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ABSTRACT

A heat pump has a unique capability to provide both heating and refrigeration simultaneously.
Among the work-driven heat pumping options, an absorption-compression heat pump (ACHP)
system has key beneficial features including high performance and design flexibility for its
deployment in industrial and non-residential building applications. In this master thesis, a
double-stage absorption-compression heat pump cycle using an ammonia-LiNO3z mixture as a
working fluid was investigated from energy and exergy performance viewpoints. It is then
compared to the same absorption-compression heat pump cycle configuration using an
ammonia-water mixture, which is the conventional working fluid of the absorption-
compression heat pump systems. The steady-state models of the ammonia-LiNO3 and
ammonia-water absorption-compression heat pump systems were developed and the heat
pump's performance was simulated for a range of heating (hot water) and cooling (chilled fluid)
supply temperatures of 90 °C to 105 °C and —10 °C to 10 °C, respectively. In the base-case
analysis, the ammonia-LiNOs ACHP system has higher combined COP (COPg,;,.), exergy COP
(ECOPgy.), and second-law efficiency (n;;snc) than the ammonia-water absorption-
compression heat pump system by about 23.1%, 11.7%, and 23.1%, respectively, at hot water
and chilled fluid supply/return temperatures of 90/75 °C and 0/6 °C. Besides, the volumetric
capacity for simultaneous heating and cooling supply was obtained as 867.9 kJ/m? for the
ammonia/LiNOs mixture and 863 kJ/m® for the ammonia/water mixture. Moreover, a
parametric study was also carried out for heating and cooling supply temperature ranges of 90
°C t0 105 °C and —10 °C to 10 °C. The COPg., ECOPgp, and 1y sp Of the ammonia-water
ACHP system were in the range of about 1.072-2.009, 0.203-0.290, and 13.7%-21.7%,
respectively, for the chilled fluid supply temperature of —10 °C to 10 °C and hot water supply
temperature of 90 °C to 105 °C. At the same operating condition, the volumetric capacity for
simultaneous heating and cooling of the ammonia-water ACHP system was 413.7-1402 kJ/m®.
In the case of the ammonia-LiNO3 ACHP system, COP;;,. of 1.913-2.289, ECOPg,. of 0.263—
0.317, ny; snc Of 23.8-24.8%, and volumetric capacity for simultaneous heating and cooling of
827.9-1352 kJ/m? were obtained when the hot water and chilled fluid supply temperatures are
in the range of 90 °C to 100 °C and 0 °C to 10 °C.

Keywords: Absorption-compression, Heat pump, Simultaneous heating and cooling,

Ammonia-water, Ammonia-LiNO3, Performance comparison.
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NOMENCLATURE

General:

ABS absorber

ACHP absorption-compression heat pump

DES desorber

EES engineering equation solver

EG ethylene glycol

LCOM low-stage compression

HACHP hybrid absorption compression heat pump
HCOM high-stage compression

HX heat exchanger

MIX mixer

SEP separator

SEV expansion valve

SHX solution heat exchanger

VSHX vapor solution heat exchanger

VCHP vapor compression heat pump

Variables:

Ah difference enthalpy (kJ/kg)

As difference entropy (kJ/kg-K)

AT temperature difference/glide ("C/K)

Az difference mass fraction of strong and weak solutions (kg/kg)
€ effectiveness (%)

i second law efficiency (-)

Nisen,com isentropic efficiency of the compressor (%)
M electrical efficiency of motor (%)

Nsp the pump efficiency (%)

Acom volumetric efficiency of the compressor (%)
c heat capacitance rate (kW/K)

Cp specific heat capacity (kJ/kg-K)

COP coefficient of performance (-)
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ECOP

Subscript:
abs

amb

C

cf

com

crit

des

dif

el

hcom

heat pump exergy efficiency (-)
specific enthalpy (kJ/kg)

mass flow rate (kg/s)

pressure (bar/kPa)

pressure ratio (-)

vapor quality (kg/kg)

heat capacity/rate/duty (kW)

specific entropy (kJ/kg-K)
temperature (°C/K)

entropic average temperature (K)
suction line specific volume (m3%kg)
volumetric capacity for heating and cooling (kJ/m?)
electrical power (kW)

ammonia mass fraction (kg/kg)

absorber

ambient

cold

chilled fluid

compressor

critical

desorber

temperature difference
electrical

hot

high-pressure stage compressor
heat exchanger

hot water

isentropic

input

low-pressure stage compressor

liquid
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low
m
mid
min
max
out
Pp
shc
sol
Sp
su
vshx
vap

vol

low

motor

intermediate

minimum

maximum

out

pinch point

simultaneous heating and cooling
solution

solution pump

suction line

vapor solution heat exchanger
vapor

volumetric

Master Thesis



Abdurahman Hasan Assagaf Master Thesis

LIST OF FIGURES

Figure 1.1. Global Net CO. emissions in Net Zero Emission, figure adapted from (International
ENergy AgenCY, 2022). ......cc.eiueieeieiiesieeie e ste ettt e e te e e nraereanes 15

