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Abstract—An absorption heat purfiip (AHP) is a heat driven heat pump utilizing the absorption process.
A continuous, liquid absorbent AHP with chemical storage is modeled using mass and energy balances
and assuming mass transfer equilibrium. This model is used with the TRNSYS program(5] to simulate
the performance of an AHP in a residential solar-driven heating and cooling system. The effects of
collector area for an AHP using the NaSCN-NH, chemical system are investigated for the Columbia,
MO, Madison, W1, and Fort Worth, TX climates. The AHP system is compared to a conventional solar
heating and cooling system and the effects of heat exchanger effectiveness, storage mass, additional
thermal capacitance and alternative control strategies are studied for the Columbia climate.

INTRODUCTION

The absorption heat pump (AHP), through reversible
absorption processes, uses the thermodynamic avail-
ability of a high temperature heat input to extract heat
from a low temperature source and upgrade its tem-
perature. An AHP is thus a type of heat-driven heat
pump and uses the same basic cycle as an absorption
air conditioner. The performance of a heat pump is
measured in terms of its coefficient of performance
(COP), defined as the ratio of the heating (or cooling)
supplied by the heat pump to the high temperature
heat input.

Energy storage in an AHP is achieved by separately
storing the reacting chemicals[1]. This storage can be
provided by inserting two storage tanks into the cycle:
an absorbent tank between the generator and absorber
and a refrigerant storage tank between the condenser
and evaporator[2]. It is also possible to integrate the
storage tanks with the reaction vessels (a combined
condenser/refrigerant storage tank, for example).
Since energy is stored in the form of chemical reaction
potential, the reaction products'can be stored at ambi-
ent temperatures; however, the sensible heat involved
in cooling the products from the reaction temperature
to ambient is lost. The addition of chemical energy
storage ® the cycle also allows the charging and dis-
charging processes to be decoupled; for example, to
provide cooling, only the evaporator and absorber
need operate.

The characteristics of the absorption heat pump
make it an interesting prospect for use in a solar
heating and cooling system. The absorption cycle can
pump heat across a useful temperature difference (e.g.
from ambient to a 20°C heating load) with relatively
low (ca 100°C) charging temperatures. Since the heat~
ing COP is greater than unity, it might be possible to
use smaller collector areas as compared with a con-
ventional liquid-based solar heating system having
sensible heat storage. Auxiliary energy could be sup-
plied through the AHP, taking advantage of its COP

in the backup heating mode. This same AHP could
also provide air conditioning and energy storage capa-
bilities, eliminating the need for separate devices.

But these advantages do not come without penal-
ties. A heating COP greater than one requires higher
collector temperatures than a conventional solar heat-
ing system. The equipment that comprises a AHP is
more complex than a conventional system (but per-
haps comparable to a solar heating system combined
with a solar-driven absorption air conditioner). Fi-
nally, chemical energy storage requires the contain-
ment of sizeable quantities of chemicals which may be
expensive or hazardous.

The purpose of this paper is to investigate, through
simulations, the thermal performance of absorption
heat pumps in space conditioning applications. The
systems to be considered are solar-driven; i.e. solar
provides the high temperature energy required to drive
the cycle. This is in contrast to other solar-assisted
heat pump systems using vapor compression heat
pumps where solar provides the low temperature
energy to the evaporator[3].

SYSTEM DESCRIPTION

The absorption heat pump modeled is a continuous,
liquid absorbent system with a combined
condenser/refrigerant  storage tank and an
absorber/absorbent tank as shown in Fig. 1. This
configuration is simpler than a system with separate
storage tanks. It also has the ability to store thermal as
well as chemical energy within the cycle by raising the
temnperature of the tank contents. This feature would
allow, for example, the heat of condensation gener-
ated during the charging process to be stored if it were
not immediately needed to meet the heating load. In
air conditioning, a portion of the heats of absorption
and condensation could be stored during the day and
rejected at night, reducing the ambient heat exchanger
requirements.

This configuration has possible disadvantages.
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Fig. 1. AHP configuration.

Storing the heat of condensation by raising the refrig-
erant tank temperature increases the temperature of
the generator and that of the collector, thereby reduc-
ing collector efficiency. Offenhartz(4] has pointed out
that thermodynamic availability may be lost by ab-
sorbing refrigerant directly in the absorbent tank
rather than in a separate absorber where concen-
tration can be controlled.

- The-complete heating and cooling system consists
of the AHP, load, solar collector, ambient heat
exchanger, etc. as shown in Fig. 2. This system was
modeled with the simulation program TRNSYS[5]
This program links subroutines which model individ-
ual components of a complete system and solves the
resulting system of algebraic and differential equa-
tions.

