, the actual cost of installing collectors is roughly
5-7 times greater than this, making the addition uneconomical.
As shown in Table 6.2, adding additional collector area does

not increase the annual fuel savings.
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6.5.3 Solar, Condenser and Auxiliary (S3)

In the limit of a O m2 solar collector system, the S3 option
is identical to the S1 option, and the energy use for both is the
same. At increased collector areas, solar energy is able to re-
generate the desiccant more and more, allowing the condenser to be
cooled by a cooling tower. The result is that the compressor work
decreases but the fan power increases slightly due to the collector
pressure drop. The annual fuel savings increases, but the allow-
able cost per area of collector is much too low to be economical.

Table 6.3 summarizes the economic analysis for the S3 option.
6.5.4 Condenser, Solar and Auxiliary (S4)

As with the S3 option, at 0 m2 of solar collectors, the hybrid
S4 systemkis identical to the S1 option. As the collector area
is increased, the compressor work remains constant because the con-
denser is always cooled with ambient air. The auxiliary natural
gas consumption is reduced slightly, but not enough to increase
the annual fuel savings. Actually, the annual fuel savings decrease
at increased collector areas because the cost of the increased fan
power (due to the added collector pressure d?op) is greater than the

savings in auxiliary energy.
6.5.5 Concluding Remarks About Hybrid Systems in Phoenix

The low ambient humidity ratios and high building sensible loads
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TABLE 6.3

Phoenix S3 Economic Analysis Results

(No Storage)

Collector Equipment Cost Collector Cost
agea, Cost (Cg), —_— Per Area (Cp),
m $ ton S/m2
0 n’ $ 48515 $1617/ton —

200 48515 1617 $16/m”

400 48515 1617 9

600 48515 1617 6
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characteristic of the Phoenix climate allow the hybrid systems to
operate at relatively low regeneration temperatures, and in fact the
dehumidifier is needed only about 207% of the operating time. Be-
cause of this, the condenser heat is sufficient to meet a large
fraction of the required regeneration energy, so auxiliary energy
requirements are small. This is why the hybrid S1 system works well
in Phoenix. Solar energy is not needed. The S1 option is clearly
the most economical choice in Phoenix, because of its high annual
fuel savings and its low equipment costs relative to the other
hybrid options.

The economic analyses for the hybrid systems was based on an
effective electrical energy cost of $.06/kWh and a gas price of
$6/GJ. Since gas and electricity prices vary widely, and because
the effective price of electricity will vary from building to
building, and from region to region, it is helpful and interesting
to plot the annual fuel savings of the S1 option as a function of
the two energy prices. Figure 6.3 shows this plot. The annual
fuel savings is shown to be a much stronger function of the electri-
cal energy price than the gas price. One can conclude that even if
the trend toward rapidly increasing gas prices continue, the hybrid

S1 system will be cost-effective.

6.6 Results for Miami

The climate in Miami is warm and humid, in contrast to Phoenix,

which is hot and dry. Due to the longer cooling season in Miami,
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the sensible load in our building is nearly identical in the two
cities. However, because the ambient air for ventilation is much
moister in Miami than in Phoenix, the latent cooling load is sig-
nificantly greater in Miami. Because of this, the energy consump-
tion of the hybrid and vapor compression air conditioning systems
in Miami is greater than in Phoenix. The results for Miami are
summarized in Table 6.4. The economic analysis results for the
hybrid systems are found in Table 6.5. These results will be dis-

cussed in the following sectioms.

6.6.1 Condenser and Auxiliary (S1)

From Table 6.4, the hybrid S1 system shows large annual fuel
savings for both the storage and the non-storage options. Due to
the higher ambient humidity ratios and the large latent loads, the
desiccant dehumidifier is required to operate nearly 100% of the
time, and at relatively high regeneration temperatures. Without a
storage system, the condenser cannot provide all of the regenera-
tion energy, and requires a large amount of auxiliary energy.
However, with an infinite storage system, the auxiliary heater is
not needed. Table 6.5 indicates that one can purchase the hybrid
equipment at a price of up to $1536 per ton of cooling capacity
(with no storage) and still have a positive life cycle savings.
That is, even if the cost of the hybrid equipment is 3-7 times
greater per ton than a vapor compression unit, it would still be

economical to purchase it. A storage system at an additional cost



System
S1

52—

S4-

Conventional
Vapor
Compression

Table 6.4 Miami Annual Simulation Results

Annual
Natural Gas Fuel Savings
Electricity (GJ) ($)
Collector (Mwh) No Infinite No Infinite
Area, m2 Compressor Fans Storage Storage Storage Storage
- 172.3 65.8 231.3 0 9214 10602
0 163.8 65.8 3161.4 3161.4 -7856 -7856
200 163.8 65.8 2247.1 1886.6 -2371 =220
400 163.8 65.8 1960.0 884.6 -648 5804
600 163.8 65.8 1854.3 66.9 ~14 10711
0 172.3 65.8 231.3 0 9214 10602
200 182.9 66.4 195.6 0 8756 9930
400 176.0 66.4 191.6 0 9194 10344
600 173.8 66.4 190.3 0 9334 10476
0 172.3 65.8 231.3 0 9214 10602
200 172.3 66.4 215.9 0 9271 10566
400 172.3 66.4 212.0 0 9294 10566
600 172.3 66.4 210.6 0 9302 10566
- 372.5 42.3 - - - -

06



Table 6.5 Hybrid System Economic Analysis Results for Miami

No Storage Infinite Storage
: Equipment  ,Cost Collector Equipment Cost Collector
Collector Cost (CE), per ton, Cos% (CA), Cost (CE) per ton, COSE (CA),
System Area, m2 ‘§ $/ton $/m $ $/ton $/m
S1 - 46070 1536 - 53010 1767 -
g2 0 Kk k% I Fkk Kkk &
200 Kkk k% 137 %kk Kk 191
400 Fkk - Fkk 90 Kk KRk 171
600 Ak k% 65 *kk Kk 155
S3 0 46070 1536 - 53010 1767 -
200 46070 1536 Kk 53010 1767 *kk
400 46070 1536 Kk 53010 1767 Kk
600 46070 1536 1 53010 1767 *kk
sS4 0 46070 1536 - 53010 1767 -
200 46070 1536 1 53010 1767 &k
400 46070 1536 1 53010 1767 k%
600 46070 1536 1 53010 1767 Kk

***Negative cost.

16
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of $6940, or $231/ton, would also be justified.
6.6.2 Solar and Auxiliary (S2)

The hybrid S2 system reduces the electrical energy consump-
tion of the compressor by 8.5 MWh over the S1 option, but uses an
additional 2930.1 GJ of natural gas at O m2 of solar collectors and
no storage. This system increases the annual fuel cost (as shown
by the negative annual fuel savings in Table 6.4) over the vapor
compression system, and the negative equipment cost (*#**) shown in
Table 6.5 says that even if the hybrid S2 equipment were free, it
would not be economical. The addition of solar collectors signifi-
cantly reduces the amount of natural gas consumed, but not enough
to show a positive annual fuel savings. If an infinite storage
system is added, an expected annual fuel savings of $10711 results
from 600 m2 of collectors. However, this is not a large enough
savings to justify the cost of equipment, collectors and storage.

The large difference between the storage and the no-storage re-
sults indicates that the solar energy system may be able to meet the
regeneration requirements during the daytime, but that much auxil-
iary energy is used at night when there are no solar gains. A
building operating schedule which shuts down the air conditioning
system at night will enhance the prospects for the hybrid S2 system
in Miami, but it is unlikely that it will prove more economical than

the hybrid S1 system.
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6.6.3 Solar, Condenser and Auxiliary (S3)

The results for the hybrid S3 system are found in Tables 6.4
and 6.5. The compressor electrical energy consumption found in
Table 6.4 is plotted as a function of collector area in Figure 6.4
to illustrate an interesting characteristic of the S3 option in
humid climates. As the solar system collector area is increased
from O mz, the compressor work begins to increase! It reaches a

2 of collector. Beyond this

maximum somewhere between 0O m2 and 200 m
point, the work decreases as expected. The reason for the initial
increase is as follows: at small collector areas, increasing the
area will dincrease the air temperature leaving the array, but it
is not sufficiently high to meet the large regeneration tempera-
tures seen in humid climiates. The condenser must be used to
supply thermal energy, then. The air temperature entering the
condenser increases with collector area, increasing the work re-
quired. Above some threshold collector area, the solar system can
supply the required regeneration energy often enough for the con-
denser to use the bypass option of cooling tower air for improved
performance.

Because of this characteristic of the S3 option, it is not

economical to use this system in humid climates.
6.6.4 Condenser, Solar and Auxiliary

The results for the hybrid S4 system are found in Tables 6.4
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and 6.5. As the solar collector area is increased, the amount of
auxiliary energy required is decreased, but only slightly. The
condenser alone is able to supply most of the regeneration energy
during the daylight hours, and therefore the solar system is of
little use unless a storage system is also used.

As with the S3 option, the hybrid S4 system can afford a high
initial equipment cost (CE), but it is uneconomical to add any
collector area. Unlike the S3 option, there is a slight increase
in annual fuel savings with increased collector area (and no stor-

age), but this is too small to justify the collector expense.
6.6.5 Concluding Remarks About Hybrid Systems in Miami

While the auxiliary natural gas requirements are much greater
in Miami than in Phoenix, they are not large enough to warrant the
purchase of a solar collector system to reduce these requirements.
Hybrid options S2-S4 use solar energy, and are all shown to be
uneconomical.

The hybrid S1 system, which uses only condenser heat with a
backup auxiliary heater for regeneration, is seen to be a very
attractive system in Miami. Along with high annual fuel savings,
it has a low first cost of equipment relative to the other hybrid
systems.

A plot of the Miami annual fuel savings for the S1 no-storage
hybrid system is shown in Figure 6.5 as a function of the electric

and gas prices. Compared to the same plot for Phoenix (Fig. 6.3),
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the Miami annual fuel savings is a much stronger function of the
gas price. This is because it uses a large amount of natural gas.
A large increase in the price of gas would reduce the attractive-
ness of this system, while any increase in the effective electrical
energy price would make it even more favorable compared to a vapor

compression system.
6.7 Results for Other Cities

Simulations were run for five other U.S. cities varying in
climate and location. The cities are: Charleston, SC, Ft. Worth,
TX, Fresno, CA, Madison, WI and Sterling, VA. Tables A.l through
A.iO in Appendix A contain the performance and economic analysis
results for each of these cities. The pattern of their results
cl&sely match those of Phoenix and Miami. 1In all cases, the hybrid
S1 system is the best of the hybrid options. The solar energy
systems of options S2-S4 cannot 'pay' for themselves in fuel
savingé.