Figure 1.2. Global net-CO> emissions by sector and gross and net CO2 emissions in the Net

Zero Emission, figure adapted from (International Energy Agency, 2022a) ..........ccccceeeenenn. 16

Figure 1.3. Global Final Energy Demand in 2019 by sector with estimates for application

temperatures and final energy sources, figure adapted from (Adamson et al., 2022) ............. 17

Figure 1.4. Technical market potential of process heat in Europe accessible industrial heat

pumps distributed by temperature and industrial sectors, figure adapted from....................... 18
Figure 1.5. The Osenbriick Cycle, figure adapted from (Nordtvedt, 2005).........cc.cccovervenenee. 19
Figure 1.6. Pressure-temperature phase diagram of ammonia, figure adapted from.............. 22

Figure 1.7. Vapor pressure, temperature, concentration diagram for ammonia—water, figure

adapted from (BJ@rvik, 2019) ........couiiiieiiieiee e 24
Figure 2.1. Schematic diagram of two-stage absorption-compression cycle.............cccccceunee. 27
Figure 3.1. Flow chart diagram of the modeling methodology ..........cccccveviiieieiii e 37

Figure 3.2. Schematic of the heat exchanging process for the vapor-solution heat exchanger.

Figure 4.1. Heat transfer graph in the absorber (A) ammonia-water cycle, (B) ammonia-lithium

NIEFALE CYCIE. oottt e st e et e r e s te e tesreesreereenes 49

Figure 4.2. Heat transfer graph in the desorber (A) ammonia-water cycle, (B) ammonia-lithium

NITFAEE CYCIB. o b bbbt e s 50

Figure 4.3 Effect of heating and cooling supply on heat duty of the absorber for ammonia-

water and ammONIA-TIENTUM NMIEEALE. .......eeeeee e en 55

Figure 4.4. Effect of heating and cooling supply on heat duty of the desorber for ammonia-

water and ammMONTA=-TIENTUM NIEEALE. ......eeeeeeeeeeet s nnnnnns 56

Figure 4.5. Effect of cooling and heating supply on maximum efficiency of the vapor-solution

heat exchanger for ammonia-water and ammonia-lithium nitrate. .............cccooe e, 57

10



Abdurahman Hasan Assagaf Master Thesis

Figure 4.6. Effect of cooling and heating supply on combined COP (COPshc) for ammonia-

water and ammMONTA-TIENTUM DAL, ......eeeeeeee e 58

Figure 4.7. Effect of cooling and heating supply on second-law efficiency nll, shc for

ammonia-water and ammonia-lithium NITrate. ... 59

Figure 4.8. Effect of cooling and heating supply on exergy efficiency (ECOPshc) for

ammonia-water and ammonia-lthiUuM NIEFATE. .......eeee e ee e e 60

Figure 4.9. Effect of cooling and heating supply on VSHC for ammonia-water and ammonia-

U DI AL s 61

11



Abdurahman Hasan Assagaf Master Thesis

LIST OF TABLES

Table 1.1. Ammonia-water critical points (H Rlzvl et al., 1987)......cccccceiviiiiiiniiinieiiiinns 23
Table 2.1. Compressor Technologies from Manufactures. ..........ccccocveveiievi s, 32
Table 2.2. Compressor Technologies from JOUrnals.............ccccoeiieiieie e, 33

Table 3.1. Input modeling parameters for performance simulation of the double-stage

absorption-compression SYStemM (FIQUIE 2.1) ...c..ooiiiiiiiiiee e 45
Table 4.1. Thermodynamic parameters of key points for ammonia-water. .............cccccccevenee. 47
Table 4.2. Thermodynamic parameters of key points for ammonia-lithium nitrate. .............. 48

Table 4.3. Thermodynamic performances of the double-stage absorption-compression heat

