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Abstract: In view of different compressor adding ways in the

ammonia-water absorption/compression combined
refrigeration (AWA/CCR) cycle, combining the Schulz state
equation of the ammonia-water solution, the theoretical
analysis and calculations on two combination ways, by adding
the compressor in the high-pressure area and in the low-
pressure area, are conducted, respectively. The effects of
several factors, including the evaporation temperature T,
heat-source temperature 7,, as well as the cooling water
temperature 7,, on the equivalent heat consumption in
compression g, heat consumption in absorption g5 and the
system coefficient of performance ( COP) are analyzed under
the two combination configurations. The results show that the
effect of the equivalent heat consumption in compression on
the COP is less than that of the heat consumption in
absorption. Besides, the compressor set in the high-pressure
area uses more energy than that in the low-pressure area.
Moreover, the compressor in the low-pressure area is superior
to that in the high-pressure area with respect to the COP.
Under the given intermediate pressure, there is an optimum
heat-source temperature corresponding to the maximum COP
of the AWA/CCR cycle.
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T he ammonia-water absorption refrigeration system is
driven by heat. This system has many advantages,
such as comprehensive utilization of low grade thermal
energy, less power consumption, strong adaptability to

1
U In recent

energy and environmentally friendly features
years, thanks to increasing global awareness of environ-
mental protection and energy saving, ammonia-water ab-

sorption refrigerators have re-attracted researchers’ atten-
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tion. However, due to the low COP, huge size and other
drawbacks of ammonia-water absorption refrigerators, its
applications and development are restricted'”’. Therefore,
many researches on how to improve the performance of
the ammonia-water absorption refrigeration system have
been conducted”™ .

The low temperature that an ammonia-water absorption
refrigeration cycle can generate is influenced by many
factors, such as the selection of process, the heat-source
temperature T, and the cooling water temperature 7" .
When temperatures of heat-source and cooling water are
fixed, the lowest evaporation temperature 7, that a single
stage ammonia-water absorption refrigeration cycle can
reach is limited. With the decrease in evaporation temper-
ature, the deflation ratio of the system becomes smaller,
and the unit performance turns worse sharply. Finally,
when the deflation ratio is smaller than 0, the absorption
refrigeration cycle cannot operate normally. To ensure the
normal operation, the heat-source temperature must be
raised, which is contradictory to the intention of effective
utilization of low grade heat source by absorption refrige-
ration. Some researchers have studied the performance
and the detailed configuration of such a combined refrige-
ration cycle. In Ref. [8], the compressor was added in
the high-pressure area of the ammonia-water absorption
refrigeration cycle ( between the generator and the con-
denser). It is found that the combined system has advan-
tages both in absorption and compression cycle, and the
novel combined system is more suitable for obtaining low
heat
consumption and power consumption can be reduced

temperature with low-grade waste heat. Besides,
greatly. By adding a roots blower to the low-pressure area
Du and
Dong'"” found that the COP and the refrigerating capacity

( between the evaporator and the absorber),

of the combined refrigeration cycle increase significantly
and lower refrigeration temperature is obtainable as com-
pared to the single-stage ammonia-water absorption refrig-
eration. Zhao et al. """ proposed to add the compressor in
the low-pressure area and the results show that under the
same evaporation temperature, the heat-source tempera-
ture can be reduced significantly in the ammonia-water
absorption/compression combined refrigeration cycle. Cai
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et al. """ presented that the temperature of driving heat-
source can be reduced by adding a compressor to the low-
pressure area in the double-effect ammonia-water absorp-
tion refrigerator. When the evaporation temperature is
—-20 C, the thermal coefficient is 20% higher than that of

the single-stage cycle. Ramesh et al. ™"

proposed a new
cycle named GAXAC ( generator-absorber-exchange ab-
sorption compression) by adding a compressor in the low-
pressure area of the GAX ( generator-absorber heat ex-
change) cycle, and it was found that the COP of the GAX-
AC cycle can be increased by 30% .