Table 6.6 shows the annual fuel savings for the no-storage S1
option in the five 1locations. Even in Madison, Wisconsin, which
has a relatively short cooling season, the hybrid S1 system yields a
$2330 annual savings over a conventional vapor compression air con-
ditioning system. As expected, the annual fuel savings increases
for cities with larger cooling loads. The more humid climates tend

to benefit more from the hybrid S1 system than do the drier climates.
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TABLE 6.6

Annual Fuel Savings of No-Storage Hybrid S1
System for Various Locations

Annual Fuel

Location Savings, $
Charleston, SC 5104
Ft. Worth, TX 6737
Fresno, CA 5094
Madison, WI 2330

Sterling, VA 3432
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CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS

The following is a discussion of the conclusions and recom-

mendations for the commercial hybrid air conditioning systems.
7.1 Conclusions

Compared to a conventional vapor compression air condition-
ing system, hybrid systems reduce the compressor work of the mech-
anical refrigeration unit from 55-70%. The fan power will increase
by 50-55% normally, due to the added components pressure drop and
an additional system fan. The net effect is an electrical energy
reduction of from 407% té 50%.

Of the four hybrid systems studied, the three which use solar
energy for regeneration (S2-S4) are not economically attractive.
In many cases, their use can result in high annual savings, but
not sufficiently high to justify the cost of the solar collectors.
That is, the concept behind these systems may be good, but the
cost of solar collectors makes their use impractical in these
applications.

The hybrid S1 system, the standard hybrid system which uses
the condenser thermal energy along with an auxiliary heater for
regeneration, is superior to a conventional vapor compression sys-
tem in terms of energy consumption, operating cost and climate
control. Larger building loads will yield larger savings. Humid

climates are better suited to the hybrid system, although the
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savings in dry climates are also quite high.

System performance is significantly affected by the perfor-
mance of each of the individual components. Poor dehumidifier per-
formance will increase the need for auxiliary energy. Poor indir-
ect evaporative cooler performance will increase the need for vapor
compression cooling, which will in turn increase the electrical
energy consumption but reduce the auxiliary energy requirements.
Poor vapor compression performance will have the same final effect
as poor indirect evaporative cooler performance.

Performance maps are found to be an effective way of analyzing
the behavior of hybrid systems under a whole range of ambient con-
ditions. They are inexpensive too, relative to running annual
simulations.

The hybrid system has advantages for all concerned parties.
For the commercial building owner, the air conditioning opera-
tional expenses will be reduced significantly.

For the electric utilities, the hybrid system will help reduce
peak electricity demand on their generators, as air conditioning sys-
tems operate primarily during peak demand times.

For the gas utilities, the hybrid system is a way to level out
the gas demand over the entire year. Typically, gas consumption
is drastically reduced during the summer months. Hybrid systems will
create a whole new summer market for natural gas.

And finally, air conditioning equipment manufacturers stand to

gain from hybrid systems because the initial cost of these systems
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is greater than that of a conventional vapor compression system.
With greater dollars being spent on equipment, greater sales pro-

fits can be realized.
7.2 Recommendations

The hybrid system developed in this work has some simplifica-
tions built into its components that can be improved with further
work.

Presently the desiccant dehumidifier is modeled as an infin-
ite capacity machine. A model which bases the capacity on the
heat and mass transfer rates, as well as the capacitance and
hysterisis effects, is more realistic.

The feasibility of manufacturing an indirect evaporative
cooler of the size required for commercial applications should be
studied. The cooler is such an important part or the hybrid
system. Therefore it must be certain that an efficient cooler
of this size can be manufactured with no problems.

The system building controller is based on the principle
of energy rate control. Simulations should be repeated using
temperature level control, which is more realistic, to see the
effect on system performance.

Peak electrical demand for both the hybrid and conventional
systems should be examined. It is important to determine the mag-
nitude of the electrical energy reduction at peak demand to more

accurately assess the value of hybrid systems in reducing demand
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charges and reducing electric utility peaks.

The hybrid system uses much less mechanical refrigeration than
a conventional vapor compression system. Because of this, the
hybrid system can use a smaller vapor compression unit, which will
reduce the initial equipment cost. This appropriate vapor com-—
pression size should be determined for its first cost and perfor-
mance consequences.

Finally, it is necessary to determine the probable cost of all
the hybrid system equipment in order to see if their annual fuel

savings will justify the initial expense.
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APPENDIX A

Annual Performance and Economic Analysis Results For:

1. Charleston, SC
2. Ft. Worth, TX
3. Fresno, CA
4., Madison, WI

5. Sterling, VA



Table A.1 Charleston Annual Simulation Results

Annual
Natural Gas Fuel Savings
Electricity (GJ) $)
Collectgr (MWh) No Infinite No Infinite
System Area, m Compressor Fans Storage Storage Storage Storage
S1 - 95.6 46.5 144.3 0 5104 5970
S2- 0 91.1 46.5 1755.7 1755.7 -4294 -4294
200 91.1 46.5 1214.9 720.7 -1049 1916
400 91.1 46.5 1062.9 0 -137 6240
600 91.1 46.5 1004 0 216 6240
S3- 0 95.6 46.5 144.3 0 5104 5970
200 100.1 46.9 118.4 0 4966 5676
400 96.8 46.9 116.6 0 5176 5874
600 95.7 46.9 116.0 0 5244 4940
S4- 0 95.6 46.5 144.3 0 5104 4970
200 95.6 46.9 129.7 0 5168 5946
400 95.6 46.9 127.7 0 5180 5946
600 95.6 46.9 127.3 0 5182 5946
Conventional
Vapor - 211.4 30.2 - -

Compression

?01



Table A.2 Hybrid System Economic Analysis Results for Charleston, SC

No Storage Infinite Storage
Equipment Cost Collector Equipment Cost Collector -
Collectgr Cost (CE), ® per Ton, CosE (CA), Cost (CE), per Ton, Cos% (CA),
System Area, m $ $/ton $/m $ $/ton $/m
S1 - 25520 851 - 29850 995 =
S2 » 0 hkk *kk - fkk Fokk -
200 k&% *kk 81 kkk k% 155
400 Kkk A&k 52 k% Rk 132
600 Kk Hk% 38 ®k%k #ek e8
S3 0 25520 851 - 29850 995 -
200 25520 851 *E% 29850 995 wik
400 25520 851 1 29850 995 k&
600 25520 851 1 29850 995 Kk
S4 0 25520 851 - 29850 995 -
200 25520 851 2 29850 995 &%
400 25520 851 1 29850 995 Rk
600 25520 851 1 29850 995 k&%

***Negative cost.

SOT
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Conventional

Vapor
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Table A.3 Ft. Worth Annual Simulation Results

Electricity

Collectar (MWh)
Area, m Compressor Fans
- 101.8 53.3
0 93.2 53.3
200 93.2 53.3
400 93.2 53.3
600 93.2 53.3
0 101.8 53.3
200 105.4 53.7
400 100.5 53.7
600 99.0 53.7
0 101.8 53.3
200 101.8 53.7
400 101.8 53.7
600 101.8 53.7
- 239.7 34.6

Annual
Natural Gas Fuel Savings
(GJ) (%)

No Infinite No Infinite
Storage Storage Storage Storage
69.1 0.1 6737 7151
1562.9 1562.9 -1709 -1709
1012.1 426.4 1595 5110
883.4 0 2368 7668
836.4 0 2650 7668
69.1 .1 6737 7151
53.4 0 6592 6912
51.9 0 6895 7206
51.1 0 6989 7296
69.1 .1 6737 7151
61.3 0 6760 7128
60.4 0 6766 7128
60.1 0 6767 7128

90T
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S1

S2

S3

S4

*fc*Neg

Table A.4 Hybrid System Economic Analysis Results for Ft. Worth, TX

No Storage Infinite Storage
Equipment Cost Collector Equipment Cost Collector
Collectgr Cost (CE), per Ton, Cos% (Cy)s Cost (Cg), per Ton, Cos& (CA),
Area, m $ $/ton $/m $ $/ton $/m

= 33685 1123 - 35755 1192 -
0 Kkk Kk - Kk xkk -
200 Kok Kk 83 k% *kk 170
400 ik Kk 51 k&% ET T 117
600 ik Kk 36 *kk Kkk 78
0 33685 1123 - 35755 1192 -
200 33685 1123 Kkk 35755 1192 kR
400 33685 1123 2 35755 1192 1
600 33685 1123 2 35755 1192 1
0 33685 1123 - 35755 1192 -
200 33685 1123 1 35755 1192 ARk
400 33685 1123 0 35755 1192 k&
600 33685 1123 0 35755 1192 Fhk

ative cost.

L0T
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S1

S3-

S4-

Conventional
Vapor
Compression

Table A.5 Fresno Annual Simulation Results

Electricity

Collector (MWh)
Area, m?2 Compressor Fans
- 53.2 55.2
0 45.8 55.2
200 45.8 55.2
400 45.8 55.2
600 45.8 55.2
0 53.2 55.2
200 46.9 55.6
400 46.7 55.6
600 46.6 55.6
0 53.2 55.2
200 53.2 55.2
400 53.2 55.6
600 53.2 55.6
- 157.4 35.9

Annual
Natural Gas Fuel Savings
(GJ) ($)
No, Infinite No Infinite
Storage Storage Storage Storage
0 0 5094 5094
155.1 155.1 4607 4607
8.39 0 5035 5538
80.6 0 5054 5538
79.0 0 5064 5538
0 0 5094 5094
0 0 5448 5448
0 0 5460 5460
0 0 5466 5466
0 0 5094 5094
0 0 5070 5070
0 0 5070 5070
0 0 5070 5070

80T



Table A.6 Hybrid System Economic Analysis Results for Fresno, CA

No Storage Infinite Storage
Equipment Cost Collector Equipment Cost Collector
Collectgr Cost (Cp), per Ton, Cost (CA), Cost (CE)’ per Ton, Cost (C,),
System Area, m S $/ton $/m2 $ $/ton $/m2
S1 - 25470 849 - 25470 849 -
S2 0 23035 768 - 23035 768 -
200 23035 768 11 23035 768 23
400 23035 768 6 23035 768 12
600 23035 768 4 23035 768 8
$3 0 25470 849 - 25470 849 -
200 25470 849 9 25470 849 9
400 25470 849 5 25470 849 5
600 25470 849 3 25470 849 3
S4 0 25470 849 - 25470 849 -
200 25470 849 Fhk 25470 849 kdk
400 25470 849 Rk 25470 849 AR
600 25470 849 kR 25470 849 Kk

*%%Negative cost.