S 10 L1 3  FPPPR TP 50

Table 4.4. Simulation result for aMMONIA-WALET ............oooe et ee e e 52

12



Abdurahman Hasan Assagaf Master Thesis

CONTENTS
TITLE PAGE ...ttt ettt ettt et e e hb e et e e s ae e e beesneeenne e 2
STATEMENT OF SUPERVISION ... ...ttt 4
ACKNOWLEDGMENT ...t ne e 5
ABSTRA CT ettt et he e bt e bt e bt enbe e e bt e be et e e nne e neennee s 6
NOMENCLATURE ..ttt b et sen e beesnee s 7
LIST OF FIGURES ... .ot 10
LIST OF TABLES. ...ttt n e e e 12
CON T EN T Sttt et h et e b e e se e e s be e e b e e s be e e beennneeneennneas 13
L INTRODUGCTION L.ttt sttt sttt b et beesnneeeee e 15
1.1 BACKGIOUNG ... bbb 15
1.2 MOBIVALION ...ttt 21
1.3 General Objective and Specific ODJECLIVE .........cceevvviiiiieecc e 24
1.4 JUSEITICALION ...ttt bbbt 25
1.5 Methodological Approach Followed and Thesis Structure...........cccccoeevevveievvereene 25
2. HEAT PUMP SYSTEMS AND COMPONENT DESCRIPTION .....ccccooeiiiiiiiiciieeens 27
2.1  Description of Two-Stage Absorption Compression Heat Pump Cycle................... 27
2.2 Description of Heat Pump Cycle and Its COMPONENLS.........coeiverireniniienieeeee, 28
2.2.1  Ammonia-water mixture as a working fluid .............ccoooeviiiiiiiiicen, 28
2.2.2  Ammonia-lithium nitrate mixtures as a working fluid ..............ccccooeeveeiiiinnen, 29
2.2.3  Absorption — Desorption heat pump ProCeSS ........cccveiveeiieeiiieeiiesie e sie e 31
2.2.4  Compressor TECANOIOGIES. .......ciiiiiieiiie et 31
3 MODELLING METHODOLOGY .....utiiiiiiiieiiie ittt neesnee s 36
3.2 Modelling ASSUMPLIONS ......vveiuiiiiieiie ettt re e srraebeesree s 38
3.3 CompPOoneNnt MOGEIS ......ccvviiiieiie et e 38

13



Abdurahman Hasan Assagaf Master Thesis

3.4 ThermodynamiC PrOPEITIES ........coiiiiiieieieiesie st 42
341 AMMONIA-WaLEr MIXTUIE .....uiiiiiiiiieiiei ettt 42
3.42  AmmOonia-Lithium NItrate ..o 42
3.4.2  Heatand cold transfer Mediums ...........ccoeiiiiiieineneee e 43

3.5  Energy Performance INQICALOrS..........ccuoiveiiiiiiieiicierieeeee e 43

3.6 Input Modelling Parameters ..........coiiieieieieiereresse e 45

4 SIMULATION RESULTS AND DISCUSSION ..ot 46
4.1 Base Case ANAIYSIS .....ccuviiiiieiecieiie ettt nre s 46
4.2 PaArametriC STUAY .......ooviieieieieeiee et 51

S CONCLUSIONS. ... ettt ettt et et e e be e nbeeabeenree s 62

REFERENGCES ... oottt et e e b e e nn e nn e 63

14



Abdurahman Hasan Assagaf Master Thesis

1 INTRODUCTION
1.1 Background

Nowadays decarbonization and climate change issues are the problem of this generation that
has been discussed frequently a few years back and has been referred to as severe issues that
humanity must address (Zhu et al., 2022). The industrial sector in particular is a source of
problems with air quality, climate change, and other forms of pollution, and the government is
constantly looking for measures to reduce greenhouse gas emissions and diminish their effects.
Thereupon, long-term strategic concerns are necessary to emphasize the awareness of future
planning (Worrell et al, 2022). Fortunately, all the people of the world now feel the same
restlessness after The International Energy Agency (IEA) established our new global
milestones as shown in table 1.1 to achieve the transition from fossil fuels to more sustainable
and renewable sources that is necessary for the industry to reach net-zero greenhouse gas
emissions by 2050 (International Energy Agency, 2022a). Energy-related and industrial
processes worldwide CO2 emissions in net zero emission are forecasted to be approximately
21 Gt CO2 in 2030 and reach net zero in 2050.

CO; emissions Per capita CO; emissions
~ 40 © 12 e
o =
o a
5 g
O 30 C 9
g
20 0 8 6
10 3
0 0
SLO e e —3 e e

2010 2020 2030 2040 2050 2010 2020 2030 2040 2050

W Advanced economies Emerging market and developing economies

IEA. All rights reserved.

Figure 1.1. Global Net CO2 emissions in Net Zero Emission, figure adapted from

(International Energy Agency, 2022a).

