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Abstract: Absorption cooling technologies converting excess heat and renewable heat resources to
cooling energy have shown progress in recent years. In this study, two 400 kW LiBr solution absorp-
tion chiller types with series and parallel connected are analyzed over a range of parameter values to
better understand their applicability for different uses. Thermodynamic models for the components
were constructed and validated. The performance of the chillers related to heat transfer, energy,
exergy, and economy performance was comprehensively analyzed. The operating performance was
investigated by considering the external variables, including inlet cooling water, chilled water, and
inlet steam temperatures and the solution allocation ratio. The results indicate that the parallel
connected chiller reaches higher energy and exergy performance than the series-connected chiller, but
the heat transfer and economic performance was lower. The coefficient of performance and the exergy
efficiency of the parallel chiller were for the reference system 1.30 and 24.42%, respectively. Except for
the exergy efficiency, the inlet steam and inlet chilled water temperature had positive impact on the
heat transfer, energy, and economic performance, while the inlet cooling water temperature trends
the opposite. The sensitivity analysis on solution allocation ratio showed that a higher ratio decreases
the heat transfer and economic performance, but considering the energy and exergy performance, a
suitable allocation ratio would be 0.54.

Keywords: absorption chiller; series/parallel connected; solution allocation ratio; multi-criteria
performance; external parameters

1. Introduction

Compared to a conventional vapor compression refrigeration technology, which uti-
lizes high-value energy [1] such as electricity or steam at high temperature and pressure,
alternative methods utilizing low-value energy such as waste heat or renewable heat
sources are emerging [2]. These include desiccant cooling [3], ejector refrigeration [4],
absorption [5], and adsorption [6] cooling technologies.

Powered by thermal energy, solid and liquid desiccant materials are often used in a
desiccant cooling cycle to absorb water from incoming air steam, and the cooling effect is
obtained by spraying the water to the dehumidified air steam [7]. The ejector cooling cycle
works using a thermal compression process realized with a nozzle, chamber, diffuser, and
other components [8]. The adsorption cooling system often consists of an adsorbent bed,
reservoir, condenser, evaporator, and other components [9]. Recent work on the adsorption
cooling cycle has mainly focused on novel adsorbent bed structures [10], adsorbents [11],
and total performance [12]. However, the aforementioned three cooling technologies often
suffer from the following shortcomings: (1) long recycle period, (2) low cooling capacity,
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(3) poor energy performance, and (4) limited utilization conditions [13]. Compared to these
cooling processes, the absorption cooling approach is an attractive alternative through its
following benefits: (1) maturity and reliability, with higher performance, (2) availability for
large-scale use, and (3) it is cheaper than other cooling technologies powered by heat [14].

The absorption chillers can be characterized by the operating medium used, e.g.,
ammonia—water (NH3—-H,O) and lithium bromide-water (LiBr—H,O) [15]. Because of its
lower evaporation temperature, NH3-H,O refrigeration technology is often utilized in
quick freezing and cold storage [16], whereas LiBr-H,O absorption technology has a higher
refrigeration temperature and is utilized, e.g., for building cooling with chilled water tem-
peratures >0 °C [17]. In this study, the focus will be on the LiBr—H,O absorption technology.

The absorption cooling processes are further categorized by the driving temperature
to single-effect [18], double-effect [19], and triple-effect chillers [20]. Compared to single
and double chiller types, the triple effect chiller has a higher energy performance, but
would require a high-temperature heat/steam source often based on fossil fuels, e.g.,
natural gas [21]. The single-effect chiller can operate with lower-grade heat sources, e.g.,
with solar thermal collectors [22]. The double-effect chiller would require a somewhat
higher temperature for operation, e.g., concentrating solar [23] or geothermal energy [24],
but would also reach a better economic and environmental performance level than the
single-effect chiller [25]. Therefore, a double-effect chiller is employed in this study.