Previous studies have established that the compressor-
assisted absorption refrigeration cycle can reach a wider
deflation ratio, a lower circulation ratio, and a higher
COP as compared with the conventional cycle. However,
different combining ways lead to different operation char-
acteristics in the cycle. It is still uncertain which absorp-
tion/compression combining way has better thermody-
namic performance by adding the compressor in the high-
pressure area or in the low-pressure area. In the current
study, in order to obtain a detailed and instructive com-
parison between these two ways, the theoretical analysis
and calculations of the ammonia-water absorption/com-
pression combined refrigeration ( AWA/CCR) system
with the two combining configurations are performed, re-
spectively. The effect of several factors, including the
evaporation temperature T,, heat-source temperature 7, as
well as the cooling water temperature 7., on the equiva-
lent heat consumption in compression g, heat consump-
tion in absorption g, and the system COP are analyzed in
the two combination configurations.

1 Characteristics of AWA/CCR System with
Different Combining Configurations

As shown in Fig. 1, both configurations are two-stage
process systems with a compressor being added in the sin-
gle-stage ammonia-water absorption refrigeration system.
One stage is the absorption type, and the other is the
compression type. The difference between the systems
lies in the position of the installation of the compressor.
If the compressor is installed on the pipeline link to the
inlet of the absorber, as shown in Fig. 1(a), the com-
pression process will be performed at the low-pressure
stage and the absorption process will be at the high-pres-
sure stage, which is called the low-pressure compression
process (LP for short). By contrast, when the compressor
is installed on the pipeline link to the inlet of the condens-
er, as shown in Fig. 1(b), the process of such configura-
tion is called the high-pressure compression process ( HP
for short) .

In the low-pressure compression process, due to super-
charging by the compressor, the absorption pressure of

the cycle increases. Under a fixed temperature of cooling
water, the concentration of the aqueous solution of am-
monia increases after absorption, and the deflation ratio
of solution circulation increases, resulting in the decrease
in heat consumption of the whole cycle. However, set-
ting the compressor in the low-pressure area also has neg-

(b)

G—generator; Ex—solution heat exchanger; P—ammonia pump

A—absorber; CW—compressor; E—evaporator; C—condenser
S—supercooler

Fig. 1

compression combined refrigeration cycle. (a) Low-pressure stage;

Schematic diagram of the ammonia-water absorption/

(b) High-pressure stage

ative effects: the specific volume of the refrigerant vapor
at the inlet of the compressor will be larger under a low
pressure, so a compressor with a large volume will be re-
quired. Moreover, both the compression ratio and power
consumption rise when the refrigeration temperature goes
down. In the high-pressure compression process, the
pressure of generator reduces due to the partial pressure of
the compressor. Therefore, the concentration of the aque-
ous solution of ammonia decreases after generation while
the deflation ratio of solution circulation increases, which
finally leads to a drop in the heat consumption of the ab-
sorption cycle. In addition, since the specific volume of
refrigerant vapor at the inlet of the compressor is relative-
ly small, the corresponding volume of the compressor can
Furthermore,

be smaller. the decrease in evaporating

temperature may not affect the power consumption direct-
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ly. In general, under both combining configurations, the
deflation ratio of solution increases, and the performance
of the whole system improves. However, each configura-
tion has its advantages and disadvantages, the power con-
sumption of the compressor and heat consumption of the
generator should be considered together when making
analysis. Thus, the comparison of the thermodynamic
performance between the two configurations can be ob-

tained appropriately.
2 Thermodynamic Calculation

The thermodynamic calculation of the AWA/CCR cycle
is based on the following three principles: the Schulz'*
state equation of the ammonia-water solution, the mass
conservation equation and the energy conservation
equation. To simplify the calculation, we assume that

1) The high and low-pressure compression processes
are in thermal equilibrium and steady-flow state;

2) The solution which flows out from the generator/ab-
sorber and the refrigerant which flows out from the con-
denser/evaporator are in saturated state;

3) The pressure drop of fluid in pipeline and equipment
is negligible;

4) The pinch point temperature difference in heat ex-
changers is 5 C;

5) The heat utilization ratio of the solution heat ex-
changer is 0. 95;

6) The distillation efficiency A is assumed to be 0. 8
and the outlet state of the generator (point 5) is pure am-
monia;

7) The compression efficiency of the compressor is
0.7;

8) The thermo-electric conversion efficiency 7 is
0.35'".