SYSTEM MODEL

The AHP modél is based on mass and energy
balances written around various parts of the cycle; it
thus represents a thermodynamic approach rather
than a “black box” approach using empirical per-
formance curves. Correlations of thermodynamic and
physical property data are supplied via subroutines,
making the mode! independent of the chemical sys-
tem. The major assumptions employed are that:

1. The reaction rates are controlled by heat trans-
fer resistances, i.e. mass transfer equilibrium is
achieved.
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Fig. 2. Absorption lieat pump solar heating and cooling
svstem.
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2. The thermal and mass capacitance of the gener-
ator and evaporator are negligible compared to those
of the storage tanks.

3. All vessels are fully mixed.

4. The absorbent is completely non-volatile.

Thus, this model represents a limiting best case
analysis in several respects.

Overall mass and energy balances are written for
each tank and reaction vessel, absorbent mass bal-
ances are also written for the generator and absorb-
ent tank. (In the following equations, numbered
subscripts refer to points in Fig. 1. The sign con-
vention employed is that heat flows into the system
are positive and mass flows are positive in the direc-
tion of the arrows in Fig. 1.) For the generator plus
heat exchanger these balances yield:

0 =my —my—m; (1
0 = xum —xgm, . 2
0 = mlhl - ’haha - 'hshs + Qzen + Qaux + Qloss.g' (3)

For the refrigerant tank, the mass and energy bal-
ances give:

dm, .

CUTPR @
du, . , ; 5

_-E-E—- = mShS n m5h6 + Qcond + Qloss.t (5)

where 71 is mass flow rate, x is the mass fraction of
absorbent, U is total internal energy and the O terms
are heat flows described below.

The assumption of mass transfer equilibrium im-
plies: .

Pl=PZ=P3=P4=P5=P6' 6)

This high side pressure relates the temperature and
concentration in the generator with the refrigerant
tank temperature; by choosing two, the third is
determined. This relationship is shown in Fig. 3
where vapor pressure data for NaSCN-NH, have
been plotted as vapor saturation (condenser) tem-
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generator concentration and temperature for NaSCN-NH,.
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perature vs liquid solution (generator) temperature.
Note that the generator temperature is increased by
an increase in concentration or condenser tem-
perature.

Energy and mass balances on the counter-current
heat exchanger (neglecting losses to the surroundings)
yield:

rghy = mshy — €g-a(’hc)min(T3 -T) Q)

Wy =m, - ®

where ¢, is the effectiveness of the heat exchanger
and (71C )i is the minimum capacitance rate through
the heat exchanger.

The {,,, term in (3) is the rate of auxiliary heat
input to the generator. The remaining heat flows in
(3) and (5) are given by simple heat transfer relations.
Modeling the heat exchangers in the tanks as con-
stant effectiveness devices yields:

Qgcn = (rhc)hx.gég(Thx,g - T}) (9)
annd = (’hc)hx.rér(Thx.c - Ts) (10)
where T}, and T}, are the temperatures of the heat
exchange streams entering the generator and refrig-
erant tank. The tank losses (actually negative heat
gains because of the sign convention) are:
Qloss.g = UAg(Tenv e T3) (1 1)
Qloss.t = UAc(Tenv - Tﬁ) (12)
where T, is the temperature of the tank environ-
ment. ;

A similar set of mass and energy balances can be
written for the absorbent tank:

dm

"‘c‘ﬂg=m4+fhs‘—ml (13)
dmabs.a_ i . 14

ar 4 — Xm (14)

dUu, . . . . .

e tghy + tighs — k) + Quoy + Qrossa (1)

and evaporator:
0 = i, — iy (16)
0 = m6h6 - m8h8 + Qevap + Qlass.e' (17)

The heat flows in (15) and (17) are described by
expressions analogous to (9)—(12). The assumption
of mass transfer equilibrium implies:

Py=Py= P, (18)
In solving the above equations, the mass and

internal energy derivatives are integrated by
TRNSYS and supplied to the AHP component. The

_conditions in the tanks are then computed in terms of

-

the current values of U, m and m,,, using property
subroutines discussed in the next section.

Property relations

The AHP model requires thermodynamic and
physical property data for the chemical system used;
in the TRNSYS model, curve fits to equilibrium
property data are supplied via FORTRAN function
subroutines. The two most important relations are
the vapor pressure _and enthalpy for a
refrigerant-absorbent mixture as a function of tem-
perature and concentration. Figure 3 shows vapor
pressure data for the NaSCN-NH; chemical system.
Routines are also needed which given the enthalpy
and specific volume of refrigerant vapor as a function
of temperature and pressure; the specific volume of
the liquid as a function of temperature and concen-
tration; and the temperature of a liquid mixture given
either its enthalpy and concentration or its vapor
pressure and concentration.