Recent work [26] on double-effect chillers include a range of modeling studies [27] to
improve their operating strategy [28], thermodynamic and economic performance anal-
ysis [25] including optimization [29], and coupling with different energy systems, e.g.,
district energy systems [30]. Avanessian et al. [29] investigated series and parallel chillers
and found a strong relation between the inlet temperature and mass flow rate on the
energy performance. Sergio et al. [31] optimized the structure of double-effect chillers by
setting the exergy, heat-transfer area, and cost as single objective function. Comprehensive
multi-objective optimization against energy, exergy, and economy have also been carried
out [32].

Though the present literature on double-effect chillers is ample [31] the analyses
have been incomplete in terms of understanding the effects of chiller interconnections.
The present paper therefore incorporates new system features to double-effect chillers by
investigating their series and parallel connections by providing new insights into double-
effect chillers. Their performance is evaluated against a set of multiple criteria (heat transfer,
energy, exergy, economy), but also performing a detailed impact analysis against essential
external technical parameters such as chilled water temperature, cooling temperature,
driving steam temperature, and solution allocation ratio.

This paper is constructed as follows: Section 2 illustrates the energy flowchart of the
chiller and the thermodynamic models of the two types of absorption chillers considered
here. Section 3 sets the evaluation criteria including energy, exergy, and economy aspects.
Section 4 gives the main results of the analyses and a discussion on the sensitivity of the
results against the key parameters. Section 5 gives the conclusions.

2. Energy Flows and Thermodynamic Models of Absorption Chillers

The series and parallel connected chillers are described in the next through energy
flowcharts and constructing the corresponding thermodynamic models.

2.1. Energy Flowchart of Absorption Chillers

The energy flowcharts of two absorption chiller types are shown in Figure 1.
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Figure 1. Energy flows in the absorption chillers (a) Series connected chiller, (b) Parallel connected
chiller) (HG = High-pressure generator, LG = low-pressure generator, HTX = High-temperature heat
exchanger, LTX = Low-temperature heat exchanger).

In Figure 1a, showing the series-connected chiller, a dilute LiBr solution is fed to the
HG (high-pressure generator, state 13) to absorb the heat from the heat source (state 21) after
preheating in LTX (low-temperature heat exchanger, state 2) and HTX (high-temperature
heat exchanger, state 3). Then, a strong solution (state 16) flows to LG (low-pressure
generator) after releasing heat in the HTX (state 14). The first part of the refrigeration vapor
from HG (state 17) is condensed in condenser 2, and the heat is totally utilized by the LG to
produce a strong solution (state 4) and the second part of the refrigeration vapor (state 7).
The strong solution (state 4) is delivered to LTX to release heat and is finally absorbed in
the absorber (state 6). The first part of the refrigeration vapor (state 19) and the second part
(state 7) are cooled together in condenser 1 by the cooling water (state 25). After throttling
(state 8 and 9), the vapor with a lower pressure and temperature can absorb the heat from
the returned chilled water (state 27). The refrigeration water is then absorbed by the strong
solution in absorber (state 10), and the additional heat is brought out by the cooling water
(state 23). Furthermore, the chilled water (state 28) is generated in the evaporator of the
absorption chiller.

The main difference of the parallel-connected chiller in Figure 1b and the series-
connected chiller is as follows: The dilute LiBr solution from the HTX is divided into two
parts; one part is fed to LG (state 30) and the other (state 11) flows to HG, which is similar
to the series-connected chiller. Considering the other components of the parallel connected
chiller, the energy flowchart in Figure 1b is similar to that of the series-connected one in
Figure 1a.

2.2. Thermodynamic Models and Their Validation

The thermal models of the chiller components are described by their mass, solution,
energy, and exergy balances. The main energy principles of components are displayed in
Table 1 [26].
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Table 1. Energy principles of components in two chiller types [33].

Item Series-Connected Chiller Parallel-Connected Chiller

HG moy (ho1 — o) + mizhiz = myzhiy + myghyy

LG mighis + miz(hiy — hig) = mzhy +myhy  moohao + mighie + myz(hiy — hig) = mzhy +mghy
Condenser 1 migh1g + mghg = myhy 4+ mos(hyg — hos)

Evaporator mohg = mghg + my9(hag — ho7)

Absorber mlohlo + m6h6 = m1h1 + moyq (h24 — h23)

LTX my(hy — hy) = nyrxma(hy — hs)

HTX narxmia(hg — his) = ma(hyy — h3) mia(h3 — hi2) = nurxmis(hig — his)

m, h are the mass, enthalpy of each state, respectively. 7 is heat-exchange efficiency.