In order to simplify calculation, all the calculations are
based on a 1 kg/s generation rate of rectification column,
that is, all the results obtained in this paper correspond to
per unit mass of refrigerant ammonia. The temperature,
pressure and enthalpy of each state point as shown in Fig.
1 can be obtained by setting the material balance equa-
tion, the energy balance equation and the phase equilibri-
um equation of every piece of equipment in the system.
Accordingly, the unit heat load in the equipment and the
power consumption of the compressor can be calculated as
follows.

The evaporator heat load per unit mass is

G =hy = hg, (1)

where ¢ is the evaporator heat load per unit mass; h, and
h,, are the specific enthalpy of state point 8 and 6a, re-
spectively.

The reflux condenser heat load per unit mass is
Gpc =h) —hy + R(W| = h}) (2)

where ¢, is the reflux condenser heat load per unit mass;

R is the actual reflux ratio of rectification column; /) and

K are liquid phase and gas phase enthalpy of state point 1,

respectively; and h; is the specific enthalpy of state point 5.
The generator heat load per unit mass is

qG:hS_h2 +f(h2_h1a) + dre (3)

where ¢ is the generator heat load per unit mass; f is the
circulation ratio of the absorption cycle; h,, and h, are the
specific enthalpy of state point 1a and 2, respectively.

The compressor power consumption per unit mass is

w=P

(k=1)/k
Puu()

Vi 0.7(];—1)[(11“ 1@

where w is the compressor power consumption per unit
mass; P, and P, are the pressures of the inlet and outlet
of the compressor, respectively; v, is the specific volume
at the inlet of the compressor; k is the compression index
of ammonia.

In order to make the evaluation of the power consump-
tion more reasonable, the index of thermo-electric con-
version efficiency is adopted in this study, which is used
to convert the unit power consumption of the compressor
to the equivalent unit heat consumption:

ow = (5)

where g, is the equivalent unit heat consumption of the
compressor, and 7 is the thermo-electric conversion effi-
ciency.

Therefore, the total primary energy consumption of the
AWA/CCR cycle per unit mass is

dr =96 tqcw (6)

where ¢, is the total primary energy consumption of the
AWA/CCR cycle per unit mass.

After obtaining the unit heat load of all the devices, the
COP of the AWA/CCR cycle can be defined as

cop =& (7

qr

3 Results and Discussion

Since the pressure drop of fluid in pipeline and equip-
ment is ignored, there are only three pressure types in the
AWA/CCR cycle: the condensing pressure P, the inter-
mediate pressure P and the evaporation pressure P,.
Among these three pressure types, both the condensing
pressure P_ and the evaporating pressure P, are determined
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by the operation conditions, while the intermediate pres-
sure P is an adjustable parameter, as in the two-stage
compression refrigeration system. For the convenience of
analysis, P is determined by the method, which is simi-
lar to that used in the two-stage compression refrigeration
system. That is, the compression ratio in the high-pres-
sure stage is equal to that in the low-pressure stage:

P, P, .
B—P =P, (8)

m

where 8 is the compression ratio.
Therefore, according to Eq. (8), P, is determined as

P, =.P.P, 9

In the low-pressure compression process, P _ refers

m
to the discharge pressure of the compressor, which is
equal to the absorption pressure in the absorber. At the
same time, it represents the suction pressure of the
compressor in the high-pressure compression process,
namely, the generation pressure in the generator. As
discussed in Section 1, compared to the single stage
ammonia-water absorption refrigeration cycle, the de-
flation ratio of the solution is extended and the circula-
tion ratio is decreased. So the heat consumption of the
the AWA/CCR system is decreased. However, due to
the addition of the compressor, the power consumption
of the system increases. Besides, the power consump-
tion of the compressor varies with the change of the in-
termediate pressure, and the heat consumption in ab-
sorption is also affected by the intermediate pressure.
Therefore, in order to make the power consumption of
the compressor identical to the heat consumption in
terms of the quality of energy, the power consumption
of the compressor is converted to the equivalent heat
consumption as shown in Eq. (5). Finally, the per-
formance of the AWA/CCR cycle is analyzed from the
perspective of the system primary energy consumption.