As shown in figure 1.1 above explains the decrement value of carbon dioxide pollution until
net zero emission can be achieved. At the end of 2045 CO> in advanced economies will fall to

a net zero, and the emission in both emerging markets and developing economies will follow
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to decrease until net zero as well before 2050. Now it can be summarized that the world is

preparing globally to achieve net zero emissions in 2050.

Sector Gross and net CO; emissions
S 15 ElectriCity A0  oorosoerros e
E Buildings
10 oo N ====Transport 30
Industry
Other 20 ¢
] Gross CO,
emissions 10 |
0 < _ > I BECCS and
DACCS 0
Net CO,
-5 emissions -10 -

2010 2020 2030 2040 2050 2010 2020 2030 2040 2050

EA. All rights reserved.

Figure 1.2. Global net-CO> emissions by sector and gross and net CO. emissions in the Net

Zero Emission, figure adapted from (International Energy Agency, 2022a)

Figure 1.2 shows the forecasted emission of carbon dioxide derived by different sectors. The
main factor that boosts the largest and fastest reduction in global emissions in the net zero
emission is initiated by the electricity sector, which has shown in figure 1.2 above. The second
greatest source of emissions in 2020 is the industrial sector, but from 2020 to 2030, it will fall
by 20 % of emissions over this period while alternative methods for reducing emissions are
ramped up together with the introduction of low-emissions fuels. Nevertheless, there is still a
residual from the industrial sector because some areas are difficult to eliminate these emissions

(International Energy Agency, 2022a).

As a consequence of that problem, heat pump technologies at the forefront of clean
technologies industrial energy transition (Kim et al., 2022) can be our solution to amplify the
decrement and as a new resolution for eliminating the residual emission that could be produced
in 2050. Another study about the bottom-up estimates of deep carbonization of U.S.
manufacturing in 2050 presented that heat pump technologies are an opportunity to reduce the

emission from electrification to 22 % (Worrell et al., 2022).

Even though heat pump technology is not a common product that easily can be found on the

market, however, as shown in figure 1.3, world energy statistic for global final energy demand
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in 2019 where 19 % of total energy demand is from the industrial process heating that probably

can be covered by heat pump technologies.

As has been shown in figure 1.3, the tremendous potential percentage of the demand that exists
for supplying high heating temperatures at the range 100 °C - 200 °C is 27 % for industrial
process heating. Therefore, there is a big potential to deeply research high-temperature heat
pumps because it has already been identified that many promising applications can be utilized
by this system and a bright future and clean future also will be easily achieved if there is
acceleration to radically exploit more about this type of systems (International Energy Agency,
2021).

Final Energy Demand
Worldwide 2019: 116,111TWh

13% W Electricity

® |ndustry (other) Temperatures W District heating

m [ndustry > 500 °C M Biomass

(process heat)

200 - 500 °C oil
m Transport

W 100 - 200 °C
others fossils

= Household W< 100 °C

M Coal

Commerce,

W Natural Gas
Trade, Services

Figure 1.3. Global Final Energy Demand in 2019 by sector with estimates for application

temperatures and final energy sources, figure adapted from (Adamson et al., 2022)

The European heat pump market has been evaluated that can be accessible by heat pump
technologies of the technical potential for 626 PJ (174 TWh) at temperatures up to 150 °C.
From figure 1.4, the potential energy demand of 116 PJ (32.22 TWh), or 19 % of the total
potential demand lies for the heating process between 100 and 150 °C. It might be beneficial
for the food and tobacco industries and the paper industries for their chemical process. Those
ranges of temperature are reachable by the high-temperature heat pump but there is a practical
limitation that makes it not possible to fully exploit it with the heat pump. For the supplying
temperature above 150 °C, the potential is bigger but still inaccessible, and need further

practical research to fulfill that need.
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However, if waste heat of about 100 °C is available as an input, output temperatures of up to
150 °C can already be reached. Heat pumps require special refrigerants and compressors for
temperatures between 150 °C and 200 °C, but these technologies are still in the early prototype
stage. Nowadays, In the paper, food, and chemical industries, industrial heat pumps are
primarily used for low-temperature processes that require temperatures below 100 °C
(International Energy Agency, 2022b). The complexity of industrial processes necessitates the
customization of heat pumps for the applications but the promising potential demand for the
heat pump pushes the researchers and manufacturers to design and customize the heat pump
based on the component technologies available on the market, therefore, the potential energy

demand would be exploited by this system.