The heat capacity of components is related to the heat transfer coefficient (U), heat-
transfer area (A), and logarithmic mean temperature difference (¢) [33]:

Qi=Ui-Ai-gi @

where i is the ith component of AC. In this study, U is related to heat conduction and heat
convection between fluid and wall surface, and the values summarized in Table 2 are based
on the references [33,34].

Table 2. Heat-transfer coefficient and heat efficiency for each component [31,33,34].

Item Value
U, kW/(m? K) HG, LG 1.5
Absorber 0.7
Evaporator 1.5
Condenser 2.5
LTX, HTX 1.0
Heat efficiency LTX, HTX (4rrx HTX) 0.5

Additionally, the solution allocation ratio (D) defined as the ratio of mass rate of state
11 to state 3 has a huge impact on the performance of the LiBr chiller:

D = mqy/m3 ()

3. Evaluation Criteria

For a more detailed evaluation of the performance of the proposed absorption chiller
types, a set of indicators related to heat-transfer area, energy, exergy, and economic perfor-
mance are defined next.

3.1. Heat-Transfer Area
The total heat-transfer area of the AC (HTA,,:4) is the sum of the heat-transfer area
for each component (HTA;):

i
HTApr = ) HTA; ®)
1

3.2. Energy

The coefficient of performance (COP) describes the energy performance of the AC.
The COP is calculated as the ratio of the cooling output from the evaporator to the thermal
energy input into the HG, and the electricity consumption of the solution pump (Epyump):

COP = Qeva/ (Quc + Epump) 4

E _ (m1(h2 — h1))/pump, (Series — chiller) )
Pry (mq(hy — hy) + ma1(h12 — h11)) / pump, (Parallel — chiller)
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where Qv and Qg are the chilled water output of the evaporator and thermal input of
HG, respectively. 17,ump is the efficiency of the pump.

3.3. Exergy

The exergy efficiency (7.x) is employed to examine the exergetic performance of the
AC by considering the energy quality of fuels and the products which are easily affected
by temperatures.

Nex = Exeva/(Epump + ExHG) (6)
T
Exevq = Qeva(TiO - ) ()
28
T
Extic = Quo(1— =) ®)
21

where Ex.y; and Expg are the exergy output of evaporator and exergy input of HG,
respectively. T is the temperature in standard conditions (25 °C).

3.4. Economy

The annual total cost (ATC) is often used to evaluate the economic performance of
AC [34]. The following assumptions are used in the economic analysis: (1) The service
lifetime (n) is 25 years; (2) the interest rate (j) is 10.33% [31]; (3) the daily operation time is
6 h [34].
The ATC is related to the annual capital cost (ACC) and annual operation cost (AOC)
as follows:
ATC = ACC + AOC )

i
ACC=CRF-) 7 (10)
1
where CRF and Z; are the capital recovery factor and initial investment cost for the ith

component, respectively. The initial investment cost for each component is summarized
in Table 3.

Table 3. Initial investment cost for each component in AC [35].

Component Initial Investment Cost (Z)

HG, LG 1800 - (f - HTA)*® + 24,915 Condenser 2119 - (f - HTA)*47
Evaporator 5900 - (f - HTA)%>*? LTX, HTX 2674 (f-HTA)%4
Absorber 9.976 - (f - HTA)820

f is area conversion factor (10.764 in this study).

The CRF is determined by the following equation:

. BN/
R = L 1+)) 1)
(1+))" -1
The AOC is calculated by the consumption of cooling water in the condenser and the
absorber (CW), and heating water in HG (HW):

AOC = Cpy - HW + Ccpy - CW (12)

where Cryyy and Ccyy are the unit costs of heating and cooling water, 3.0 USD/t and 0.0195
USD/t in this study, respectively [31].