3.1 Effect of evaporation temperature 7',

Since the unique corresponding relationship of the
evaporation pressure P, of the refrigerant and the evapora-
ting temperature T7,,

e

different evaporation temperatures
may lead to different intermediate pressures, as calculated
by Eq. (9). The effects of the evaporation temperature on
the variables that reflect the performance of the two
processes, such as the equivalent heat consumption of
COmpressor ¢y, the heat consumption of generator ¢,
total primary energy consumption g, circulation ratio f,
actual reflux ratio of rectification column R and COP, are
shown in Figs. 2 to 4. The calculation in the figures is on
the condition that the heat source temperature 7, and cool-

ing water temperature T, are 140 and 32 C, respectively.
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Fig.2 ¢, and COP changing with T, in high- and low-pressure
compression processes (T, =140 C, T, =32 C)
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sure compression processes (T, =140 C, T, =32 C)

As the compression ratio 8 of the two processes is iden-
tical, the difference in equivalent heat consumption is not
so much when the two processes are under the same oper-
ating condition. As shown in Fig. 4, the compression ra-
tio B of the AWA/CCR cycle decreases gradually with the
T., and then the

e

increase in evaporation temperature
equivalent heat consumption of the compressor g, in
both processes decreases. By Eqgs. (2) and (3), it can be
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found that the unit heat consumption of the generator de-
pends on the circulation ratio f and the actual reflux ratio
of rectification column R. Fig. 3 shows that the circula-
tion ratio in the absorption cycle and the actual reflux ratio
of the rectification column decrease in both processes
when the evaporation temperature increases, and they are
greater in the high-pressure compression process than in
the low-pressure one. Moreover, the increase in the evap-
oration temperature also leads to the narrowing difference
in actual reflux ratio between the two processes. There-
fore, the heat consumption of the generator in the absorp-
tion cycle decreases along with the rise of the evaporation
temperature, and compared with the low-pressure compres-
sion process, the high-pressure one consumes more heat.

Based on the analysis above and Fig. 2, when the
equivalent heat consumption of the compressor and the
heat consumption in the absorption cycle are considered
together, the total primary energy consumption of two
processes decreases with the evaporation temperature in-
creasing, and the total primary energy consumption in the
high-pressure compression process is greater than that of
the low-pressure one. Furthermore, the lower the evapo-
ration temperature, the larger the difference between them
will be. Thus, the COP in the high-pressure compression
process is always smaller than that in the low-pressure one
under the above conditions.

In addition, as shown in Fig.4, when the evaporation
temperature T, is —20 C,

e

the heat consumption in the
absorption cycle is five times higher than the compressor
equivalent heat consumption in the low-pressure compres-
sion process, while in the high-pressure compression
process, such value of difference reaches about 5.9.
Therefore, the heat consumption in an absorption cycle
plays a more important role in affecting the COP of the
AWA/CCR cycle compared with the equivalent heat con-

sumption of the compressor.
3.2 Effect of heat-source temperature 7',

When the evaporation temperature T. is — 20 C and

the cooling water temperature 7., is 32 C, the intermedi-
ate pressure P calculated by Eq. (9) is 0.52 MPa. Un-
der these designing conditions, Fig.5 and Fig. 6 show the
effect of the heat-source temperature on the related varia-
bles of the two processes, including the equivalent heat
consumption of the compressor ¢y, the heat consump-
tion of the generator g, the total primary energy con-
sumption ¢, the circulation ratio f and the COP.

As shown in Fig. 6, when the intermediate pressure P,
maintains constant, the heat-source temperature 7, has lit-
tle influence on the equivalent heat consumption of the
compressor. The reason is that the change of heat source

temperature only affects the solution concentration in the
absorption cycle while exerting no effect on the inlet and
outlet variables of the compressor. When the heat-source
temperature is below 110 C, the heat consumption in an
absorption cycle gradually increases in both processes due
to the decrease of heat-source temperature, and when the
temperature drops below a certain value, the heat con-
sumption in an absorption cycle increases sharply. If the
heat-source temperature drops further, the cycle cannot
work properly theoretically. This is because the deflation
ratio of the solution in an absorption cycle decreases with
the decrease of heat-source temperature, as shown in Fig.
6, which leads to a rapid increase in the circulation ratio.