60T



System
S1

S3-

St-

Conventional
Vapor
Compression

Table A.7 Madison Annual Simulation Results

Electricity
Collector (MWh)

Area, m™ Compressor Fans
- 32.7 28.0

0 30.8. 28.0

200 30.8 28.0

400 30.8 28.0

600 30.8 28.0

0 32.7 28.0

200 33.0 28.2

400 32.1 28.2

600 32.0 28.2

0 32.7 28.0

200 32.7 28.2

400 32.7 28.2

600 32.7 28.2

- 83.2 18.3

Annual
Natural Gas Fuel Savings
(GJ) (%) :
No Infinite No Infinite
Storage Storage Storage Storage
19.7 0 2330 2448
487.7 487.7 -364 -364
296.6 0 782 2562
255.6 0 1028 2562
240.3 0 1120 2562
19.7 O‘ 2330 2448
14.0 0 2334 2418
13.7 0 2390 2472
13.6 0 2396 2478
19.7 0 2330 2448
16.1 0 2339 2436
15.9 0 2341 2436
15.9 0 2341 2436

01T



Table A.8 Hybrid System Economic Analysis Results for Madison, WI

System
S1

S2

S3

S4

**%*Negative

No Storage

Infinite Storage

Equipment Cost Collector Equipment Cost Collector

Collectgr Cost (CE), per Ton, Cost (Cp), Cost (CE), per Ton, Cost (Cp),
Area, m $ $/ton $/m2 $/ton $/m2
- 11650 388 - 12240 408 -
0 Kk Kk - Kkk Kk -
200 Xk Kk 29 E k% 73
400 Kk Kkk 17 Kkk k% 37
600 Kkk xxk 12 kkk Kkk 24
0 11650 388 - 12240 408 -
200 11650 388 0 12240 408 Fkk
400 11650 388 1 12240 408 0
600 11650 388 1 12240 408 0
0 11650 388 - 12240 408 -
200 11650 388 0 12240 408 *ikdk
400 11650 >388 0 12240 408 L
600 11650 388 0 12240 408 wkk

cost.

11T



Table A.9 Sterling Annual Simulation Results

Annual
; Natural Gas Fuel Savings
Electricity (GI) (%)
Collector (MWh) No Infinite No Infinite
System Area, m?2 Compressor Fan Storage Storage Storage Storage
S1 - 54.7 35.1 50.0 0 3432 3732
S2- 0 51.5 35.1 899.7 899.7 -1414 -1414
200 51.5 35.1 584.3 2.7 418 3908
400 51.5 35.1 505.1 0 893 3924
600 51.5 35.1 474.6 0 1074 3924
S3- 0 54.7 35.1 50.0 0 3432 3732
200 - 56.1 35.3 38.7 0 3404 3636
400 54.6 35.3 37.9 0 3499 3726
600 53.9 35.3 37.4 0 3544 3768
S4- 0 54.7 35.1 50.0 0 3432 3732
200 54.7 35.3 43.6 0 3458 3720
400 54.7 35.3 43.0 0 3462 3720
600 54.7 35.3 42.9 0 3462 3720
Conventional
Vapor o 129.1 22.9 - - - =

Compression

¢1T



System
S1

S2

S3

S4

***Negative

Table A.10 Hybrid System Economic Analysis Results for Sterling, VA

No Storage Infinite Storage
Equipment Cost Collector Equipment Cost Collector
Collectgr Cost (CE), per Ton, CosE (CA), Cost (CE), per Ton, Cos% (CA),
Area, m S $/ton $/m $ $/ton $/m
1 17160 572 - 18660 622 -
0 Kk Kk “ k% xkk -
200 Kk k% L6 *kdk Kk 133
400 k% Fkk 29 **% *kk 67
600 *kk kkk 21 Kk %k L4
0 17160 572 - 18660 622 -
200 17160 572 Fk% 18660 622 wkk
400 17160 572 1 18660 622 Fkk
600 17160 572 1 18660 622 0
0 17160 572 - 18660 622 -
200 17160 572 1 18660 622 wkk
400 17160 572 0 18660 622 wkE
600 17160 572 0 18660 622 &k
cost.

€TT
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APPENDIX B

Program Listings for Hybrid System

1)
2)

3)

4)

HOWE.SYSTEM8~-Generation of performance map data
HOWE*TRNSYS .LOADMODEL--TRNSYS deck for generating building loads

HOWE*TRNSYS.STRATEGY1--Typical TRNSYS deck for simulation of
hybrid system

Individual Component Models
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HOWE.SYSTEMS

KRKRERRREERRRKERRR KRR LAk h kK

¥
b4
X  FPROGRAM NETERMINES THE

X STATIC PERFORMANCE OF A

%X HYRRID AIR COMDITIONING

X SYSTEM WHICH USES A DEHU-
X MIDNIFIER» AM INRIRECT

X FEVAPORATIVE COOLERs AMD

X A VAFOR COMPRESSION UNIT
X
X

I € I W 6 W 6 &

12333333333333323339323%33 2444

RRRRRRRRRRKRRRRLRRRRR KKKk LRk

X ¥
X THIS PROGRAM WAS SET UIF X
X T0 RUM A FIXED LOAD FOR X
% VARYING AMBIENT CONDIT- %
¥ TOMS TO GEMERATE SYSTEM %
* CHARACTERISTICS FOR URE %
X (N PERFORMANCE MAFPS b
X ¥
X ¥

6833302250833 802083302820

OO OOOOOOO0N OO ONOOEeN 0D Eo0n

DRIMENSION QS(&) »AL(S)
REAL MZOME (&) +MVENT (&) HOUT(5) s HEX (&) s HUEHT T HEY S HRA
REAL. MASsMRAS»IRAL

c
c
DATA CPsHFGIN1/1.006,2501 51,805/
DATA PASRHN/101500.,1.201/
c
C
EEC = .95
EIEC = .95
EFAN = (G0
MBASE= 16917.4
c

REAN(KsX) TCT»IDUNFsTERAL
40 REANCX; %, ENN=41) TAsWAsTHER

o o]

HA = TA + WA X (HFG + D1 & TA)



40

[or B o B o B o I o B o I o B e MR B =

3

QSENS = 0.
. QLAY = 0,
N &0 J = 1, 4
aLeny = 0.
Qs(d = 0.
CONTINUE
QL(S) = 310500,
As8(5) = 0.
ALy = 0.
as¢4) = 0,
N0 45 K = 144
MUENT(K) = 519.6
MEX{X) = 0.0
ASENS = Q8SENS + GS(K)
ALAT = QLAT + QLK)
COMTTNUE
REERKKKKKKRRKKKKRRRKK
¥ ¥
¥  INITIALIZATION %
X *
ERRRRRRRRRRR KRR RRKK
THEH = 0.
WOEH = 0.
TREG = 0.
WREG = €.
TAC = 0,
Wat = 0.
TREC = 0.
WREC - = 0.
M8YS = 0.0
MRA = 0.0
MUENTT = 0.0
TROOK = 26.0
WROOK = 0074
HROOM = TROOM + WROOM % (HFG + D1 % TROOM)
TROOMS= TROOH
WROOMS= WROOM
HROOMNS= HROOM
SHR = QSEMS / (QSENS + DLAT) .
TFAM = TROOM - 15.% SHR / CF
HFAN = HROOM - 1S,
WFAN = (HFAN - CF % TFAN)/(HFG + D1 % TFAN)
TFAMS = TFAN
WFANS = WFAM
DO 100 I=1+6
MZONE(I) = (QS(Iy + BLLIX3 / 18, + MVENTII

MOUT(I)Y =

MZOME(I) - MEX(I}

116
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IF(MOUT(TY (LT, 0.3 HOUT(I} = 0.
MRA = NRA + HONT(I)

MEYR = M¥SYS + HZOME(D)

MUENTT = HUENTT + HUENT(I)

100  CONTINUE
c
[ $3 333323333 8333222008238832282033323028 04
c x %
C % FAM CALCULATTONS ¥
c * X
(IR £ 3333433338083 083388333 832200 823308281
C
DPDEH - 250. .
ODPEC = 100,
RFPIEC = 125,
DrAC = 125,
DPCOND= 125.
DPFR = §50.
DPF = (DPDEH4DFECHNPIECHDPACHIPFRY # (MEYS/HERAGE) ¥ 2
OSTATP= MSYS % DPP / (RHO % 1000.:
AFANP = QSTATF ¥ (1.- EFAM)/EFAN
DPR = (DPDEH4NPCOND) % (TRAI XMSYS/MBASE) %% 2
0STATR= IRAL * M8YS ¥ NFR / (RHO % 1000.)
QFANR = OSTATR X (1.,- EFAMY/EFAM
TSET =~ TFAN - QFANP / (MSYS X CF)
WSET = WFAN
HSET = TSET + WSET % (HFG + NI % TRET)
C
WS 323333303024 3333423428348333033033233 0824
cC ¥
C x COOLING TOUWER : X
C x E
C XERRERRRRRRRERRRERRKRRRE LKL KRR R R RKRK
C
WWR = 62198 X PUS(TWR) / (FA - PUS(TWR))
TEC = TA - EEC % (TA - THR)
WEC = KA + EEC X (WWR - WA)
IF(ICT .EQ, 1) THEM
TRE: = TEC
WRE.S = WEC
ELSE
TREJ = TA
WREJ = WA
ENDRIF
IFCIDUMF (EQ. 1) THEN
WPURGE = WEC
ELSE
WPURGE ~ WA
ENRIF
c

PR $ 3333833032023 08 2032033223880 3202882
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C ¥
C * MOLES OF OPERATION X
C % s
£ MERRRKRRRRKERRRRR KRR KKK KRB Lk
€
‘ IF(NA JLE. WFAN) THEN
URIFF = WFAM - WA
TFAND = TFAN
B = WFAN + (00459 % TFAN
WFAN = WA
TFAN = (R - WFAN) / (00459
HFAM = TFAN + WFAN % (HFG + D1 % TFAN?
TDIFF = TFAN - TFAND
TROON = TROOM + TRIFF
WROOM = WROOM - WDRIFF
HROOM = TROOM + WROOM ¥ (HFG 4 D1 % TROOM)
TSET = TFAN - QFANF / (MSYS % CF) '
WSET = WFAN
HSET = TSET + WSET % (HFG + N1 % TRET)
60 TO 500
ELSE
IF(HA GT. HROOM) THEN
6N TO 500
ELSE
60 TO 700
ENRIF
ENDIF
C
c
500 MODE - 1
MA = MVENTT
HRA = HSYS - MA
THIX = (MA % TA + MRA X TROOM) / MSYS
WMIX = (MA % WA + NRA ¥ WRDOM) / MSYS
WDEH = WFAN
WRER = WPURGE
CALL NEHUM(TMIXsMMIXsWDEHsWREGs TREHs TREG)
TIEC = TOEH - EIEC % (TOFH - TED)
WIEC = WFAM
IF(TIEC ,1.E, TSET) THEN
TIEC = TSET
ELSE
TAC = TSET
WAC = WSET
ENDIF
60 TO 900
c
c
400  MODE = 2
THIX = TA

WHIX = WA

#



fer N o]

700

200

QOO OO0O0

TIEC =~ THIX - EIEC ¥ (TMIX - TFC)
WIEC = WA
IF(TIEC .LE. TSET) THEN
TIER = TSET
ELSE
TAC = TSET
WAC = WSET
ENDIF
GO TO 900

HODE
THIX
WHIX
WDEH = NFAN

WREG = WPURGE '

CALL REHUM(TMIX,UWUMIX,WDEH,NREGs TREH:TREG)
TIEC = TDEH - EIEC X (TREH - TED)

N}

3
TA
WA

4 U

WIEC = WFAN
IF(TIEC ,LE, TSET) THEN
TIEC = TSET
ELSE
TAC = TSET
WAC = WSET
ENDIF
TF(TAC (LE. 0.) THEN
K =0
ELSE
K= 1
ENDIF
AEEXKERKKEKKRKKRRRRRKRRL LXK LRKR R KL LK KKK
X ¥
X DEHUMIDIFIER SYSTEM CAl CULATIONS %
% %