During the simulation process, the Engineering Equation Solver software (EES) is se-
lected to evaluate the performance of two chiller types, due to the defaulted thermodynamic
properties of LiBr solution, steam, and other working media [36].
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For validation of the present simulation model, its results were compared to those
in [33], with similar initial conditions (Table 4), heat-transfer coefficients (Table 2), and
operating details in [33]. The relative errors of heat capacities of components are given in
Table 5, and the average relative error is <4%, which demonstrates adequate accuracy of
the present thermal model.

Table 4. Initial conditions of simulation for absorption chiller [37].

Item Working Fluid Value
Cooling capacity of absorption chiller 400 kW
Inlet/outlet temperature of steam (T1) Solar steam 170/160 °C
Inlet/outlet cooling temperature (T3, T2s5) Water 25/34 °C
Inlet/outlet temperature of chilled water (Ty7) Water 12/7 °C

Table 5. Heat capacities and relative errors of components.

Reference Study This Study Relative Error, %
LG 225 223 0.9
HG 348 344 1.1
LTX 151 143 5.3
HTX 146 137 6.2
Absorber 603 582 3.5
Condenser 432 420 1.9

4. Results

Based on the thermodynamic models and evaluation criteria, the performance of Acs
is discussed next. The inlet and outlet temperatures of solar steam are 150 °C and 140 °C,
while other working parameters are listed in Table 4, and the solution allocation ratio for
the parallel-connected chiller is determined as 0.54, as discussed in Section 4.2.3 (sensitivity
analysis of the solution allocation ratio).

4.1. Main Results

The performance results of the two AC types are shown in Table 6. Compared to
the series-connected absorption chiller, the energy and exergy performance of the parallel
connected AC is better: its COP is 1.30 and the exergy efficiency is 24.4%. However, the
total heat-transfer area of the parallel one, calculated by Equation (1), is higher, which
results in a higher annual investment cost (Table 5) and total annual cost. The annual total
cost of the series-connected chiller is 84% of the cost of the parallel one. The performance
of each state is summarized in Table A1.

Table 6. Main simulation results of the two AC types (cooling capacity 400 kW).

Items Series Connected AC Parallel Connected AC
Solution allocation ratio - 0.54

Total heat-transfer area 228.64 m? 237.59 m?

cor 1.25 1.30

Exergy efficiency 23.49% 24.42%

Total annual cost 455,428% 541,939%

The heat-transfer area and the exergy destruction ratio for the components in the
chiller is shown in Figure 2. The size of the heat-transfer areas (Equation (1) and Table 1)
shown in Figure 2a descend in the following order for both chillers: evaporator, absorber,
condenser, HG, LG, LTX, and HTX. In the parallel chiller, a part of the solution is fed to
the LG, leading to a smaller HTX than in the series-connected one, while the series chiller
needs more heat-transfer area. On the other hand, the evaporator and absorber area takes
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the highest proportion of the total heat-transfer area, or, 68.74% and 73.65% for series and
parallel chillers, respectively.

Regarding the exergy losses in Figure 2b, the largest loss in the series-connected chiller
occurred in the absorber, at 26.01% of the total exergy loss, but in the parallel chiller, the
largest loss was in the LG (31.29%). The lowest exergy losses were found in the condenser,
being almost the same for the two chiller types (4.56% and 4.64%). The exergy destruction
ratios in the LG and HG are higher for the parallel type than for the series type.

Heat transfer area, m?

@ Series chiller @ Parallel chiller

B Series chiller B Paraller chiller

[\ W
(=] (e
T T

—
(=)
T

Exergy destruction ratio, %

SRR

(@) (b)

Figure 2. Heat-transfer area and exergy destruction ratio for two types of absorption chillers:
(a) Heat-transfer area; (b) exergy destruction ratio.