Also needed is an auxiliary subroutine, called
TMIXU, which calculates the temperature and con-
centration of a two phase, two component mixture
(with one component assumed non-volatile) in a
tank. The inputs to TMIXU are the total internal
energy and volume of the tank and the total mass of
each component. This subroutine finds the tem-
perature and liquid phase composition that satisfy
the equations:

U
m_-l—m =fu!iq(T? X) + (1 "f)uvap(Tv P)

10t

+ [(—”19‘-’1‘5](2" T (19)

1ot

v,
Vot fonTox)+ (1 =Dl T P) (20)

1ot

where U and V are total internal energy and volume
in the tank, v and v are specific internal energy and
volume and the subscripts tot, lig and vap refer to the
total contents of the tank and the liquid and vapor
phases respectively. The parameter f is the mass
fraction of the tank contents in the liquid phase and
(mC)yunc represents the thermal capacitance of the
tank, excluding the refrigerant and absorbent it con-
tains. The concentration in the liquid phase is given
by:

Mapg

*= (mmf + mabs)f (21)

where m, and m,,, are the total masses of refrigerant
and absorbent in the tank. The pressure P is 2
function of T and x. thus, (19) and (20) are functions
of only T and f, and can be solved iteratively.

Load model

The heating and cooling load modeled in this study
represents a two-story house with 165 m* of floor
area. It utilizes a transfer-function load model and
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temperature-level control as described .in [5]). The
infiltration rate is 0.5 air changes per hour and the
walls and ceiling are insulated with 7.5 and 22.5cm
of fiberglass insulation, respectively. The overall loss
coefficient is 167 W/°C. Internal heat generation aver-
aged 656 W. Solar heat gains through windows are
included but latent loads and domestic hot water
loads are not.

Baseline control strategy

An absorption heat pump system has a large
number of control options which may have a
significant effect on its performance. Several strate-
gies have been investigated. The baseline control
strategy is determined, in large part, by a multi-stage
room thermostat with the heating/cooling mode de-
termined by the time of year. In the heating mode, as
the room temperature falls, heat is supplied to the
load first from the refrigerant tank and then from
both tanks, provided that the tank temperatures are
above some minimum useful temperature. (This or-
der minimizes the generator, and thus collector,
temperature.) As the room temperature falls below
the third and fourth set points, auxiliary heat is added
to the generator and then directly to the load.

All of these stages employ deadbands and can
operate simultaneously except- that auxiliary - heat
cannot be supplied both to the generator and directly
to the load at the same time. The heating set points
used in the simulations were 21, 20, 19 and 18°C with
a 0.5°C deadband.

Cooling is supplied by the AHP when the room
temperature rises above 23°C and the evaporator
temperature is below a maximum value. Auxiliary
cooling is provided by a separate vapor compression
device and is supplied directly to the load when the
room temperature exceeds 25°C. The ambient heat
exchanger is modeled as a “dry” constant effectiveness
device and operates when there is a minimum 2°C
temp. difference between the ambient and evaporator
temperatures in the heating season, or between the
condenser or absorber temperature and ambient in
cooling operation.

The collector is controlled in the conventional
manner with a differential on—off controller sensing
the collector and generator temperatures. The col-
lector and auxiliary input to the generator are not
operated when the system is fully charged (to prevent
crystallization of absorbetit out of solution at ‘high
concentration).

Alternate control strategies

In addition to the baseline control strategy
presented above, two other heating season control
strategies were considered. In order to study the
interaction between solar and auxiliary energy sup-
plied through the generator, the auxiliary mode was
disabled. Supplying auxiliary through the heat pump
takes advantage of its greater than one COP but it
results in a higher average state of charge of the

system which leads to higher collector temperatures
and reduced energy storage capacity for solar energy.

During times of marginal solar collection, the
greater than one COP gained by supplying solar
through the heat pump may be more than offset by
low collection efficiency. During these times, the
overall system performance might be improved if
solar energy could “bypass” the generator and deliver
heat at a lower temperature. In the second alternate
control strategy, collected energy is delivered to the
absorbent storage tank rather than to the generator
when:

"bypass

—E > ] 22
COPrge, @2)
where fyypas and g ar€ the collection efficiencies
when delivering heat to the absorbent tank and
generator. This option was implemented by com-
puting each efficiency using the Hottel-Whillier [6]

. collector equation and using an average COP. Al-

though it would be difficult to physically construct,

’ this method of implementation serves to identify the

value of this control option.

Chemical system

The chemical system chosen for use in this study
employs ammonia (NH;) as the refrigerant and -a
solution of sodium thiocyanate (NaSCN) and ammo-
nia as the absorbent. This choice is based primarily
on two considerations. The low freezing point of
ammonia allows wintertime heat pumping and ther-
modynamic data are available for this
refrigerant-absorbent pair{7, 8]. It is recognized that
this system may not be optimum from thermo-
dynamic, safety and practical standpoints. For exam-
ple, there is disagreement in the literature regarding
the corrosiveness of NaSCN{7-9].

The effects of different chemical systems are con-
sidered by simulating an AHP using sulfuric acid and
water. The data given in [10, 11] were used to gener-
ate the necessary property correlations. The vapor
pressure of water was extrapolated below the freezing
point to allow wintertime heat pumping. It is possible
to use water below 0°C by adding an anti-freeze to
the evaporator although this would lower the vapor
pressure and reduce the temperature difference across
which heat could be pumped.