When the heat-source temperature is lower than a cer-
tain value, the deflation ratio turns to be zero. Therefore,
when the system works on the conditions shown in Fig. 6,
the minimum temperature of the driving heat source can-
not be lower than 90 C in the low-pressure compression
process, whereas it cannot be lower than 95 C in the
high-pressure compression process. For the single-stage
ammonia-water absorption refrigeration, the calculated
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minimum temperature of the driving heat source is 135
€. When the heat-source temperature is higher than 110
C, the heat consumption in an absorption cycle remains
almost constant with very slight increase when the heat-
source temperature increases. This is because with the in-
crease of heat-source temperature, more water is evapo-
rated from the solution, which results in a slow increase
in the rectifying load. In addition, as shown in Fig. 6,
the high-pressure compression process has a higher circu-
lation ratio and it apparently needs more heat. Therefore,
compared with the high-pressure compression process, the
low-pressure one has a more broadly heat-source tempera-
ture range.

When the compressor equivalent heat consumption and
heat consumption of the generator are considered togeth-
er, as shown in Fig.5, the COP of the two processes ini-
tially increases to a certain value and then decreases slowly
with the increase of heat-source temperature. Therefore,
an optimum heat-source temperature exits in each process,
at which the system can obtain the maximum COP.

3.3 Effect of cooling water temperature T,

Figs. 7 to 9 show the impact of the temperature of cool-
ing water on the system performance, which is obtained
under the condition that the evaporation temperature 7T, is
—-20 C and the heat-source temperature 7, is 140 C.

As shown in Fig. 8§, with the increase in the cooling
water temperature, the circulation ratio f and the actual
reflux ratio of rectification column R increase in both
processes, and both of them are greater in the high-pres-
sure compression process than in the low-pressure one.
The reason can be explained as follows: with the increase
in the cooling water temperature, the condensation effect
in the condenser degrades, and thus the condensation
pressure P_ increases, which results in the increase of in-

termediate pressure P_. In addition, the increase in the
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cooling water temperature can also lead to the decrease of
the solution concentration after absorption in the absorp-
tion cycle. In the low-pressure compression process,
higher condensing pressure directly results in higher solu-
tion concentration after generation in an absorption cycle.
While in the high-pressure compression process, higher
condensing pressure leads to higher intermediate pressure,
which can result in a higher solution concentration indi-
rectly after generation, and then the deflation ratio de-
creases and the circulation ratio increases consequently.
According to Egs. (2) and (3), the heat consumption
of the generator in the high-pressure compression process
is higher than that in the low-pressure one. Moreover, it
increases when the cooling water temperature rises. Under
the same working condition, the high- and low-pressure
compression processes have the identical compression rati-
0, and thus the compressor equivalent heat consumptions
of two processes are almost the same. Fig. 9 shows that
the compression ratio 8 of the cycle increases with the in-
crease of cooling water temperature, and the compressor
equivalent heat consumption increases in both processes.
When both the equivalent heat consumption of the com-
pressor and the heat consumption of the generator are
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taken into consideration, the total primary energy required
in the low-pressure process is less, just as shown in Fig.
7. Besides, the COP in both processes decreases when
the cooling water temperature increases, and it is higher
in the low-pressure process.

In addition, from Fig. 4, Fig.6 and Fig.9, it can be
seen that, under the given conditions, the equivalent heat
consumptions ¢, of the high- and low-pressure compres-
sion processes are nearly the same. The heat consumption
g, in the absorption cycle is more influential on thermody-
namic performance than the equivalent heat consumption
of the compressor.

4 Conclusions

1) Heat consumption ¢, plays a more important role on
thermodynamic performance than the equivalent heat con-
sumption of compressor g, does in the AWA/CCR cy-
cle. There are not so many differences in the compressor
equivalent heat consumption g, between the high- and
low-pressure processes under the same operation condi-
tions. Compared with the high-pressure compression
process, the low-pressure one seems to be more suitable
for the conditions of low evaporation temperature, slight-
ly higher cooling water temperature and much lower grade
heat, which expands the applications of ammonia-water
absorption refrigeration.

2) Under the intermediate pressure adopted in this pa-
per, the COP of the AWA/CCR cycle increases along with
the increase of the evaporating temperature 7., while it de-
creases with the increase of the cooling water temperature
T,. Moreover, the COP increases with the increase in
heat-source temperature 7, first, but the effect of heat-
source temperature on the system performance weakens
gradually, and then the COP has a tendency of decline
when the heat-source temperature 7, is over a certain val-
ue.

3) The high-pressure compression process consumes
more primary energy than the low-pressure one does un-
der the same design conditions; therefore, the COP of
low-pressure compression process is greater than that of
the high-pressure compression process.
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