4.2. Effect of External Parameters

The performance of the chiller is affected by external parameters such as the cooling
temperature, inlet solar steam temperature, and solution allocation ratio. Below, we have
examined the impacts of cooling and inlet heating temperatures on the heat-transfer area,
COP, exergy efficiency, and annual total cost. With the 400 kW cooling capacity, the external
parameters in Section 4.2 are summarized in Table 7. To ensure the normal operating of
LiBr solution, the solar steam temperature is varied from 114 °C to 192 °C, when T23 and
T25 range from 25 °C to 35 °C, and in Section 4.2.2, the range of the solar steam temperature
is 98 °C to 158 °C.

Table 7. External parameters in Section 4.2.

Section Section 4.2.1 Section 4.2.2  Section 4.2.3
Solar steam temperature (T21), °C 114-192 98-158 150

Cooling water temperature (T23, T25), °C 25-35 25 25

Chilled water temperature (T27), °C 12 10-18 12

Solution allocation ratio (D) 0.54 0.54 025-1.0

4.2.1. Impact of Cooling Water Temperature (T23, T25)

(1) Heat-transfer area

Figure 3 shows the sensitivity of the total heat-transfer area required with the two
types of absorption chillers against the cooling temperature and inlet steam temperature.
For each curve shown in Figure 3, the HTA drops close to 60% within the first 25% change
of the inlet steam temperature (T21). For the next 75% change of T21, the heat-transfer area
decreases slowly, varying from 400 m? to 200 m?.
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Figure 3. Variations of heat-transfer areas with two types of absorption chillers as functions of cooling
temperature and steam temperature (T21).

With constant chilled water output of 400 kW, the higher inlet steam temperature
reduces the required heat-transfer area, while a higher cooling water temperature has a
negative influence. A higher inlet steam temperature yields a larger temperature difference,
leading to higher heat efficiency, while the heat in the absorber and condenser is difficult
to release at a higher cooling temperature. Compared to the other five curves, when the
cooling temperature is 35 °C, the heat-transfer area variation is lowest, at 1.92%, when the
inlet steam temperature increases by 1 °C. Compared to the chiller connected in series, the
parallel connected absorption chiller needs more HTA with the same external parameters:
for example, when the cooling temperature is 35 °C, the HTA for the parallel one is 4.61%
higher than that for the series-connected one.

(2) cCor

The variation in the energy performance described by the COP as a function of the
cooling temperature and inlet steam temperature is shown in Figure 4. The inlet steam
temperature and cooling water temperature have the opposite effects on the COP: a higher
steam temperature improves the COD, while a higher cooling water temperature leads to
lower energy performance. Increasing the cooling water temperature from 25 °C to 35 °C
for the series chiller increases the COPs by up to 125%. The variation range of the COP with
the inlet steam temperature is highest, with a low cooling water temperature (e.g., 25 °C).

Comparing the series and parallel chillers, the maximum COP for the parallel type is
1.30, when the cooling water temperature is 25 °C, which is slightly higher than the COP of
the series chiller (1.25). Because of a higher heat-transfer area, the peak value of the COP of
the parallel-connected chiller is always higher than that of the series-connected chiller for
different cooling water temperatures.

(8) Exergy efficiency

The exergy efficiency as a function of the cooling temperature and inlet steam tem-
perature is displayed in Figure 5. As the inlet steam temperature increases, the exergy
efficiency of the absorption chiller first increases to a maximum value, then starts to decline.
This is because the COP increases quickly at first as the inlet temperature increases, but
starts to level out at higher inlet temperature. For the range of the series chiller, the exergy
efficiencies rise by 71.25%, 59.50%, 52.76%, 48.61%, 46.01%, and 44.45%, respectively, when
the cooling water temperature rises from 25 °C to 35 °C.
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Figure 5. Variation of exergy efficiency with two types of absorption chillers as functions of cooling

temperature and steam temperature (T21).