Storage capacity of an AHP

The storage capacity of an AHP is the useful
energy obtainable as the system goes from fully
charged to fully discharged. Using the NaSCN-NH,
chemical system, the maximum mass fraction of
absorbent is about 0.65 due to the crystallization
limit. The minimum useful mass fraction is about
0.50, corresponding to a heat pumping temperature
difference of 30°C. Thus, if there are equal masses of
absorbent and refrigerant in the cycle (1o give
x =0.50 when fully discharged), the amount of “ac-
tive” refrigerant, i.e. the amount that must be boiled
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off to yield a concentration of 0.65, is 46 per cent of
the refrigerant or 23 per cent of the total system mass.

In a fully charged system, 77 per cent of the system
mass is in the absorbent tank with x = 0.65. During
discharging, the other 23 per cent of the mass enters
the absorbent tank as refrigerant vapor, yielding a
final state with all of the mass in the absorbent tank.
Assuming equal initial and final temperatures the
internal energy change in this process is 410 kJ kg~ kL
Add to this the thermal storage capacity of the
chemicals over a 30°C temperature swing to yield a
total energy storage capacity of roughly 500kJ kg~ I
By comparison, a water tank with a 60°C tem-
perature swing stores about 250 kJ kg~'.

The cooling energy storage capacity would approx-
imately be the fraction of “active” refrigerant multi-
plied by its heat of vaporization or about
290kJ kg~'. Stored thermal energy is mot directly
usable during the cooling season but, as will be seen,
may have other performance benefits. Unpressurized
hot water storage for a conventional absorption
chiller would have a useful temperature swing of
about 20°C; taking into account a COP of 0.7 for the
chiller, the cooling storage capacity would be
50kJ kg~'. The energy storage capacities for the
sulfuric acid-water chemical system are 1150 kJ kg~
for heating and 870kJ kg~' for cooling.

Conventional solar heating [cooling system

For comparison, a liquid-based solar heating sys-
tem with sensible heat storage was simulated. It
includes a solar-fired lithium bromide-water absorp-
tion chiller with an evaporative cooling tower. This
system was modeled with standard TRNSYS com-
ponents and, except for using the transfer function
load model as described above, is very similar to the
example solar heating and cooling system given in the
TRNSYS manual(5].

RESULTS AND DISCUSSION
Heating season and cooling season simulations
were conducted with the absorption heat pump
model to determine the effects of several design
variables and control options. The primary index of
system performance is Fyp, the fraction of the total
load met by nonpurchased energy, defined as:

Qanx
Q\oud

where O, is the total auxiliary supplied and Qy,.q is
the total energy used to meet the heating or cooling
load. The important fixed parameters used in the sim-
ulation are as listed in Table ! (except where noted in
the text). The collector is modeled as a flat plate, but
the values of FpU, and F(ta) were chosen to represent
an evacuated tubular collector.

FNP= 1 - (23)

Effects of collector area and storage mass
The AHP system was simulated using SOLMET
TMY weather data[l2] for Columbia, MO with
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Table 1. Fixed simulation parameters

Collector

slope = latitude
teol/Acol

(=2 3
F;’.""' o
Faly 0.833 W 7%

[=]

.015kg sech'Z

(=)

Heat exchangers

Tz 0.75
z (all other neat exchangers) 0.60
-1

heat transfer fluid capacitance 3.8 kJ kg 'L
Heat exchanger flow rates

@ 150 kg hr”

972, T4

Maps * Meond 1500 kg nr-‘

M 1500 kg hr

evap :

. bt cidg” « -

Mambiens vair side. 2500 g hr :

n ir side? 2 -

™ gad (air side; 2500 kg hr
Storage Tanks

neight/diameter ratio 1.0 .2

loss coefficient 0.437 Wm °C

three collector areas and two storage sizes (expressed
as total mass of refrigerant and absorbent) to deter-
mine the effect of these variables on system per-
formance and to identify appropriate base case values
for subsequent comparisons. The timestep for most
of the simulations was 0.2 hr. The results presented in
Fig. 4 show that the AHP supplies a significant
fraction of the heating load with nonpurchased energy
at zero collector area. This is because the auxiliary
energy input through the heat pump can extract
additional energy from ambient and deliver it to the
load. In the cooling season, the Fyp curve starts at
2ero because here the useful energy flow is the low
temperature heat extracted from the load. The cool-
ing results for 1000 and 2000 kg of storage were
virtually identical, indicating that a “plateau”™ may
have been reached in the Fyp vs storage curve. For
heating, the two storage size curves intersect; at low

Storage Mass i
o 1000 kg
a 2000 kg

Columbia, Mo

Fraction Non-purchased Energy

25 50

Area (m?3)

Coliector

Fig. 4. Effect of collector area and storage mass on seasonal
Fyp for AHP system in Columbia.
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collector areas, increased tank losses offset any effect
of greater storage ‘mass.