125333322200 E3E330 8833333004 033842242888

QEVAP = MSYS %X CP % ( TIEC - THAC )} & K

COPAL = (2,842 - ,03998X(TREJ - WETRLE(TIEC WIRD)})XK

QCONDT = QEVAF % (1. + 1./ COFAC )
TCOND = ( TREJ + QCOMD / (IBAL % HSYS ¥ CP))

IF¢ InUMF (EQ. O .AND., ICT .F@. 1 ) TCOND - TA
TPURGE = ( TCOMD + QFANR / (IRAL % MSYS % CF))

QAUX = IRAL % X8YS % CF % ( TREG - TFURGE
IFC 0AUX LT, 0, ) QAUX = 0.

ove = QEUAP / COFAC

OFAM = OSTATP + OSTATR + QFANP 4 QFANR
0ELEC = 0OVC + OFAN

COPTH

HSYS % ( HROOM - HSET ) / QAUX
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IF¢ sl LE. 0. ) COFTH = 1000,
COPEL. = MSYS % { HROOM - HSET ) / ( QUr 4 OFAN )

1232333233335 3782302833333230824 2333380284
X X

L4 STD VAFOR COMPRESSION SYCTEH ¥
X ’ ¥
p3332 2220283333002 0 0333823002022 2338280 0281

PUFANS = PA % WFANS / (.62198 + WFANS)
ALPHA = ALDG(PUYFANS)
TDF -25.957 - 1.8726 % ALFHA + 1.148% % ALFHA *% 2
Wwoe = WFANS
HIWP TP + WIFE 2 (HFG + Tl % TRE)
DPTOTS = DPFR + DPAC + DFLOND
OSTATS= MEYS * DPTOTS / (RHQO % 1000.)
QFAMS = 0STATS % (1.- EFAN)/EFAN
TSETS = TFANS - QFANS / (MSYE % CF)
WSETS = WFANS
IF(WA GT. WFANS) THEN

IF(HA .6T. HROOMS) THEN

it

MAR = MYENTT
HRAS = HBYS - MAS
THIXE = (MAS ¥ Th + MRAE % TROOMS) / M&YS
WMIXS ~ (MAS % WA + MRAS % UROOMS) / NBYS
ELSE
THIXS = Ta
WHMIXS = WA
ENDIF
HMIXS = TMIXS + WHIXE ¥ (HFG + N1 & THIXS)
QEYAPS = MSYS X (HMIXS - HIF)
AAUXS =~ MSYS ¥ CP % (TSETS - TIF)
ELSE
IF(HA BT . HROOMS) THEW
WMIXS = WFANS :
THIXS = (WMIXS~(TAXWROOMS-TROOMSKHA)/(TA-TRONME) Y/
- ((HA-HROONMS)/ (TA-TROONS))
ELSE
THIXS = TA
HMIXS = WA
BS = WFANS + .00459 % TFANS
WFANS = WNIXS
TFANS = (RS - NFANS) / (00459
TSETS = TFAMS - QFANS / (MSYS % CF)
WSETS = WFANS
ENRIF
QEVAPS = MSYS % CP ¥ (THIXS - TRETS)
QAUXS = 0,0

ENDIF
IF{QAUXS 1T. 0.0) THEN
YRITE(X,11) TA>WA
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[or B o I o BN o i B o NS v}

Lor I8 o

(3]

ao

41

OO0 00

FORMAT (' QAUXS NERATIVE AT TA='sF&.3»/ WA= :F& 5D
ELSE
CONTINUE

ENDIF
COFACS (2,842 - ,03998%(TA - WETRLRB(THIXS,WHIXS) )

gvCs = QEVAPS / COPACS
OFANS 0STATS + QFANS
DELECS = QUGS + NFANS

un

(2 E3203 2800833080520 333332002332 22228208
X %
¥ PERFORMANCE RATIO OF THE TWO SYSTEMS %
X ¥
18333320223 3439322 283332280002 4323222830 2831

1]

EFFCOP = COPAC / COFACS
EFFAL = QEVAP / QEVAFS

EFFWRK = EFFAC / EFFCOF

EFFRES = (NELEC/.2895 + QAUX) / (OELECE/. 2893 4 0AUXE)
EFRSHP = (QUC/,7895 + QAUX)/(0UCS/,2895 + RAUXSE)
EFFFAN = OFAN / QIFANS

EFFEL. = OELEC / OELECS

RESDIF = (NELECS/.2895+0AUXS-(NELEC/ . 289540AUX) /1000,
RSHPDF = (OULS/,2825+0AUXS-(OUC/,29954QA10X) ) /1000,
QAUX = BAUX/1000. .

QAIXS = BAUXS/1000.

DELEC = QELEC/1000.

QFLECS = OELECS/1000.

WRITE(R+sS)TAWASEFFURKEFFRESIEFRSNP:OFLEC, CELECS» QALK
- RESUIF,RSNFDF
FORMAT(’ “»F4, 151X FS 430X FS. 20200 FR 12U F7 .00

GO TO A0

sTOP
END

P32 42222234233 323333233283333223333338348%1
SURROUTIME TO DETERMIME THE VAFOR

X ¥
L3 X
% PRESSURE 0OF WATER IM AIR FOR USE X
¥ WITH EVAFORATIVE COOLER MODFL ¥
3 X
|3 ¥

FERRRKRKERRRRRELRKHRR KRR KKERERRKKRKNR
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FUMCTION PUS(TT)

£q = -5800,2208

€9 =~ 1.2914992

Ci0o = -,04860239

C11 = .4176476BE-04
Ci12 = -,14452093E-07
€13 = 6.54594672

TH = TT + 273.13
FRPUS = CB/TH 4 09 + T1O0%TH + CHLIATHRR2 + CI24TWk%I + CI1THALOG(TH
PYs = EXP(FFFUS)
RETURN

END

EERERRKEERRKENRERRARRE KRR RERRR KRR A RRL KRR

L3 ¥
X SUBROUTINE OF DEHUMIDIFIER TTFRATIVE X
X SCHEME TO DETERMINE OHTLET STATES ¥
X ¥

*!##!!#X!***#*#*#!****#!*****1#**#3*##*&**
SURROUTINE DEHUM(TENP1,W1,W2,W3TEHFD s TENFZ)

DIMENSION TEHF(3)s N(3)

DATA AlsA2:A3/7R65.54.344, . 8424/
DATA R1sB2,RB3743480,91,127,,07969/
DATA ZZsETAF12ETAF2/1.4%0,.08y 95/

F1(Id= -Al /7 ((TEMP(I) + 272.15) %% Z7) + A2 % (W(I) *% AL}
F2(I)= ((TEMP(I) + 273.15) &% Z7) / R1 - R2 % (W(I) *x BRI}

TEMP(1) = TEMP1
HOD) = 1
W) = W2
He3) = W3
Fii= F1(1)

F2i= F2(1)
F12I= F11

TEMP(2)= (A1 / (A2 X W(2) %% AZ - F12I)) ®% (1. / 77) - 27215
F221= F2(2) : :

F231= F221

TEMF(3)= (Bl % (F23I 4+ B2 X% W(3) %k RZ)) % (1. / Z7) - 273.15
GO TD 40

TEMP(3)= TEMF(2) 4+ 0.10



33
40

45

47
99
50

OOOO00000O0 0o

Lar I8 o |

XX
X
%
X
X
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IF(TEMP(3) LT, 150,) GO TO 40
WRITE(R,IG)
FORMAT(’0 REGENERATION TFMPERATURE NIt MOT COMVERGE’?
GO0 TO 99
F13= F1(2)
F23= F2(3)
Fi2= Fl11 + ETAF1 X (F13 - FiD)
F22= F21 + ETAF2 % (F23 - F21)
u0Ln= 005
nn A5 I=1.25
FNW= BIK(F22 & R2X(WOLTL %% RZ)) + AL/(F12 - ARZR(NOLRN %% A3Z))
DFNW= R1 % R2 X BRI % (WOLD %% (R - 1.)) + A1 % A2 % AT X%
(WOLD %% (A2 - 1.3) / ((F12 - A2 % (WRLD %% AZ)) k% 29
WNEW= WOLD - FNW / DFNW
IF(WNEW.LE.0.0) WNEMW= WOLT % O
IF(ABRSCC(UNEY - woLD) / WoLny,LT. .01y 60O TO S50
WOLD= WNEW
CONTINUE
WRITE(Rs47)
FORMAT(’0 HUMIDITY RATIO DID NOT CONVERGE’)
STOP
TIFCARSC(UNEW - W(2)) / B(2)) (BT. .01) GO TO 30
TEMP(2)= (AL / (A2 & W(2) ¥k AZ - F12)) ¥ (1, / I7) - 273,135
TEMP2 = TEWP(2)
TEKF3 = TEKF(D)

RETURN

END

**##*****1*#***#*******t***t#*ﬁ*#ﬁ**** !
*

SUBROUTINE TO DETERMINE WET RULE L3

TEMPERATURE OF A GIVEN ATR STATE ¥

¥

E3 3333338338333 330300330330880220830822 33

FUNCTION WETRLB(OTENFHUM)

DATA C1sC2503/-5800.220651.39149925-, 04040239/
DATA C45C5:06/.,4175647468E~ 049-»1443“09?E 07;6’14596’3’
DATA PA/101600./

KT

=T 4+ 273.18
PUW(T) =

EXP( Ci/h(T) $ 02 4+ COEK(TY 4+ CARR(TIREK2
CORK(TIEET + CO¥ALOGIR(TY)Y )
W(T) = (42198 * PUU(T)/( FA - P(TY )



30

40

59

60

70

80

(‘JWDAMC:I;CI"'I"“CUD

FOT) = (2501, - 2.381&T)H(T)-(TENP-T) ) (2501,
1,B0SXTEMF-4,18A2T) - HUH

EPS = (00000001
TOL = 000001

TFHP/? v = 36
TEMP
F{A)

= I

FY I | T B T T SR S T R | B |
o
i
b -

IF(AES(FC) .GE. ARS(FR)) GO TQ 40

-
o
aon
nm
o

FC= FA

TOL1 = 2.0 % EPS ® ARS(E) + 0.5 % TOL
XM= 0,5 % (C-B) |

IF(ABS(XM) .LE. TOL1) 60 TO 90

IF(FR ,EN, 0.0) 60 TO 90

IF(ABS(E) .LT. TOL1) GR TO 70
TF(ARS(FA) ,LE, ARS(FR)) 60 TO 70
IF(A .NE. C) GO TO S0

S = FR/FA

P=2.0%%4 %8

=1,0 -8

B0 TO &0

Q = FA/FC

R =~ FR/FC

S = FB/FA

P o= SR(2.XXMXOX(Q-R) - (R-AYX(R-1.)}
@ = (Q-1.)%(R-1,}%(8~-1.)