Maintaining constant exergy efficiency would require a higher inlet steam temperature
as the cooling water temperature raises. With a higher cooling water temperature, the
heat release in the absorber and condenser components is less effective, which requires
a higher inlet steam temperature to overcome this negative impact. Compared to the
exergy efficiency values of the series chiller, the parallel-connected one has a higher exergy
efficiency than the series-connected one due to its superior energy performance. The
maximum exergy efficiency was at best: almost one percent/unit better in the range shown
in Figure 5.
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(4) Annual cost

Figure 6 shows the economic performance of the chillers as a function of the cooling
temperature and inlet steam temperature. The relative annual cost is calculated based on
the ratio of the total annual cost to annual cost with the design condition in Table 6. The
relative annual total cost follows the same trend as the total heat-transfer area in Figure 3.
This can be explained by the decreasing HTA with increasing steam temperature, and hence
lower costs. Additionally, the operating cost decreases due to a higher COP and lower
mass flow rate.

25°C
30 @
]
8
()
E
= 20
5 Parallel chiller
2 Series chiller
=
2 10 |
0 L TPRNOCO0CTEARAARR R
110

Figure 6. Variation in annual cost with two types of absorption chillers as functions of cooling
temperature and steam temperature (T21).

Because of the lower cooling water temperature (25 °C), the annual cost in Figure 6
decreases fastest, 96.83%, while the cost decreases 89.18%, when the cooling water tempera-
ture is 35 °C. On the other hand, the annual capital cost accounts for a higher proportion
of annual total cost, due to the higher investment cost for the components and the lower
operation cost. When the cooling water temperature is 25 °C and 35 °C, the proportion
varies from 96.75% to 54.93%, and 91.30% to 54.62%, respectively. The relative annual cost of
the parallel chiller is lower than that of the series-connected one, but the parallel-connected
one has higher cost. This is because the basic annual cost for parallel-type (T21 = 150 °C,
T23 = 25 °C), USD 541,939, is higher than the basic annual cost for series type, which is
USD 455,428. Due to the higher heat-transfer area, the parallel connected chiller has a lower
economic performance than the series connected one, although the energy and exergy
performance is higher.

4.2.2. Impact of Inlet Chilled Water Temperature (T27)
(1) Heat-transfer area

The effect of the chilled water temperature and steam temperature on the heat-transfer
area with a constant cooling water temperature of 25 °C is shown in Figure 7. Increasing the
inlet steam temperature decreases the required HTA. For example, when the inlet chilled
water is set to 18 °C, the heat-transfer area would decline 2.15% for 1 °C of increase in the
steam temperature.

The chilled water has an opposite impact on the HTA to the cooling water temperature
in Figure 7. With a fixed heat-transfer area, if the chilled water temperature decreases,
the inlet steam temperature need to be raised to ensure the set value of the chiller output
(400-kW) is met. When the heat-transfer area is set to 250 m?, and if the chilled water tem-
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perature is decreased from 18 °C to 10 °C, the inlet steam temperature needs to be increased
by 21.3% from 122 °C to 148 °C as a lower temperature difference in the evaporator reduced
the heat transfer. Comparing two chiller types, the parallel connected chiller requires
slightly more heat-transfer area, the difference being less than 25 m? in the worst case.

1400

16°C 14°C 12°C 10°C

1200

A\
i X — Parallel chiller
- \
g 1000 Vo e Series chiller
=
1
S 800 |
z
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&
S 600 |
%]
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400
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98 108 118 128 138 148 158

Figure 7. Variation of heat-transfer areas with the two types of absorption chillers as function of
chilled water temperature and steam temperature (T21).

) COP

Figure 8 shows that with a constant chilled water temperature, increasing the steam
temperature improves the COP. In higher chilled water conditions, the heat contained in
the chilled return water is easier to release in the evaporator due to the higher temperature,
thus increasing the COP.
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Figure 8. Variation of COP with the two types of absorption chillers as a function of chilled water
temperature and steam temperature (T21).
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Because of the lower heat-transfer area in the series connected chiller, the COP is lower
with a fixed inlet chilled water and steam temperature. For example, when the inlet chilled
water temperature is 18 °C, the average COP for the parallel chiller is 0.05 units higher.

(3) Exergy efficiency

Figure 9 shows the variation of the exergy efficiency with external parameters, includ-
ing the inlet chilled water temperature and inlet steam temperature.