Monthly and seasonal average values of several
quantities for the system with 1000 kg storage and
25m? collector are shown in Table 2. The average
collector operating temperature is quite high (137°C
in January and 115°C in July). It is higher in January
than July because of the higher condenser tem-
perature and higher absorbent concentration. This is
primarily because auxiliary energy input through the
generator keeps the system ata moderately high state
of charge during mid-winter. This, combined with
lower ambient temperatures, results in a January
collector efficiency that is substantially lower than the
July figure and roughly half of its maximum value
(i.e. Fx(za)). The January heating COP is 1.403 and
the July cooling COP is 0.546. The heating COP is
penalized because of tank losses.

Table 2. Average collector and refrigerant tank tem-
perature, absorbent tank concentration, collector efficiency,
COP, tank losses and load for base case simulation {Col-

umbia, 1000 kg chemical storage, 25 m* collector)

"ol Tcand b5 Teal S0P %05 Yoad
(C) (¢) (6J)~—(6d)
January 137.2 318.6 0.585 0.278 1.403 0.4 3.54
Heating Season | 151.1 19.7 0.610 0.208 1,33 4.8 16.49
(0ct-Apr)
July 115.4 32.8 0.524 0.423 0.546 0.31 §.09
Cooling Season | 117.1 28.2 0.548 0.392 0.522 1.22 19.80

(May-Sept)

Simulations were also carried out in the Columbia
climate with the conventional solar heating and cool-
ing system. The results of these simulations are given
in Fig. 5. The conventional system, of course, pro-
vides no non-purchased energy with zero collector
area. The Fy, curve however, has a much greater
slope in the heating season than the AHP system
because of lower average collector temperatures.
Thus, the performance of the two systems approach
each other at high collector areas. In the cooling
season, the performance of the two systems is qual-
itatively similar; the LiBr-H,0 absorption chiller

o

Heating

Conventional System |
;otumbic, Mo

Fraction Non-purchased Energy

O 1 L3 ) 1
0 25 50

Collector Area (m?)

provides a higher Fyp because of a combination of
higher COP, lower collector temperatures and the
lower cooling water temperatures provided by the
evaporative cooling tower.
Effects of climate , '
The AHP system with 1000 kg of chemical storage
was also simulated in the Madison and Fort Worth
climates. The solar contribution to Fyp in the Mad-
ison heating season is relatively small as shown in
Fig. 6. Thisisdueto a combination of lower ambient
temperatures and radiation levels as compared with
Columbia, leading to low collector efficiency. During
the cooling season, however, 25 m? of collector meets
92 per cent of the relatively small (12 GJ) load.
The opposite situation occurs in the Fort Worth
climate. Here, 25m* of collector can supply 84 per
cent of the 13 GJ heating load with non-purchased
energy as shown in Fig. 7. With 25 m? of collector,
most of the auxiliary energy is required during a
relatively few cold, cloudy days when the collector
can not operate; thus an additional 25 m? of collector
results in only a small increase in Fyp. The large
(34 GJ) cooling load in Fort Worth, however, leads
to the lowest.cooling.Fy, of the three locations.
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Fig. 6. Effect of collector area on seasonal Fyp for AHP
system in Madison.
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In order to evaluate the relative merits of the AHP
system in the three locations, it is necessary to
comparfe the magnitudes of the non-purchased energy
provided by the system rather than the fraction of the
total load. These results are given in Table 3. (The
loads vary with collector area because systems which
meet a higher fraction of the load keep the room
temperature higher in the winter and lower in the
summer). The total amount of non-purchased energy
provided over the entire year is surprisingly similar
between the three locations except for the zero col-
lector area case. The incremental gain in total non-
purchased energy in doubling the collector area from
25m? to 50 m? is small. These figures would increase
slightly if storage capacity were increased with col-
lector area as shown in Fig. 4.

Table 3. Effect of location and collector area on fraction
non-purchased energy, load and non-purchased energy de-

livered to load for systems with 1000 kg chemical storage

Col Heating Cooling lAnnua1
Aree Fp %load W | “we Yload One | Owe
(m®) (ad) (6J) (g} {6oy | (6J)
Madison
0] 0.279 55.5 1%.5 0 - ¢ 15.8
25 | 0.515 57.0 29.4 | 0.920 11.2 10.4 | 39.8
sG | 0.578 57.4 33.2 1 0.39¢ 12,3 12.2 ] 45.4
Columbia
0| 0.274 334.6 9.5 s} - 0 9.%
25 | 0.640 36.5 23.4 | 0.809 1¢.3 15.0 | 39.3
s0 | 0.704 36.8 25.9 | 0.982 21.58 21.1 £7.0
Fort Worth
o | 0.280 1.9 3.3 - 0 3.3
25 | 0,846 13.5 11.5 | 0.677 3.6 22 32.2
50 | 0.876 13.8 12.1 9.913 35,9 23.0 | 350