IF(P .B6T. 0.0) @=-0

P = ABS(P)

IFC(2.%F) GF . (3 XXHXQ-ARS(TOLi%Q) )Y GO TO 792
IF(P ,GE, ABRS(.S3EXM)) 60 TO 70
E=1

b =P/

60 1O 80

= XK

E=1

A=1

FA- FR

IF(ARS(I) (GT. TOL1Y B = B4D
IF(ARS(D) LLE, TOL1Y B = R+ STGN(TOL1,XM)
FB= F(R)

4
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IF((FB % (FC/ABS(FCY)) (BT, 0.0) GO TO 20
G0 TO 30
90  WETELB= B
RETURN
END

HOWE*TRNSYS ,LOADMODEL

SIMULATION 1.0 8760.0 1.0
b3E38 2032888330853 0830023

X : ¥
X L.OAD MOUEL FOR X
¥ MULTIZONE VAV BUILDING %
X L]
b 2428333333333 223338323908232
3

NOLIST

X

UNIT S TYPE 2 DATA READER
PARAMETERS 19
2 ¢+ -t {1 0 -2 1 0 -3 &£ 0O -4 L 0 -5 1 0 -1 1

(LOXsF2,091XsF 2,07 1XsF2,0,1X0F 4,05 1XsF4. 0 1X0FA 19120 F4, 11X F4, 421X, F2,0)

L

UNIT &6 TYPE 14 FORCING FUNCTION...MVENT (15 cfm/FERSON)

PARAMETERS 12

0 0 8 0 R 1722,7 18 17227 18 0 24 0O

¥

UNIT 7 TYPE 14 FORCING FUMNCTION.. . ALITES (2W/FT2) AND QFQUIP (2W/FTD)
PARAMETERS 12

0 2920 46 3920 B 42745 1R 42725 20 21920 24 1920

3

UNIT 8 TYFE 14 FORCING FUMCTION...QPEFL (70W/FERSON)
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PARAMETERS 12

00 608 14180 18 14180 20 0 24 0

X

UNIT ¢ TYPE 14 FORCING FUNCTION,..WT (ARW/PERSOM)

PARAMETERS 12

004 088G5,4 18 5,4200240

¥

UNIT 10 TYFE 14 SOLAR RADTATION FROCESSOR

PARAMETERS 7

511 32,43 4871, 0 -1

INPUTS 13

535 534 5319 5520 050 00 050 050 0s0 D0 0.0 000 080
+0 +0 »0 o0 2 20 0 20 ?0 20 180 99 -90
*

UNTT 11 TYPE 17 WALL #1

PARAMETERS 21 ,

1.5 .855 230 ,8 2 .2 .2 -1 .0 00046 00225 (00150 (00016 -1.73771
+90936 -,13373 ,00494 -,00001

INFUTS 4

Ss6 106 5% 25,2

+0 o0 2,24 23,23

p 4

UNIT 12 TYPE 17 WALL %2

PARAMETERS 21

1.5 855 330 .82 .2 .3 -1 .0 .00046 00225 00150 .000146 -1.73771
+20936 -,13373 ,00494 -,00001

INPUTS 4

S:6 10511 050 26,2
+0 «0 S0 23,25
X

UNIT 13 TYPE 17 WALL 33

PARAMETERS 21

1.5 8255 320 ,8 2 .2 .3 -1 .0 000446 00225 (00150 00016 -1.73771
20936 ~,13373 ,00494 -.00001

INPUTS 4

Se6 10413 5,9 27,2

+0 +0 2,24 23,25

¥

UNIT 14 TYPE 17 WALL %4

PARAMETERS 21

1.5 55 330 .82 .2 .2 -1 .0 .00046 .00225 00180 00014 -1.72771
+90938 -,13373 ,00494 -,00001

INFUTS 4

356 10.15 0,0 28,2
+0 0 0 23,25
¥

UNIT 16 TYFPF 17 ROOF 22

PARAMETERS 23

1 (5 .8 6 6 168,75 0 1 0 0 0 0 00002 .000446 00123 00079 06011
-1,91091 1,22135 -,31019 ,03001 -,0009% 00001

INFUTS 4



Seb SeS 599 246.2
0 + 0 2,24 23.25
X

UNIT 17 TYPE 17 ROOF 15

PARAMETERS 23

1.5 86422501000 .0 .00002 00046 00133 00079 00011
-1,91091 1,22135 -,31019 ,03001 -,00093 00001

INFUTE 4

516 T3 5% 292

+0 O 2,24 23,25

%

UNIT 20 TYPE 15 Al GERRAIC OFERATOR
INPUTS S

16:2 1192 1252 17,2 14,2

0 » 0 »0 0 +0

PARAMETERS 14

003 -4-1103-4-11073 -4 -1103 -4

X

UNIT 21 TYPE 15 ALGEBRRAIC QPERATOR FOR 35

INPUTS S

0s0 4631 751 8s1 951

’450 ’0 70 00 00

PARAMETERS 14

o 0 1 -4 -t1 0 1 -4 -1t 0 t -4 -11 0 1 -4
% .

UNIT 22 TYPE 1S ALGERRAIC OFERATOR FOR #¢

INPUTS S

050 691 791 Ryl 9l

+882 .0 1) 20 W0

PARAMETERS 16

0 01t -4 -11 0 {1 -4 -11 0 1 -4 -11 O 1 -4
X

CUNIT 25 TYPE 19  7ONE #1

PARAMETERS 19

1 18%4,25 0 506.25 3 1.17ES 1480, 0 0 30 0 0 O 21,5 25.0 23.25
00 ,012

INFUTS 10

0s0 0,0 050 Ss6 5,8 991 20s1 11:2 751 Bsi

0.0 0,0 0,0 0 .0 0 +0 ] o0 +0

b4

UNIT 26 TYPE 1% ZONE $2

PARAMETERS 19

1 1856.25 0 504,25 3 1.,17E5 1480, 0 0 20 0 0 0 21.5 25.0 22.25
00 ,012

INPUTS 10

0s0 050 050 Ssé 558 951 2092 12:3 751 81

0.0 0,0 0,0 ,0 ,0 W0 ] N 0 +0

*

UNIT 27 TYPE 19 ZONE #2

PARAMETERS 19

1 1854,25 0 5046.25 3 1.17E5 1480, 0 0 20 0 0 0 21.5 25.0 22,25

127
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00,012

INFUTS 10

050 0,0 030 Ssé S98 951 20,3 13,3 751 81

0.0 0,0 0,0 .0 ,0 0 0 »0 0 0

X

UNIT 28 TYPE 19 ZONE #4

PARAMFTERS 19

1 1856.25 0 506,25 2 1.17E5 1480, 0 0 20 0 0 O 21.5 25.0 237.25
00,012

INFUTS 10

050 00 0:0 Ss6 S8 %1 2054 143 751 Bsi
0.0 0,0 0,0 .0 .0 +0 20 ] ] .0

b 4

UNIT 29 TYPE 19 70NE %5
-PARAMETERS 19

1 825, 0 225, 3 S.19E4 422,80 0 0 0 0 0 21.5% 25.0 22.25 0 0
+012 :

INFUTS 10

050 030 050 Ssé Se8 2154 1792 17:3 21,2 2132
0,0 0,0 0,0 L0 0 L0 0 0 .0 .0

X

UNIT 20 TYPE 19 ZONE %6

PARAMETERS 19

1 1450 0 450 3 1.04ES 0 0 0 0 0 0 0 21,5 25.0 23.25% 0 0 012
INFUTS 10

00 0y0 050 Syéd 528 2254 030 050 22,2 22,3
0.0 0,0 0,0 .0 ] 0 .0 20 N BN Y

X

UNIT 21 TYPE 15 ALGEBRAIC OFERATOR...SENSIEBLE

INPUTS &
-2%s1 2651 27s1 2851 291 30.1

+0 »Q +0 o0 0 W0
FARAMETERS 12
¢ 6 T 0 3 0 2 0 3 0 3 -4

X
UNIT 22 TYPE 15 ALGEBRAIC OFERATOR. .. LATENT
INPUTS &
254 2654 2754 28,4 2954 1044
o0 >0 +0 QO » 0 o0

PARAMETERS 12

0 0 3 0 I 0 3 0 3 0 T -4

¥

UNIT 33 TYPE 14 SOLAR RADTATION FROCESSOR OQUTFUT
PARAMETERS 7

5 1 1 33,43 4871, ¢ -1

INPUTS 7

5:5 Ss4 5519 5,20 050 050 00

’o )0 )0 f‘) )2 20 #0

%
UNIT 34 TYPE 25 FPRINTER
PARAMETERS 4
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1 1.0 R7460.0 8

INPUTS §

Sy S8 3is1 251 3T0d
TA WA QSENS QLAT HT
b 4
END

HOWE*TRNSYS . STRATEGY1
SIMULATION 1.0 8760.0 1.0
322 02023232232332222334283283232221
NESICCANT AIR CONDITIONING
SYSTEM MODEL

CONNENSER-AUXILIARY

W M & 36 ¥ j¢ W ¥

X
¥
) 4
¥
STRATEGRY #1 3 ¥
¥
*
¥

ERRARKRKKRKERRKKEERE KRR RKKKRRKK L KK
4

NOLIST

4
UNTT 1t TYPE 9 DATA READER
PARAMETERS 4

6 1 -1 1
(F10,4s5(1PE11,3))
*

UNIT 2 TYPE 14 FORCING FUMCTION...HVENT, KG/HR
PARAMETERS 12

0 0 8 ¢ B 9185.4 {R 91iRS.4 18 O 24 O
¥

UNIT 3 TYFE 14 FORCING FUNCTIOM...QLITES. K.J/HR



PARAMETERS 12

0 JA900 & 24900 B 209300 1R 209300
X

UNTT 4 TYPE 20 MEWCON

PARAMETERS 5

+40 W40 (012 1,0 59450.0

INPUTS 7

0s0 152 153 154 1,5 251 Il

25,0 20, 012 ,0 ,0 .0 .0

X

UNIT S TYPE 21 MIXER

INPUTS 7 ‘

436 457 122 133 A3 221 AsD

24, 012 20, 012 .0 ,0 .0

X

UNTT &6 TYPE 32 TDERUMIDIFIER

PARANETERS 2

08 .95

INPUTS 8

453 531 S9?2 432 153 A4 12 A8

0 25, 012,009 012 0 20. .0

b 3

UNIT 7 TYPE 33 FAN #1

PARAMETERS 19

500 150 100 S0 60 32 O 0 (50 20000
INPUTS S

42, 451 S92 454 O

0 25, 009 O 1

¥

UNIT 8 TYPE 34 INRIRECT EVAFPORATIVE COOLER
PARAMETERS 2 :

20 .90

INPUTS 4

721 792 12 1.3

25, 009 20, ,012

x

UNIT @ TYPE 35 TDIRECT EVAFORATIVE CROLER
PARAMETERS 1

90

INPUTS 2

8s1 852

00 .0

b 4

UNIT 10 TYPF 34 VAFOR COMPRESSTION UNTT
PARAMETERS 1

30.0

INPUTS 10

45T Rl 832 991 A5l Ay2 152 1.3 4.0
0 15, 009 10, 12, ,009 20, 012 .0
X

UNIT 11 TYPE 22 FAN $2

20

4900

[{ERY)

3
.