28 Parallel chiller -
------- Series chiller . X XXX*X% ;Zx X Xax¢

X X
& 24
)
=
=
=
S
S 20
B
Ed
5
”
=

16

12 © ' '

98 108 118 128 138 148 158

T21, °C

Figure 9. Variation of exergy efficiency with the two types of absorption chillers as function of chilled
water temperature and steam temperature (T21).

The exergy efficiency increases to the critical point with a decreasing rate as the inlet
steam temperature improves, and then the efficiency declines slightly. On the other hand,
as the inlet chilled water increases, the critical point of the exergy efficiency drops: the
critical values of the series connected chiller are 26.35%, 25.00%, 23.47%, 21.70%, and
19.61%, respectively, when the chilled water increases for the series chiller. As the chilled
water temperature increases, the difference between the chilled water temperature and the
standard temperature (25°C) is low, which corresponds a lower energy level.

Because of the higher COP of the parallel connected chiller, the thermal energy needed
is also lower. Thus, the exergy efficiency of the parallel chiller is higher than that of the
series connected, in practice 1% at most.

(4) Annual cost

Figure 10 shows the variation of the relative annual cost with inlet chilled water
temperature and inlet steam temperature. Keeping the same annual cost, the required
inlet steam temperature declines as the chilled water temperature increases due to the
higher heat transfer efficiency caused by higher temperature differences in the evaporator.
Due to the higher heat-transfer area, the parallel chiller has a higher annual capital cost
(Table 5), and it takes a higher share of the annual cost, or 42.23%, 31.49%, 25.65%, 42.64%,
and 43.73% of the annual total cost, when the chilled water temperature varies from 10 °C
to 18 °C, respectively.

4.2 3. Effect of Solution Allocation Ratio

The effect of the solution allocation ratio for the parallel-connected chiller is shown
in Figure 11. The ratio is varied from 0.25 to 1.0 (=no solution flows to LG from LTX;
HG and LG are connected in series). A lower allocation ratio increases the required heat-
transfer area, because the LG needs more heat from condenser 2 to ensure that the fixed
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Exergy efficiency, %

capacity is met at lower-allocation ratio conditions. When the allocation ratio increases, the
COP improves from 1.28 (ratio = 0.25) to 1.30 (=0.54) but then decreases to 1.25 (=1.0). In
Figure 11, the exergy efficiency trends are shown as a function of the solution allocation
ratio, similar to the trend of the COP. The exergy efficiency varies 2.9% units over the full
range of allocation ratios. Due to a decreasing heat-transfer area vis a vis allocation ratio,
the relative annual cost drops with rising allocation ratio. The annual cost decreases by
53.21% from allocation ratio 0.25 to 1.

35
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Figure 10. Variation of the annual cost with the two types of absorption chillers as function of chilled
water temperature and steam temperature (T21).
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Figure 11. Variation of performance with parallel connected chiller as function of solution
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5. Conclusions

Here, a 400 kW double-effect absorption chiller was analyzed against a set of important
design criteria, including heat transfer, energy, exergy, and economic factors. Two types of
chillers were considered: a series and parallel-connected chiller.

The main results of the performance comparison are as follows:

e  The parallel-connected chiller type shows a better energy and exergy performance
than a series-connected one when the inlet water temperature is at 12 °C, due to its
special structure and higher heat-transfer area: the COP and exergy efficiency are 1.30
and 24.42%, respectively. However, the annual cost of the parallel type is 19% higher
than that of the series one.

e  The heat-transfer area of the parallel chiller is 228.64 m? and 237.59 m? for the series
one, respectively. The evaporator, absorber, and condenser of the chiller account
for most of the total heat-transfer area: 83.41% in the series type and 86.91%in the
parallel one.

e The exergy destruction ratios of the components for the series chiller in descending
order were the absorber, LG, HTX, HG, evaporator, condenser and LTX; for the parallel
type, the order of the first four components was the LG, absorber, HG, and HTX.