O Space heating/hot water/<80°C ©80 to 100°C m100 to 150°C

180 -

=3 ]28 Europe (2012)

5 120 - Technical potential < 150°C:

= 626 PJ

g 100 -

s 80

° 80

S 40

= 1 A m

0 ‘ : . : .
8 2 3 5 5 § g 2 O Space heating/hot water/<80°C
2 &« | E| £ E = 8§ ©° g
8 o S % QO O Process 80to 100 °C
o o 2 3 g m Process 100 to 150 °C
@ ‘g ®
© s
: 5 g
- g -
=

Figure 1.4. Technical market potential of process heat in Europe accessible industrial heat
pumps distributed by temperature and industrial sectors, figure adapted from
(Arpagaus et al., 2018)

The absorption-compression heat pump cycle which the cycle is shown in figure 1.5 and several
publications is also called the Osenbriick cycle because was named by the invertor that
described fundamentally the basic principles of compression/absorption heat pump in 1895. It
was characterized by a cycle that operated with a combination of fluids with a wide-boiling
temperature between the absorbent and the refrigerant. The primary distinction between this
cycle and the conventional vapour compression cycle is that the evaporation process in the
desorber has not reached its full potential which created two types of phase conditions while
exiting the desorber which are the liquid and the vapor conditions. Those two types of phases

are separated by another component then divided into the liquid that flows to the solution pump
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and is recirculated to the absorber and while the vapor proceeds to the compressor. There is
also a solution heat exchanger that is used for heat recovery and to increase the energy cycle

performance.

HEAT SINK

PRV AV AN

ABEORBER

.IL@

SOLUTION R
HEAT EXCHANGER () COMPRESSOR

® ®

EXPANESION SOLUTION
VALVE PUMFP

®

i

HEAT SOURCE

Figure 1.5. The Osenbriick Cycle, figure adapted from (Nordtvedt, 2005)

Time by time the cycle is upgraded to fulfill the needs of the civilization and industrial sectors.
Consequently, the cycle that was built by Osenbriick lately is reconstructed in such a way as to
improve the system. One of the most common research projects about the ACHP cycle is the
idea to supply high-temperature heating and low-temperature cooling simultaneously for
residential and non-residential buildings. More research pays attention to this topic because
while the heat pump system wants to supply the high-temperature several restrictions and
limitations must be obeyed to be able to execute that.

Jensen et al. (2015) investigated the impact of the rich ammonia mass fraction and circulation
ratio as a feasible combination for heat sink’s supply temperature at 100 °C, 125 °C, 150 °C,
and 175 °C and concluded that compressor discharge temperature dominates when assessing
ACHP applicability and can be reduced by two-stage cycle. Using three sets of design

constraints of standard ref (Py;4n, = 28 bar), high-pressure NHs (P4, = 50 bar), and
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transcritical CO2 (Pp;q5, = 140 bar) allowable to supply temperatures up to 111 °C, 129 °C,

and 147 °C while if there is no limitation of temperature discharge it can be increased up to 182

°C, 193 °C, and 223 °C.

Markmann et al. (2019) used ammonia-water as a working fluid for the absorption-
compression heat pump in industrial processes. Water inlet temperatures at the heat source and
heat sink are fixed at 59°C and 50°C, respectively. The poor solution mass flow rate and
absorption pressure were adjusted from 0.21 kg/s to 0.31 kg/s and from 13.5 bar to 16.5 bar,
respectively. At a maximum lift temperature of 43 K, the 2.5 of maximum COP for supplying

a heating power of more than 40 kW can be attained and given.

Gao et al. (2020) developed two novel approaches of an absorption-compression heat pump
with two-stage rectification to reduce the suction temperature of the compressor and lower its
temperature discharge and by utilizing a subcooler proposed to reduce the irreversible loss

during the throttling process, the heat pump now has better energy efficiency.

Qing et al. (2021) simulated about three types of ACHP cycles (heat recovery, liquid injection,
and flash tank cooler) with a temperature lift of 40K at Pp;4, = 50 bar and obtained that
single-stage ACHP cycle cannot meet the requirement while those three types of two-stage
cycle easily achieve that, especially while using the flash tank cooler can achieve the

temperature lift until 50K.

Ayou et al. (2022) evaluated the performance of a two-stage absorption-compression heat
pump for simultaneous heating and cooling with the temperature at 100 — 150 °C and -10 — 10
°C found that the combined heating and cooling COP of about 2.02 — 4.04 and the exergy
efficiency of 0.467 — 0.483 can be achieved with technical constraints of the R717 compressor

technology that available in the market (compressor discharge temperature < 190 °C).