Effects of chemical system

The effects of the refrigerant-absorbent pair on
performance were investigated by simulating an AHP
using the sulfuric acid-water chemical system, but
otherwise having the base case parameters. The sea-
sonal values of collector efficiency and COP for the
sulfuric acid system (given in Table 4) are slightly
higher than those for the NaSCN system (given in
Table 2). The sulfuric acid system provides a
significantly higher value of Fy,. This result con-
tradicts the speculation by Offenhartz([2] that the
performance of all liquid absorbent chemical systems
are similar; his conclusion was based on a limited
comparison of the H;S0~H,O and NH,NO,-NH,
systems.

The better performance of the sulfuric acid AHP is
at least partially due to its higher equilibrium, steady
state COP[13]. It also has a higher energy storage
density and can pump heat across a slightly greater

Table 4. Average collector temperature and efficiency, COP
and fraction non-purchased energy for sulfuric acid-water
AHP with 25 m? collector and 1000 kg chemical storage

Tco1 () “col cop ;NP
January 122.8 0.315 1.347 0.609
Heating Season | 162.9 0.240 1.365 0.734
July 100.0 0.418 0.6617 0.661
Cooling Season | 110.6 0.395 0.590 0.889

temperature difference than the NaSCN-NH, system
for a given charging temperature. (For example, a
generator temperature of 80°C and a condenser tem-
perature of 40°C would yield an equilibrium mass
fraction in the generator of 0.520 in the NaSCN
system and 0.632 in the H,SO, system; with these
mass fractions in an absorber at 40°C, the equi-
librium evaporator temperatures would be 6.8 and
4.8°C for the NaSCN and H,SO, systems, re-
spectively.) :

Effects of heat exchanger effectiveness

The sensitivity of performance to the effectiveness
of the heat exchangers in the system was studied. The
results are given in Table 5. The effectiveness. of the
counter-current heat exchanger between the gener-
ator and absorbent tank, ¢, ,, was varied indepen-
dently of all the others in the system, & Heating
season performance is not very sensitive to varying
€, but cooling season performance is quite markedly
affected. With a lower ¢, , a greater fraction of the
energy input to the generator is required merely to
raise the temperature of the incoming stream to the
generator temperature, leaving less energy to boil off
refrigerant. (This effect is reflected in the ratio of
Qcona/Qaps-) This is not a severe penalty in heating
since this energy can be recovered in the absorbent
tank, although at a COP of essentially unity. Cooling,
however, can be produced only by the evaporation of
refrigerant; thus anything ‘which reduces the vapor
production rate in the generator will - affect per-
formance.

Table 5. Effect of heat exchanger effectiveness on Fyp and
the ratio of the heats of condensation and absorption
(seasonal results)

. - Fup Qond/ Yabs
373 | hest cool neat cool
9.60* 0.75+| 0.640 0.80¢ 0.732 0.70%
0.30 0.7% | 2.%9¢ 0.707 0.72¢ 0.574
0.30 0.35 | 0.270 G.497 0.392 0.28

*hage case conditions

Effects of storage mass and additional thermal capac-
itance

The absorption heat pump configuration studied
has the ability to store thermal energy. The above
discussion of storage capacity, however, has shown
the thermal storage capacity of the chemicals in the
AHP to be relatively small. Thus in order to amplify
any benefits of thermal storage, the effects of addi-
tional thermal capacitance were investigated. This
additional capacitance was modeled as a separate
water tank surrounding, and having the same tem-
perature as, the refrigerant or absorbent tank.

The effects of thermal capacitance were simulated
using August weather data with systems having 100
or 500 kg of chemical storage and 5000 kJ °C-! of
thermal storage (corresponding to roughly 12001. of
water) added either to the refrigerant tank or absorb-
ent tank or split between the two. The results given
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in Table 6 show a moderate increase in the fraction
of non-purchased energy supplied to the load with
either increased chemical storage or thermal capaci-
tance. :

Table 6. Effect of chemical storage mass and additional
" thermal capacitance on Fyp (August results)

Added thermatl £
capacitance (kd C ) NP
ref tank  abs tank m=100 kq m=300 kg
0 0 0.634 0.7
2500 2500 0.582 0.746
5000 0 0.692 0.758
0 5000 0.668 0.726

Figure 8 shows the monthly average distribution of
rejected heat (the sum of Qcong and Q,,) over the day
for the cases of no additional capacitance and
2500 kJ/kg added to each tank for each of the two
storage masses. The system with 100 kg of chemical
storage and no additional thermal capacitance is
typically fully discharged at 8.00 p.m. and cannot
operate again until solar is input the next morning.
With additional chemical storage the system does not
swing from fully discharged to fully charged back to
discharged in the course of a day. Additional thermal
capacitance and, to a lesser extent, greater chemical
storage mass result in a2 more nearly even rejection of
heat over the entire day. .