The sensitivity analysis against the key parameters showed the following:

For both the series and parallel connected chillers, an increase in the inlet steam
temperature decreases the annual total cost due to smaller heat-transfer area required,
and improved energy performance. Because of the higher energy level when increasing
the inlet steam temperature, the exergy efficiency first rises to a maximum value, and
then decreases slightly.

e Increasing the inlet cooling water temperature decreases the energy and exergy perfor-
mance of the chillers and increases the needed heat-transfer area and annual total cost,
because it is more difficult to release the heat in the absorber and condenser.

e Increasing the chilled water temperature positively influences the energy, heat transfer,
and economic performance, but reduces the exergy performance due to a decreasing
energy level.

e  The solution allocation ratio significantly influences the performance of the parallel
chiller: as the ratio increases from 0.25 to 1.0, the heat-transfer area and annual total
cost decrease by 25.20% and 53.21%, respectively. The energy and exergy performances
increase when the allocation ratio rises from 0.25 to 0.54 (maximum value), but then
drops almost linearly.

The results indicate that a double effect absorption chiller is an effective choice to con-
vert thermal energy into chilled water for cooling purposes. The next steps in the research
could include optimization of the chiller structure, performance analysis for combined
heating and cooling demand, and coupling with other novel renewable energy sources.
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Nomenclature

AC Absorption chiller.

cor Coefficient of performance.

EES Engineering Equation Solver.

HG High-pressure generator.

HTX High-temperature heat exchanger.
LG Low-pressure generator.

LTX Low-temperature heat exchanger.
Symbols

A Area, m2.

ACC Annual construction cost, USD.
AOC Annual operation cost, USD.

ATC Annual total cost, USD.
Cyw/Ccw  Unit cost of heating/cooling water, USD/t.
CRF Capital recovery factor.

CW Cooling water consumption, t.

D Solution allocation ratio.

Ex Exergy, Kw.

f Area conversion factor.

h Enthalpy, k] /kg K.

HW Heating water consumption, t.

j Interest rate.

HTA Heat-transfer area, m?.

m Mass flow, kg/s.

n Service life, years.

Q Thermal energy, kW.

T Temperature, °C.

u Heat-transfer coefficient, kW /(m? K).
V4 Initial investment cost, USD.

w Concentration of LiBr.

¢ Logarithmic mean temperature difference.
1 Efficiency.

Subscript

i ith component.

in Jout Inlet/outlet.

eva Evaporator.

loss Loss.

Appendix A

Table Al. Simulation results of states for two chiller types.

Series-Connected Chiller Parallel-Connected Chiller
State Pressure, kPa Conce‘r;:ratlon, I\I/{I:ts; llilg;sv Pressure, kPa Concef;otratlon, I\I/{I:::, Ilil;);;v
1 0.803 53.087 1.099 0.924 51.792 1.212
2 4.145 53.087 1.099 4.145 51.792 1.212
3 4.145 53.087 1.099 4.145 51.792 1.212
4 4.145 62.657 0.931 4.145 60.102 1.044
5 4.145 62.657 0.931 4.145 60.102 1.044
6 0.803 62.657 0.931 0.924 60.102 1.044
7 4.145 0 0.085 4.145 0 0.078
8 4.145 0 0.168 4.145 0 0.168
9 0.803 0 0.168 0.924 0 0.168
10 0.803 0 0.168 0.924 0 0.168
11 - - - 4.145 51.792 0.652
12 - - - 72.257 51.792 0.652
13 88.904 53.087 1.099 72.257 51.792 0.652
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Table Al. Cont.

Series-Connected Chiller Parallel-Connected Chiller
Concentration, Mass Flow Concentration, Mass Flow
State Pressure, kPa o Rate, kg/s Pressure, kPa % Rate, kg/s
14 88.904 57.421 1.016 72.257 60.102 0.561
15 88.904 57.421 1.016 72.257 60.102 0.561
16 4.145 57.421 1.016 4.145 60.102 0.561
17 88.904 0 0.083 72.257 0 0.090
18 88.904 0 0.083 72.257 0 0.090
19 4.145 0 0.083 4.145 0 0.090
20 - - - 4.145 51.792 0.560
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