A

IA900
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PARAMETERS 10

100 150 50 &0 22 0 0 0 (RO 20000
INPUTS S

4:8 1054 10:5 4+4 10s6

00025, ,012 00

¥

UNIT 12 TYPE 37 AUXILIARY HFATER
INPUTS 4

4,8 11,1 653 11,2

025, 30, 012

X

UNIT 13 TYPE 33 FAN #3

PARAMETERS 10

S0 100 32 0 0 O 0 O (R0 20000
INPUTS S

453 833 BsA 050 050

.0 10, 012 1 1

X

UNIT 20 TYPE 28 SIYMULATION SUMMARY
PARAMFETERS 21

-1 1.0 8740.0 -1 1 -1t -4 -12 -4 -12 -4 -14
-1% -4 -i6 -4 =~-17 -4 ~-18 -4

INFUTS 8

10+7 796 11586 13586 1251 10,3 11:3 1252

LARELS 8

WORK ELEC1 ELFC2 - ELECZ QAUX QCONDR QFAN FYCESS
¥

UNTT 21 TYPE 28 SINULATION SUNMARY

PARANETERS 17

-1 1.0 R8760.0 -1 1 -1 -4 =12 -4 -13 -4 -14
-15 -4 -16 -4 ,

INPUTS &

12,3 1294 12518 454 4,5 10:6
LARELS &

AAUXST USE EXSTOR ION  IVENT IONAC
b 4

UNIT 22 TYPE 27 HISTOGRAM
PARANFTERS 8

2 =1 -1 1.0 8780.,0 0 24 24
INPUTS 1

12,1

QAUX

L
END
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HOWE*TRNSYS .NEWCON

OO0

Lo I o]

e 8 o }

0

SURROUTINE TYPEICG(TIME,XIN-QUT»T-OUTRTFPAR,THFOY

b33 EIITEAIRFEIFE 5288434208324 43 228023800221

4
PRIMARY RUILNING COMNTROLLER MOREL. IT %
NETERMINES THFE APPROPRIATE SUPPLY AIR %
TEMPERATURE AND HUMINITY RATIO TQ MEET 14
THE RUTLDING LOAR, ALSD DETERMIMES THE %
REQUIREDR SYSTEM FLOW RATF. %

¥

4

& I P 36 D 3 % I

1233333035833 0 3358388033303 0288420424233437

DIKENSION YXTM(7)PAR(T)2QUTI19)  IHFO(D)
REAL MSYS,HMVENTMREGML2s MR

DATA AsEsC/8.0B7E-05» 1.4005, 4.377E-03/
DATA CPASCPY,HFG/1.0, 1.808, 2501./

TR = XIN(1)
TA = XIM(2)
WA = XIN(2)
QSENS = = XIN(4)
aLAT = YIN(S)
MUENT = XIM(&)

QLITES = XIN(?)

FLITES = PAR(1)
BAL = PAR(2)
WNAX = PAR(3)
DELT = PAR(4)
MB = PAR(S)
INFOS) = 19

INFO(?) = 0

IFCINFO(7) (FQ. -1) THEN
CALL TYPECK(1yTNF0,7:5+0)
WR = 008
ELSE
IFCINFO(?7) (EQ. 0) THEMN
WR = oUT(18)
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ouT(19)
EL3E
Wk
ENDIF
ENDIF

KR

i

quT (19

IF(QSENS .LE. 0.0) THEN

Th = TR
Wn = WR
M8YS = MUENT
10N =0
IVENT =0
TLITES = TR + FLITESY¥QLITEE/(MSYEXCF}
WLITES = UR -
MREG = RNALAMEYS
URN = WR
G0 TO 98
ELSE
CONTINUE
ENDIF

IF(AQLAT 4 T. 0.0) QLAT = 0.0

cpP. = CPA + CPYRUR
HA = CPAXTA + NAK(HFG + CPUXTA)
HR = CPAXTR + WR¥(HFG + CRUXTR)
HD = HR - 1§,
SHR = QSENS/(QSENS + QLAT?
T = TR - 15.%SHR/CF
MSYS = Q9ENS/(CPY(TR-TN))
IF(MSYS .1 T. MVENT) THEN
MSYS = MYENT 7
T = TR - OSENS/{HEYEXCPF}
ELSE
CONTINUE
ENDIF
KREB = RAL * HRYS
ML2 = QLAT/HFG
AEXF = EXP(-NSYSKNELT/HR)
uo = (WMAX-HL2/MSYS+AEXPX (ML 2/M8YS-UR) ) /(1 -AEXF}
TLITES =~ TR + FLITESKQLITES/(HEYSXCF)
WLITES = WR
HLITES = CPAXTLITES + WLITESX(HFG + CRURTLITES)
TRA = (MUYEMTYTA + (MSYS-MUENT)ETLITES)/HSYS
WRA = (MVENTXWA + (HSYS-MVENTIRULITEE)/MEYE
HRA = CPAXTRA + WRAXCHFG + CPUXTRA}

IF(UD 6T, WA) THEN
un = WA
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[9r]

far I o}

END

o =
ICHE =1
TUFNT = 1
ELSE
IF(WD .GT. WRA) THEN
HR == WRA
ION - 0
ICHG= 1
TUENT = 0
ELSE
10M = 1
ICHG= 0
IF(HA LT, HRA) THEN
IVEMT = 1
ELSE
IVENT = O
ENDIF
ENDIF
ENDIF
FSAT = AXTNX¥E + © - WD
IF(FSAT LT, 0,0) THEN
WO~ AXTIIRXR + C
ICHG = 1
o =1
ELSE
CONTINUE
ENDIF
IF(TCHG (EQ. 1) THEN
MRN = (ML24MDKMSYS)/NSYS + (WR-(ML2HWDKMSYR)/MSYB)ILAEXF
ELSE
WREN = WMAX
ENDIF
ouTdly - Th
guT(?) = WD
ouT(3) =~ MSYS
guTC4ay = I0N
QUT(S) = TUENT
puT(8) = TLITES
- DUT(7) = WLITES
ouT(8) = MREG
0UT(18) = WRN
RETURN
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HOWE*TRNSYS .MIXER

SURROUTINE TYPEIL(TIME,XTN-QUT-TH>LTRTFAR TNFQ)

b3 333333233223 33283 0839828830228 284224822 1
¥ ¥
% RUILDING ECONOMIZER HODEL. THNPUT TVENT ¥
X FROM MFYCON DETERMINES THE ANOUMT OF ¥
* QUTSIRE AIR TO RE INTRODUCED THTQ THE %
X RUILDING. *
X ¥
X

1333333333833 03208082083388282803230220220282831

(o B B Bl o ot B o B B o BEor Moy B o

DIXENSION XIN(7)y QUT(2)s TNFO(®)
REAL H8YS, MUENT

a0

DATE CPASCPU/1.0y 1.B0L/

TLITES = XIN(1)
WLITES = XIN(2)
TA = XIN(3)
Wé XIM(4)
HEYS = XIN(D)
HUENT XINCS)
TVENT XINCZ)

Ki

H

]

INFOC(S6Y= 2
INFO(9)= ©
CALL TYPECK(15INFOs»740,0)
ce = CPA + CPURWLITES
IF(TVENT (FQ. 1) THEN

TRA = TA

WRA = WA

TRA = (MUENT¥TA + (MSYS - MVENT)XTLITES) / HBYS
WRA = (MUENT#WA + (MSYS - MUENT)IXWLITES) / M8YS

L}

guT(1)
ouT(2)

TRA
WRA

]



£
C

RETURN

END
HOWE*TRNSYS .DEHUM

o0

SURROUTINE TYPEZ2(TIME,XIN>QUT»T+DTNT,FARSINFD)

i3 2302238330335 3033833282223404324222224834

MODEL OF A ROTARY NESICCANT NEHUMIDIFIER
CONTATNING NOMINAL SILICA GEL,

PERFORMANCE RASEDN OM EQUATIONS FOR FI1-F2
FOTENTIALS DNFVELOPED RY JURINAK

TEMPERATURE AT AMRIEMT HUMIDITY RATIO
WHICH WILL DEHUMIDIFY EXACTLY TO THE
SUPPLY HUMTIDRITY RATIO. THE PROCESS
STREAM OUTLET TEMFERATURE T8 4l &0

¥
¥
) 4
¥
¥
¥
¥
L4
4
X
¥
¥
3
DETERHINED. ¥
¥
¥

3

X

X

¥

¥

X

t .
¥ MODEL DETERMINES THF REGFNERATION
X

X

X

%

X

3

X

E83 3088333808880 8283280008 033820300802 032 8331

HI"ENSIBN‘TEHP(4)sN(%)sXIN(B)yPAR(ékyﬂUT(&)a]NFﬂ(?)
REAL. MSYS, MREG

DATA A1:A25A3/2865.s 4,344 8424/
DATA R1:R2,RI/6340,7 1,127, 07949/
DATA ZZ-CPASCPY/1.490: 1.0y 1. BO5/
DATA HFG/2501./
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20

35

40
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FLI(IY = =A1/7U(TERF(IY 4272 015 EKZZ Y A2 (WY XEAT)
F2(I) = ((TEMP(I)4273,15)%%Z7)/R1 - RAX(U(I)IK%R3I)

H(I) = CPAXTENP(I) + W(DIK(HFG + CRUXTEMF(I))
MeYg = XIN(1)
TEMP(1) = XIN(2)
LGS = NINCE)
Wi = KIN(4)
WX = XIN(S)
ION = XIN(&)
TA = XIN(?)
MRER = XIMN(Eg)
ETAFL = PAR(L)
ETAF2 = PAR(2)
CINFQ(EY = &
INFO(?) =0

CALL TYPECK(1,INFOsR52,0)
IF(TON .EN. O) THEN

TDEH = TEWP(1)
WDEH = M{1?
TREG = TA
WREG = W3
TEWF(4) = TREG
Wa) = WRER
60 TO 100
ELSE
CONTINUE

ENDIF

Fiil= Fi(1)

F21= F2(1)

Fi12I= F11

TEMP(2)= (A1 / (A2 % M(2) %% A2 - FI121)) &% (1. / 7Z) - 273.15
F221= F2(2) .