Many studies have been published to examine the benefits that heat pump technology can offer
for providing cooling in addition to heating while also being used in industrial and non-
residential applications. Ayou et al. (2022) studied an ammonia-based compression heat pump
to deliver heating (65-95 °C) and cooling (2 °C) simultaneously for milk pasteurization
processes. Nordtvedt et al. (2011) designed a hybrid heat pump for waste heat recovery for the
food industry in Norwegia with the heat sink supply temperature up to 100 °C and recovering
waste heat at approximately 50 °C. According to the energy analysis of solar energy or waste

heat recovery accounts for 33.0% of all energy sources in the new dairy, and the process has a
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waste heat recovery rate of over 95% (Ahrens et al., 2021) when the system was investigated

for a green field dairy in Norway to provide heating and cooling simultaneously.

1.2 Motivation

Heat pump systems provide affordable options for recovering waste heat from numerous
sources for use in various industrial, commercial, and residential applications. One of the most
workable solutions to the greenhouse impact is provided by heat pumps. It is the only procedure
that is currently known to recycle waste heat and environmental heat back into a heat
production process, providing environmentally friendly and energy-efficient heating and
cooling in applications ranging from residential and commercial buildings to process industries
(Chuaetal., 2010).

The main advantage of this system is the waste heat that is produced in the industry is recovered
from every possible source of waste heat and turn it into a useful output that can improve the
energy efficiency of many industrial operations. Commercial heat pumps have many uses in a
range of industries since they are based on the vapor compression cycle or the absorption

compression cycle.

Over the vapor compression cycle, the absorption-compression cycle demonstrated two key
benefits. The benefit was the ability to regulate a wide range of capacities due to simple
adjustments of the mixture composition. The second was the temperature glide in the absorber
and the desorber, which resulted in a significantly greater heating coefficient of performance
(Bergland, 2011).

A multi-stage heat pump is a system that works with more than one compression stage, and it
also can be classified as a compound or cascade system. The compound systems consist of two
or more compression stages which are the high-stage compressor and the lower-stage
compressor that is connected in a series. Normally it also consists of three types of pressure
that work to elevate the pressure inside the system which are high pressure, intermediate

pressure, and low pressure.

A multistage system provides more flexibility, greater compression ratio, higher compression
efficiency, and refrigeration effect compared to a single-stage system (Agrawal et al, 2007).
The other important thing is it also has a lower discharge temperature at the high-stage

compressor because the compressor technologies are limited the temperature at a certain
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condition. Based on research into the ammonia compressor technology currently in use, the

compressor discharge temperature limit was determined to be 190 C (Bamigbetan et al., 2017).

1000000
solid / L
10000 liquid

100

.. —» Critical Point

T.... = 405.2 K (132.05 °C)
P, = 11.3 MPa (115 bar)

<

triple point gas

Pressure /kPa

150 200 250 300 350 400 450 500

Temperature /K

Figure 1.6. Pressure-temperature phase diagram of ammonia, figure adapted from
(Richter et al, 2014)

Absorption-compression heat pump cycle normally is carried out by a zeotropic mixture in
which the boiling temperature of both fluids is different, and it’s decided the composition of
the components and pressure while on the other hand the azeotropic it's very rigid because the

boiling temperature is constant and dependent on the pressure.

Supposing it works with only a single fluid like the one that is common in the market which is
ammonia, it is also limited by the temperature and the pressure of it, therefore the system cannot
lift the working fluid to the high temperature because it is limited by the critical point that

makes supplying the high temperature in the heat sink is hard to achieve.

As appears in figure 1.6, there is a point of the pressure and the temperature (T, =
405.2 K (132.05°C) and P,,.;; = 11.3 MPa (115 bar) which is the critical point. The
concept is when it works above the critical point it cannot be liquefied regardless of the applied
pressure (Kobe et al., 1952). Above the critical point, no line separates the compressed liquid
region and the superheated vapor region (Cengel et al, 2015). It is challenging to liquefy the

vapor in this scenario if the working fluid works over its critical temperature, regardless of how
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many different pressure values are applied. It is therefore difficult to design a system that can

deliver a high temperature using only one liquid.

The combination of ammonia with another fluid probably will increase the critical point. It
depends on how much the mass fraction or mole fraction is while mixing those two mixtures.
For the ammonia and water mixture data as shown in table 1.1, H Rlzvl et al. (1987)
investigated the critical point of ammonia — water combination and acquired that the more
water was added to the combination, it will increase the critical temperature of the mixture.
Therefore, using ammonia—water mixture will able to make the system performs at a higher

temperature which also increases the chance to supply high temperature.