The combination of the larger storage mass and
added thermal capacitance lowers the peak heat
rejection rate from 33 to 19 MJ hr - and shifts it to
later in the day. This ability to level out the heat
rejected to ambient would permit the use of a smaller
ambient heat exchanger or might permit the use of a
“dry” heat exchanger rather than an evaporative
cooling tower. These results are not very sensitive to
where the additional capacitance is placed; splitting it
between the condenser and absorber appears to offer
a compromise between highest Fy, and lowest peak
heat rejection rate.

January results for a system with 500 kg of chem-
ical storage and varying thermal storage are given in

40 T T T 1 T T 1

Tt ADDED CAPACITANCE (kJ €71 1
Z 30 o 2 e Q)
— e
= CHEMICAL MASS / S\ 2500
- ) 100 kg -
2 20k 500 kg
(&
3 i
Q
@

10 I~ / /
C>7; ~
P - ~ I
£ ~ S ! 4
u:.:l o S \\«_#./. | L LS
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Fig. 8. Monthly average diurnal distribution of heat re-
jected to ambient during August for varying chemical
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Table 7 and Fig. 9. In heating operation, additional
thermal capacitance in the absorbent tank lowers its
temperature and results in greater heat extraction
from ambient during daytime hours. The resulting

‘lower daytime absorbent concentration leads to lower

collector temperatures and a higher value of Fyp.
There is less heat extracted from ambient during the
night because of lower average absorbent concen-
trations as compared with the case of no added
thermal capacitance. Adding capacitance to the re-
frigerant tank has much less effect; there is little
energy to store because the heat of condensation
usually goes directly to the load. Increased tank losses
(because of the larger tank surface area) decrease the
value of Fyp for the case of 5000 kJ °C~ added to the
refrigerant tank.

Table 7. Effect of additional thermal capacitance on Fyup
absorbent tank concentration and collector energy for sys-
tem in Columbia (January results; chernical storage

mass = 500 kg)
Added thermal 1
capacitance (kJ C7') Fuyp X1bs %ot
ref tank abs tank (Gd)
0 0 0.478 0.595 1.87
2500 2500 0.491 0.589 2.12
5000 gt 46300599 1. 84
0 5000 0,501 0.580 2.17
T 20 r T r ' r T .
b= ADDED CAPACITANCE (kd C™')
2 T COND  ABS .
=~ e memQ 0 .
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Fig. 9. Monthly average diurnal distribution of heat extrac-

ted from ambient during January for varying thermal

capacitance added to  storage tanks; chemical
mass = 500 kg.

Effects of.alternate control strategies

The effects of the two alternate heating season
control options described earlier were investigated.
The simulations were performed with 25 m? of col-
lector and 1000 kg of chemical storage and are com-
pared to the base case results. Adding auxiliary
energy through the heat pump takes advantage of its
COP, but penalizes solar energy collection by raising
the average absorbent concentration. This interaction
is most pronounced when auxiliary input is high (i.e.
mid-winter) and unimportant when solar is meeting
a high fraction of the load as shown in Table 8. In
Annl solar sunplies a high fraction of the load and
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Table 8. Effect of not supplying auxiliary energy through

the heat pump on absorbent tank concentration, collector

temperature, collected and auxiliary energy and Fy, for
system in Columbia

A-fyxitiary through heat pumo (base case)

*abs Tcol Qcol Qaux FNP
() (6d)  (GJ)
January 9.58% 137.3 2.27 3.93 0.540
April 0.637 168.3 1.4 0.08 0.953
Heating Season | 0.61C 151.1 14.65 12.88 0.640

8-llo auxiliarvy input through heat pump

January 5.s58 120.8 2.80 4.39 0.452
April 0.636 169.4 1.77 0.1 0.938
HYeating 3eason 0.595 141.4 16.31 15.08 0.573

the small quantity of auxiliary has little effect. In
January, however, the alternate strategy of not sup-
plying auxiliary through the generator significantly
decreases the average absorbent concentration, re-
sulting in lower collector temperatures, thus in-
creasing the amount of solar energy collected. The
overall performance, expressed by Fyp, is reduced
when auxiliary is not supplied through the generator;
the gain in collector performance is more than offset
by not taking advantage of the COP of the heat pump
in the back-up heating mode. This result applies to
every month and the heating season as 2 whole.

The benefit of a greater than one heating COP
comes at the expense of higher collector temperatures
and thus overall performance might be improved if
solar energy could “bypass” the generator and supply
energy to the lower temperature absorbent tank. This
control option should be more important as the
collector loss coefficient increases. A collector with a
FRU,of 33Wm~?°C~'anda Fy(tar) of 0.70 (repre-
senting a single-glazed, selective surface, flat plate
collector) was simulated in addition to the base case
collector. Table 9 gives the results of these simu-
lations.