F231I= F221

TEMF(3)= (R1 % (F231 + R2 % W(I)Y £%x BI)) #% (1. / 77) - 27%.15
GN TN 40

TEMP(3)= TEMP(3) + 0.10

IFCTENP(3) LT, 150.) GO TO 40

WRITE(%,35)

FORMAT(’0 REGENERATION TEMFERATURE DIN MOT COMVERGE’}

G0 TO 99

Fi3= Fi(3)

F2i= F2(3)

Fi2= Fi1 + ETAF1 % (F13 - F11)
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F22= F21 + FTAF2 % (F23 - F21)
woLh= ,0035
D 45 1=1,25
FNU= B1X(F22 + B2E(WOLD #¥ RI)) + A1/(F12 - A24(WOI D %X A3))
DFNW= B1 % B2 % RI % (WOLD %% (BRI - 1,)) + At % A2 ¥ AZ #
- (WOLD % (AZ - 1.)) / ((F12 - A2 % (WOLD #¥% AZ)) ¥¥% 23
WNEM= WOLR - FMY / DFNY
IF(HNEW.LE.0.0) WNEW= WOLD ¥ .5
IF(ARS((UNEW - WOLNY / WOLM).LT. .01} GO TO S0

WOL D= WNEW
45 CONTTMUE
WRITE(%,47)
47 FORMAT (0 HUMIDITY RATIO DID MOT CONVERGE’)
99 sTOP

50 TF(ARSCINNEW - W(2)) / W(2)) (T, .01) G0 T 30
TEMP(2)= (AL / (A2 % W(2) %% A3 - F12)) ¥% (1, 7 77} - 273.15

c
C
TEMP(4) = (MSYSK(H(1)=-H(2)-HFGR(N{1)-W(23) ) 4MREGK(H(T) -~
- HFGXM(3))) 7/ (MSYSKCPUX(W(1)-W(2))+HRERY(CFA+CPUVY
- LA DD
Wi4) = (MSYSX(M(1)-W(2))+HREGKW(3)) / (MREG)
c
C
THIX = TEWF(1)
WMIX = W)
TOEH = TEMP(2)
WDEH = W(2)
TREG = TEWF(3)
WREG = W(I)
c
£
100  0UT(1) = THEH
ouT(2) = WDEH
puT(3) = TREG
ouT(4) = WREG
oUT(S) = TFHF(4)
guUT(4) = W(4)
c
C
RETURN

END
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HOWE#*TRNSYS . FAN |
SUBROUTINE TYPEZZ(TIME,XIN,OUT:T,RTRT,PARy TNFD)

C
C
(MR 33333333332 3234344303838238322838222224221
C x b4
C ¥ FAN MODEL CALCULATES THE TOTAL FAN %
C % POMER CONSUMPTION. A SINGLE ¥
€ % EFFICIENCY IS USFD WHICH T8 A ¥
C % COMRIMATION OF THE FAM STATIC k3
C ¥ EFFICIENCY ANDR THE DRIVE-MOTOR ¥
£ % FEFFICIENCY, E
c x X
(3388033348308 53328850083300308083 2028221
c
C

DIMEMSION XIM(A&)s QUT(S), FARC10), TNFD(9): DF(R)

REAL. MSYS, MRASE
c
C :

DATA CPASCFUSRHO/1.0: 1.805, 1,201/
C
C

H8YS = XIN(D)

TFANIN = XIM(2)

WFANIN = XIN(3)

10M = XINC4)

IONAC = XIN(D)
C
C

B0 100 I=1.8

BP(T) = PAR(I)
100  CONTINUE
EFaN = PAR(Y)
MRASE FAR(10?

i

[y B o ]

INFQ(S) = 6

INFO(?) = 0

CALL TYPECK(1,INFO»5,10,0)

TFCION EQ, O LANT, IONAC .EQ, 0O) THENM

TFAM  ~ TFANIN
WFAN = WFANIN
QFaN = 0.0
HORKST = ¢.0
DETOT - 0.0

ELFC

0.0



300

o]

G0 70 200
ELSE
COMTINUE
EMRIF
CP. = CPA 4+ CPUKUFANIN
DPSUN = 0.
g 200 J=1,8
DFSUNM = DPSUNM 4+ DR (L
CONTINUE
DPTOT = DIIPSUM & (NSYE/MRAGE) #% 2
WORKST ~ MSYS % nPTOT / (RHOD % 1000.)
OFAN = WORKST % (1,- EFAMY/FFAN
TFAN = TFANIN + QFAN/(HMSYSRLP!
WFAN = WFANIN
ELEC = WORKST / EFAN
QuT(1) = TFAN
ouUT(2) = WFAM
fuUT(3) = QFAN
ouT(4) = WORKST
ouT(S) = DPTOT
ouUT (&) = FLEC
RETURN

END
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HOWE*TRNSYS.IEC
SURRQUTINE TYPEZA(TIME,XIN,QUT:-T,DTRTsPARINFQ)
C
C .
(VS 333 033338833382t ¥seestsessssstriatas:
cC x ¥
C % MODEL DETERMINES THF QUTLET &TATE %
C % OF AM IMDIRECT FYAPORATIVE COOLER. ¥
C x ¥
(R ¥ EEI TP 8350223633320 02 202028
C
C
DIMENSION YIM(4),0UT(6)yPAR(?) s INFR(T)
INTEGER RETRN
c
C
' DATA CPASCPVU-HFG/1.0:1.805,2501./
DATA EPS,PA/.0015101600./
DATA C1:C2,C3/-5674,.53545 4. 3920247y -0.9477RAZE-Q2/
DATA C4,C5s06/,62215701F-085,20747825E-08,-,9484024E-12/
DATA C7/4.1435019/
DATA CByC9C10/-5800.2206, 1.3914997, -, 048860239/
DATA C11sC125C13/,41744748E-04, -, 14452093607, 4,54596731/
c :
C
P1(7) = -7,90298 % (I-1.)
P2(Z) = 5,02808 % ALOG10(Z)
P3(Z) = -1.3818E-07 % (10.%¥%(11.344%(1 . -1 ./ZN)-1 )
PA(Z) = 8,1328E-03 % (10,%%(-3,49149%(7-1,1)~1,)
PS(I)Y = -9,09718%(Z~1.)
PS(Z)Y = -3,58654%AL06G10(2)
P72(Z) = (876792%(1.-1./])
P8 = -2.2199
C
C
TWARM = XTIN(1)
WWARM = XIN(D)
TORY = XIN(Z)
WORY = XIM(4)
c
C
EIEC = PAR(L)
EFL = PAR(2)



10

30

40

50

60

65

70

80

INFO(6)= 6
CINFO(P)= O
CALL TYPECK(1,INFD»4,230)
CP = CPA + CPUXUDRY
HDRY = CPXTDRY + WIRYX(HFG+CFULTIRY)
IFCHDRY LT, 9.47) 60 TD 10
Y = ALDB(HDRY + 17.48)
TUR = 24,7453 + Y¥(-43,44 + YR(13.909 - Y¥.977))
B0 TO 20
T = TDRY
ASSIGN 20 TO RETRN
60 TO 100
WSAT = (62198 * FSAT/(J.- PSAT)
T = (HDRY - HFGXWSAT) / (CPA 4 CPUXUSAT)
ASSIGN 40 TO RETRN
G0 TO 100
NT = L6219BXPSAT / (1.- PSAT)
IF(ABS(TT-TORY) .GT, 0.01) 60 TN 50
TWB = (TT + TORY) % .5
60 TO 20
SLOPE = (WSAT-WT) / (TDRY - TT)
A = CPY % SLOPE |
B = CPA + CPVXWSAT + SLOFEX(HFG - CPYKTDRY)
C = -HDRY + HFGX(NSAT - SLOPEXTRRY)

IF(SLOPE LT« 1.E-07) TWR = -C/R
IF(SLOPE ,6T, ,99E-07) TUR = (-R + SORT(RIE-4,%A%C)}/(2.%A)

T61 = THER

T62 = THUR + .S

NIT = 0

ASSIGN 40 T RETRN

TT = TG61

GN TO 100

13-3 = ,62198%FSAT / (1.- PRAT)

Fi = WDRY -~ ((HFG-2,331%TG1)%WSL - (TORY-TG1))/

- (HFG + CPURTIORY - 4.1B6%TG1)
ASSIGH 70 TO RETRN ’

TT = TGR2

G0 T0 100

ws2 = (42198%¥PSAT / (1.~ FSAT)

F2 = WORY - ((HFG-2,381XTG2)%YS2 - (TORY-TG2))/

- (HFG + CPUXTDRY - 4.1R&6XTG1)
IF(ARS(F1-F2) LT, 1.0E-07) GO TO 93

TGN = T62 - F2U(TR2-TR1) / (F2-F1)
IF(ARS(TGN-TG2) LT, EPS) GO TO 20
TG61 = T62

Fi = F2

TG2 = TGN

NIT = NIT + 1

IF(NIT .67, 100) GO TO RO

GO TO 65

TUR = TG2
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WRITE(X«210)
210  FORMAT(’ FAILURE TO CONVERGE IN 100 TTERATIONR')
GO TO 98
20 TR = TGN
GO 10 98
5 TuR = T62
NIT = NIT + 1
WRITE(%s220) NIT
220  FORMAT(’ LOSS OF PRECISION AFTER’»2X»IZ,2X, ITERATIONS')

98 TT = TWR
ASSIGN 99 TO RETRN
G0 T0 109
99 WWER = L6219B%FRAT / (1.- FEAT)
GO TO 300
C
C 3
100 IF(TT (GT. 0.3 GO TO 105
4 = 273,14/(TT+273,18)
FSAT = 10, ¥%(PS(Z) 4+ F&(Z) + P7(Z} + FR)
G0 TO RETRMN» (30,40,40,70,99)
108 7 = 373.16/7(TT4272.14)
PSAT = 10.%k(P1(Z) + P2(Z) + P3(T) + PA(T)) D
60 TO RETENs (30540560570,99)
C
C
300 THERK = TRR + 273.15
IF(TWR LT, 0.0) THEM
PPUS = C1/THEK 4+ C2 4+ CIKTWEBK 4 CAKTHERREXX2 + CSETWRKEXI +
- CAHXTUBKYX%A + C7¥ALOG(TUBRK)
ELRE
FPUS = CB/TURK + 0% 4+ CLOKTWEK 4+ CLLIXTWRKEX2 + CI12ATURKEXZ +
- C13%ALOG(TURK
ENDIF
Pys = EXP(PFYS)
WWR = L42198%PYS / (PA-PVUS)
TEC = TORY - EECX{TORY-TWR)
WEC = WORY ~ EECY¥(UDRY-WUWR)
c
c
TIEC = TWARM - EIECX(TWARM-TWE)
WIEC = WWARM
C
C
guT(1)Y = TIEC
ouYT(2) = WIEC
ouT(3) = TEC
QUT(4) = UWEC
QuUT(S) = TWE
QUT(&) = WWE
C



RETUR
END
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HOWE*TRNSYS.EC

OOmOOO0O000

Lor BN o]

SUBROUTINE TYPEZS(TIME,XIN>OUT-T-OTRT,FAR,INFQ)

TXERRREKK
X

¥ MODEL

X 0OF A
*

KERRKKKRRRRRRRRRRKKE LKA KL LKL KKK
b 4

DETERMINES THE QUTIET 8TATE %

DIRECT EYAPORATIVE COOLER X
X

b333 30335583558 0300e ittt 200 32028

DIMEN
INTESG

- DATA
DATA
DATA
DATA
naTA
DATA
DATA

P1(Z)
P
P3(2)
PA(Z)
PS{2)
P&(Z)
P7(Z)

SION XIN(E): QUT (43 ?QR(?); TNFO(?)
ER RETRN

CPASCPVSHFG/1 (05 1.B0S, RS01./

EPS,FPA/. 0017 101400,/

C1sC25,C3/-5474,5354y 4.3920247y -0, Q477RATE-02/
GC4sC5,06/0,42215701E-06;7 0,20747925E-09; -0,9404024E-12/
C7/4.162501%/