Table 1.1. Ammonia-water critical points (H Rlzvl et al., 1987)

Mole
fraction Temperature, Pressure,
(K) (kPa)
(NH3)
/0.166 618.1 22.37
0.224 610.2 22.52
0.387 579.7 22.39
0.570 526.2 21.42
0.748 483.3 19.00
0.870 451.5 16.05
0.936 422.5 13.85
0.972 411.9 12.47
1.000 405.5 11.15

Since the condensing pressure drops for an ammonia/water mixture, using a zeotropic fluid
allows for higher temperatures than ammonia-based vapor compression heat pumps. Besides
that, Nordtvedt (2005) concluded that using a zeotropic mixture can be more convenient than
a single liquid because of the flexibility to adjust the capacity control in the cycle. The non-
zeotropic fluid can also be adjusted but only by changing the pressure and the mass flow rather,
whereas the zeotropic mixtures have more flexibility to adjust the system by the ammonia
concentration in the absorber and the desorber. As shown in figure 1.6, the reduction of
ammonia mass fraction also will reduce the temperature at constant pressure. When the ratio

of ammonia concentration is changing consequently the capacity will follow.
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Figure 1.7. VVapor pressure, temperature, concentration diagram for ammonia—water, figure
adapted from (Bjervik, 2019)

Nordtvedt, (2005) also mentioned that because the components of the mixture that haven't
evaporated are changing in the desorber, which results in a different boiling point through the
process, the phase changes in the desorber and absorber are non-isothermal. As a result, the
losses in the heat exchangers will be reduced, and the system's coefficient of performance
(COP) will rise if the temperature glide in the absorber and desorber matches the temperature

glide in the heat sink and heat sources.

Zuhlsdorf et al. 2018) showed raising the temperature of ultra-low temperature district heating
to 60 C using a booster heat pump utilizing the specified mixed working fluids is an efficient,

viable, and long-lasting solution.

1.3 General Objective and Specific Objective

This idea of the investigation is to compare the zeotropic mixture that is well-known in the
market, which is ammonia-water with ammonia-lithium nitrate. The purpose is to supply
cooling and heating temperatures simultaneously for non-residential building applications. The
main objective of this master thesis project is to evaluate the performance of ammonia/LiNO3
absorption/compression heat pumps (ACHPs) for simultaneous refrigeration (—10—+10 °C) and
heating (=90 °C) applications, and then performance comparison with the ammonia/water
ACHPs for identical operating conditions. In addition, it also does a parametric study and

evaluates it after the effects that influence the key operating conditions and design variables on
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the system performances. Engineering Equation Solver (EES) software will be used in this

study's numerical modeling to evaluate performance, and the results will be discussed.

1.4 Justification

From the background research of this master thesis, several data and graphs are shown to make
sure that the potential energy demand of heating and cooling in the industry is high and the
door for the heat pump technologies to compete as equipment to supply heating and
refrigerating in the industry still wide open. Nonetheless, the development of the technologies
and the research cannot be complied their needs because of the complexity of the industrial
needs. Supply at a high temperature for industrial applications still needs to be improved and
tailored to the higher level of technology readiness (International Energy Agency, 2022b).
Accordingly, the research about the heat pump to supply cooling and high-temperature heating
simultaneously could be interesting and beneficial. However, the cooling and heating supply
from the double-stage absorption-compression heat pump system is limited (Wu et al., 2018a;
Ayou et al, 2022), and plentiful paper is only research for high heating temperature heat pumps
(Kim et al., 2013; Jensen et al., 2015; Liu et al., 2018, 2019). Moreover, the application of
ammonia-lithium nitrate as the working fluid not yet has been investigated. Therefore, it is
interesting to investigate the performance of ammonia-lithium nitrate and compare it with the
ammonia-water to know the output of the system using the new zeotropic mixture as a new
reference for the heat pump. Consequently, in the future, the option to develop a heat pump for
cooling and heating purpose might be heading in various directions. Even more, the main
purpose of this research is to contribute as a particular solution to our global challenge to reduce
the CO, impact of abusive consumption in the cooling and heating sectors of non-residential
buildings.

This master thesis includes the knowledge of the subject Determination of Thermodynamic
and Transport Properties of Fluids (Salavera., 2021) to calculate the vapor and liquid mixtures
of the ammonia-lithium nitrate, Advanced Thermodynamic Engineering and Thermal
Conversion Energy Technologies (Coronas., 2021, 2022) to model each component and the

system of the double-stage absorption-compression system.