For the high performance collector, the option of
bypassing the generator resulted in a significantly
larger total of collected energy as well as increased
collector operating time. The value of Fyp is only
slightly increased because much of the solar by-
passing the generator is collected early and late in the
heating season. During these times, the system is

Table 9. Effect of generator bypass control option and
collector type on Fyp, collected energy and collector oper-
ating time for AHP system

A-Evacuated tubular collector (seasonal results)

Qo1 (GJ) col. on time (hrs)

Bypass FNP
gen abs tank wotal gen 2bs tank total

no* 0.640 | 14,65 0 14,63 | 698 Q 698
yes 0.672 |10.67 11.29 21.96 480 654 1138
B-fvacuated tubular collector (January results)
ne* 0.540 | 2.27 ¢ 2.27 1 112 o} 11z
yes 0.578 { 2.38 0.52 2.88 | 104 52 1586
c-Flat plate collector {seasonal results)
ne 0.470 | 7.65 Q 7.65 | 400 4 400
yes 0.564 | 3.56 12.07 15.63 174 523 697

*base case conditions

often fully charged and the collector is prevented
from supplying energy to the generator. But it can
(and does) supply energy to the absorbent tank where
much of the additional collected energy is dissipated
as increased tank losses. For this reason, the January
results given in Table 9 are much more indicative of
the actual merits of this strategy. These indicate that
with high performance collectors there is a2 modest
increase in Fyp as a result of this alternate control
strategy.

The flat plate collectors provided significantly less
solar energy and gave a lower value of Fyp than the
evacuated tubular collector. With the option of by-
passing the generator, the collected energy and Fyp
increased significantly. In this case, however, only
about 23 per cent of the solar was input through the
generator of the AHP. These results strongly suggest
that a solar-driven absorption heat pump requires
high performance collectors (such as evacuated tubes)
for effective operation.

CONCLUSIONS

A model of an absorption heat pump which is based
on mass and energy balances written around the com-
ponents has been developed for use with TRNSYS.
Simulations using this model have shown that a solar-
driven AHP system can supply a significant fraction of
a residential heating and cooling load with non-
purchased energy. The annual non-purchased energy
supplied to the load was similar for the three locations
studied. In the Columbia climate, the AHP system
gave a higher Fy, than 2 conventional solar heating
system at small collector areas, while with larger areas,
the Fyp of the two systems approached each other. in
the cooling season, the AHP system gave a lower Fyp
than a solar-fired lithium-bromide absorption chiller
with hot water storage.

The collector temperatures are high and thus high
performance collectors (such as evacuated tubes) are
required for effective solar operation. The per-
formance of the AHP is affected by the effectiveness of
the heat exchangers in the system; the heat exchanger
between the generator and absorbent tank has a large
effect in cooling operation. The refrigerant—absorbent
pair has a significant effect on system performance,
with the H,SO~H.O system having better per-
formance than the NaSCN-NH, pair.

The two alternative heating season control strate-
gies investigated have little advantage in the Columbia
climate. Not supplying auxiliary energy through the
heat pump increases solar energy collection at the
expense of overall system performance. The option of
“bypassing” the generator significantly improved per-
formance only for the high loss collector studied.

Adding thermal capacitance and (to a lesser extent)
additional chemical storage mass to the cycle has the
effect of leveling out the daily profile of heat rejected
to ambient during cooling operation. In the heating
mode, additional thermal capacitance shifts the times
of heat extraction from ambient more towards day-
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time hours. In most cases, additional thermal capaci-
tance resulted in a higher value of Fyp.
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NOMENCLATURE

heat capacity

mass fraction in liquid phase of two phase mixture

fraction non-purchased energy supplied to load

collector heat removal factor

specific enthalpy

tank or system mass

mass flow rate

minimum capacitance rate through a heat ex-
changer

pressure

integrated heat flow

heat flow rate

temperature

specific internal energy

total internal energy

loss coefficient-area product

collector loss coefficient

specific volume

volume (of tank)

mass fraction of absorbent

heat exchanger effectiveness

collector efficiency

collector transmittance-absorptance product

Subscripts

a
abs
aux
bypass
[4
col
cond
e
env
evap
4
g-a

hx
load
NP

absorber/absorbent tank

absorbent species or absorption

auxiliary energy

energy bypassing generator

condenser/refrigerant tank

collector

condensation

evaporator

tank environment

evaporation

generator

countercurrent heat exchanger between generator
and absorber :

heat exchange stream

heating or cooling load

non-purchased energy

. P. O'D. Offenhartz,

. T. L. Freeman,

1. A. Duffie and W. A. Beckman,

. S. L. Sargent and W. A. Beckman,

. R. H. Perry and C.

. SOLMET Typical

refrigerant species

absorbent or refrigerant tank (non including con-
tents)

total contents of tank

system locations defined by Fig. 1

ref
tank

tot
1-9
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