£8,C9sC10/-5800.2204: 1.3914992, -0.04RB4023%/

C11s012,C13/0,417647488E-04; -0, 14452093E-07, 4,54395731/

~7.90298 % (Z~1.)
5.02808 % ALOGLO(Z)
-1.3816E-07 % (10, ¥% (11.344%(1.-1./7))-1)
8,1328E-03 % (10, ¥%(-3,49149%(7-1,1)~1.)
-9.09718 * (ZI-1.)
~-3.54604 &% ALOGIO(D)
876793 % (1.-1./1)

LU | ST B 1}

LU 1)
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(o}

10

30

40

50

20

40
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P8 = -2.2199

TORY = XIM(L)

WORY = XIN(2)

EEC = FAR(L)

INFO(&)= 4

INFO(?)= O

CALL TYPECK(1sINFQ»2+1:0)

ce = DPA + CPYRYDRY

HORY = CPXTIDRY + WORYK(HFG + CPUXTIDRY)

IF(HDRY LT, 9,47) GO TO 10

Y = ALOG(HDRY + 17,48} '
TuB = 26,7453 + Y¥(-43.44 + ¥%(13.909 - Y%,977))
G0 70O 20

TT = TDRY

ASSIGN 30 TO RETRN

6N 10 100

WSAT = 42198 ¥ PSAT/({1.~FSAT)

TT

WT

= (HDRY - HFGXWSAT) / (CFA + CPUXWSAT)
ASSIGN 40 TO RETRN '
G0 TO 100

=

«62198%PSAT/ (1.-FSAT)

IF(ARS(TT-TDRY) ,G6T. 0,01) GO TO 30

TUR = (IT + TRRY) % 5
6N 1O 20
CBLOPE = (NSAT - WT) / (TDRY - TT)
A = CPY % SLOPE
B = CPA + CPUXWSAT 4 SLOPFX(HFG - CPUXTDRY]
c = —~HDRY + HFGY/{WSAT - SLOFPEXTRRY)
IF(SLOPE LT, 1.E-07) TWR = -C/R
IF(SLOPE BT, ,99E-07) TUR = (-R + SORT(RAR - A AXC))/ (L. XA
T61 = TWR
TG2 = TWR + .5
NIT =0
ASSIGM A0 TO RETRN
17 = T61
6N TD 100
Ws1 = (A2198XFBAT/(1,-FSAT) :
Fi = WDRY - ((HFG - 2,381%TGL)%YSL - (TORY - TG1))/

(HFG + CPUXTDRY - 4.1B&XTGL)

ASSIAM 70 TO RETRN

1T = TGR2

G0N TO 100

ws2 = (42198%PSAT/ (1.~ PEAT)

F2 = WORY - ((HFG - 2.,I81XTH2I¥YS2 - (TORY - TG2))/

(HFG 4 CPUXTIRY - 4.1B6XT62)
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IF(ARS(FI-F2) LT, 1,0E-07) GO TO 93

TGN = TB2 - F2K(TB2 - TR1) / (F2-F1)
IF(ARS(TBH-TB2) ,L.T, FPS) 6O TO 90
761 = TR2
Fi = F2
T62 = TGN
NIT = NIT + 1
IF(NIT (GT. 100) GO TO 80
G0 TN 65
80  THE = TG2
WRITE(%s210)
210  FORMAT(’ FAILURE TQ CONVERGE IM 100 ITERATIONS’)
60 TN 98
90  TWE = TGN
GN TN 98
95 TWBR = TB2
NIT = NIT + 1

WRITE(%,2203 NIT
220  FORMAT(’ LOSS OF FRECISION AFTFR/s2Xs1352%s "ITERATINS')
98 TT = TWR

ASSIGN 99 TO RETRN

60 T 100
99  WWE = .A219BRPSAT/(1.- PSAT)
60 TO 300
c
c
100 IF(TT.RT. 0.) GO TO 105
z = 273,15/(TT + 273,15}
PSAT = 10. ¥k (PS(Z) 4 P&(7) + P7(Z) + PR)
60 TO RETRM, (30,40,40,70+99)
. 105 .7 = 373.45/(7T + 272,15 ,
PSAT = 10, ¥% (P1(7) & P2(Z) + PI(Z) + PA(T))
GO TO RETRN» (30,40560570,99)
c
C
300  TWBK = TWB + 27X.15
IF(TWR ,L.T. 0.0) THEM
PPUS = C1/TWBK + 02 + CIKTMRK + CAXTHEKEX2 + CSKTURKEXZ 4
- CAXTHBKXX4 + C7¥ALDG(THRK) ~
ELSE
FPUS = [B/TWEK + £9 4+ CLOKTWBK + CLIKTUBKEYED + CL24TURK#EI 4
- C13%ALOG( TWRK)
ENDIF ,
PUS = EXP(FFVS)
WWR = ,42199¥PUS/(PA - PUS)
TEC = TDRY - EECK(TDRY - TWR)
WEC = WDRY - EECK(WDRY - WWR)
c
c
QUT(1) = TUR
QUT(2) = WUR



o}

ouT(3) = TEC
QuUT(4) = HWEC
RETURN

END

HOWE*TRNSYS.AC

S OO0 O0O0T0O0n

fr I

SURROUTINE TYPEZ&(TIME:XIM,OUTsTH»DTRTPAR,INFDR)

13333322333 83832 8333048333243 844 523883433323 3343403 %

PFRFORMANCE MOREL OF # UAPOR COMPRESSION
UMIT, IMLET AMD OUTLET ATIR CONDITIONMNS ARE
ASSUMEDR KMOWN.

RY ASSUMING TREAI. COOLING TO THE SATURATIOM
LINE ANDI' THEN TO THE NEWPOINT OF THE

3 ¥
3 ¥
X ¥
X ¥
X ¥
¥ THIS MODEL GIVES THE LLOWFR FFRFORMANCE ROUMD ¥
X ¥
X ¥
X DELIVERED AIR STATE, REHEAT REQUIRED. ¥
X ¥
X L

P332 30283028 E3TER e 220580335322 R3 ]

DIMENSION XIM(10)y QUT(D)s IMFO(?)s FAR(L)
REAL MSYS, MREG

DBATA CPA>CPUSHFGsPA/1.0s 1,805y 2501.5 101400./

M8YS = XIH(L)
TIEC = XIN(2)

WIEC = XINCD)
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TIECHR = XIN(4)

D = XIN(S)

Wh = XIN(&)

TREJ = NINCT)

WREJ = XIN(8)

MREG = NINCS)

ICOND = XIN(10)

TOM = PAR(DY

INFOCSY = @

INFO(?) = 0

CALL TYPECK(1,INFO»10-150)
cep = CPA + CPVKUWIEC

IF(BIFC GT. (WD+.0001)) THEN

PUFANS = PAXWD/ (.42198 + WD)

ALFHA = ALOG(FVFANS)

TDP = =25,957 - 1.8724%ALPHA + 1.14R9XALFPHAXKZ
WP = WD

HOP = CPAXTDP + WNPR(HFG + CRVRTLR)

"HIEC = CPAXTIEC + WIFCX(HFG + CPUXTIEC)

AEYAP = MSYSX(HIEC - HRF)

TAC = TDF

WAC = WhP

FLR = QEVAP/(TONX12000.%1,0548)

IF(FILR 8T, 1.0) FLR = 1.0
COPAC = (162%FLREATONKEXF (- 1B3XFLRXTON) - (7RZ¥FLR - 0O7IXTON
+ 3.48 - .N399BK(TREY - TIECWR - 15.)

QCONDR = QEVAFR(1.41./ COFAD)
TCONR = TRE.J + GCOND/(MREGXCF)
WORK = ACOND - QEVAF

IONAC =1

ELEE

IF(TIEC .GT. TI) THEN

REVAFP = MSYSXCPY(TIEC - TIO
TAC = Th g
WAL = HIEC
FLR = QEVAP/(TONX12000,%1.0548)
IF(FLR 6T, 1.0) FIL.B = 1.0
COPAC = (142XFLRXTONEEXP (- 18T¥FLRXTON)Y - (753XFLR - 007Z%T0H 4

3.48 - OJI9PR¥(TRE, - TIECHR - 15.)

QCOND = QREVAPX(1.+1./ COFAC)
TCONR = TREJ + QCOND/ (MREGHLF)
WORK - QCONDr - QEVAF

IONAL = 1

ELEE

QEVAF = 0.0

TAL = TIEC

WAC = WIEC



COFAC = 1000,
QCOND = Q.40
YORK = 0.0
TCOND = TREJ
IONAC = ¢
ENDIF
ENDIF
WCONDN = WRE.

IFCICOND .EQ. 0} QCOND = 0.0

puUT(1) = QEVAF
ouT(?2) = COPAC
DUT(3) = RCOND
QuT(4)> = TCOND
pUT(3) = WCOND
QUT(4) = IONAC
ouT(7) = WORK
ouT(3) = TAC
ouT(?)y = WAC
RETHRN

END
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HOWE*TRNSYS.AUXHTR

COODDOOO0OO00O0O000 00N

Lor B

SURRCQUTINE TYPEZZ(TIMEXIM-QUT,T DTRTFPAR,INFO?

b3 333305800 838304420823334802243222400020 84284443

3
X
X
X
X
L4
X

MOREL DETERMINES THE AMOUNT OF AUXILIARY
ENFRGY REQUIRED FOR REGBENERATINM ASSUNING
ROTH AN INFINITE STORAGE AMD A NO-STORAGE

SYSTEN.

L2222 22 02 8222032220302 032252220328 02020 2022

DIMENSION XTIN(4), DUT(19)s INFO(?)
REAL MNSYS

DATA CPASCPU/1.0+1.805/

M8YS = XIN(1)
THAYE = XIM(2)
TREQD = XIN(3)

WHAVE = XIN(4)

IF(INFO(7) (EQ. -1) THEN
INFO(S) = 2
INFO(SY = 0
CALL TYFECK(1yTNF0145050)
EXSTOR = 0,0
ELSE
IFCINFO(7) (EQ. 0) THEN
EXSTOR = OUT(18)
OUT(19) = EXSTOR
ELSE
EXSTOR = OUT(19)
ENDIF
ENDIF |
CF = CPA + CPUKWHAVE
QAUX = NSYS % CP % (TREQD - THAYE)
IF(RAUX (LT. 0.0) THEM
EXCESS = -QAUX
EXRTOR = EXSTOR - QALY
ALK 0.0
QAUXST = 0.0

S
-4
¥
¥
¥
X
%
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[ap I o]

Usrk = 0.0

ELSE

EXCESS = 0.0

QAUXST = QAUX - EXSTOR

IF(QAUXST LT. ©.0) THEN
EXSTOR = -QAUXST

QAUXET = 0.0
Use = QAUX
ELSE
USE = EXETOR
EXSTOR = 0.0
ENDIF
ENDIF
QuUT(1) = QAUX
0uT(2) = EXCESS
OUT(Z) = QAUXST
ouT(4) - USE

QUT(18)= EXSTOR

RETURN
END
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