1.5 Methodological Approach Followed and Thesis Structure

There are five chapters for this master thesis. Chapter 1 is an introduction to explain and

describe what is the background, motivation, objectives, and justification of this research.
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Chapter 2 is an explanation of the heat pump systems and components description while it
included the schematic diagram of the system and a detailed description of the compressor
technologies. Chapter 3 shows a modeling methodology that is contained modeling
assumptions, a model of each component, thermodynamical properties of liquid and mixtures
that are used in the system, performance indicators of the system, and model validation.
Chapter 4 delivers the simulation result and discussion about the comparative study between
ammonia/water and ammonia/LiNO3 and the parametric study to know the effect of key operating
conditions and design variables on the system. Chapter 5 is conclusions from the result and the

analysis of this research.
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2. HEAT PUMP SYSTEMS AND COMPONENT DESCRIPTION

2.1 Description of Two-Stage Absorption Compression Heat Pump Cycle
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Figure 2.1. Schematic diagram of two-stage absorption-compression cycle

This heat pump system that has been used in the cycle is double-stage absorption-compression

heat pump using two types of zeotropic working fluids as has been discussed before. Two types

of zeotropic working fluids are going to be simulated with this schematic diagram, the first one
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is the one that is commonly used in the market of heat pump systems which is the combination
of ammonia — water as a mixture, and the second one is ammonia — lithium nitrate. These two
zeotropic working fluids are going to operate at the same schematic diagram and the same
working and operating conditions to achieve the same temperature gliding and lift for
simultaneous heating and cooling in heat pumps.

Above is the schematic diagram of absorption—compression heat pumps shown in figure 2.1.
The components of the ACHP cycle are an absorber and desorber, an expansion valve (SEV),
two dry compressors (low compressor, LCOM, and high compressor, HCOM), and a solution
pump (SP), a solution heat exchanger (SHX), a vapor solution heat exchanger (VSHX), a
liquid—vapor separator (SEP), a vapor—liquid mixer (MI1X). This ACHP cycle is designed for
two types of purposes to give simultaneous heating and cooling at the same time (stream 16 —
17 and stream 14 — 15). This system was already adjusted to work with the high temperature
and pressure, consequently, it needed more than one compressor to achieve the high-
temperature lift between the heating supply and cooling supply. Two types of heat exchangers
are designed to build an effective system since the temperature leaving the low compressor is
too high and can be useful to transfer that heat to the weak solution. The main reason is the
system is also limited by the temperature discharge of the compressor technology and it will
be discussed further in the next subchapter.

2.2 Description of Heat Pump Cycle and Its Components

As we can see in the ACHP cycle that showed in figure 2.1. that cycle is purposed to supply
the high temperature and the cold temperature at the same time, fundamentally, for that reason
there are some parts of the model that required concentration while designing it. Especially the
compressor because the technology is limited by the maximum temperature discharge and the
other side is also limited by the value of the liquid that can be entered through the suction of
the compressor. Besides that, there are a lot of design constraints that must be included while
designing this system. This subchapter explains how each component works synchronously to
deliver the cold temperature below 0 °C while operating at the high-temperature lift and provide

a hot temperature above 90 °C and those temperatures must be supplied simultaneously.

2.2.1 Ammonia-water mixture as a working fluid

The ACHP cycle is designed to supply the heating temperature (stream 16 — 17) and cooling
temperature (14 — 15) which can be useful for several processing industries. First, the cycle
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begins from stream 1 while the temperature is adjusted with the temperature difference of inlet
external stream 16, and the same approach is also done to know the temperature at stream 6.
The temperature is lowering (stream 1 — 2) because the strong solution is transferred the heat
while passing the SHX to the weak ammonia solution (stream 10 — 12). The idea of
transferring the heat is because it can be useful as a preheat for the weak ammonia solution
before entering the absorber. In consequence, there is another preheat also featured in the
system by vapor-solution heat exchanger VSHX with not only works with the same
approximate purpose to preheat (stream 8 — 10) but that component is also added to lowering
the temperature before entering the high compressor (7 — 9) because is limited with the
temperature discharge and will be discussed further. The Strong ammonia—water solution
temperature and pressure condition are lower down (stream 2 — 3) after leaving the SEV to be
able to absorb more heat from the heat source before entering the desorber. After gaining heat
at the desorber, consequently, now two types of phases leave the desorber and are separated at
SEP (stream 4 — stream 5 and stream 6). The highly pure ammonia vapor transforms into a
high-temperature and high-pressure (stream 5 — 6) as it enters the LCOM. On the other side,
the liquid form of the weak ammonia solution is pumped up by the solution pump (SP)
increased the pressure, and is ready to pass through the VSHX (stream 6 — 8). When the
preheating process for the weak ammonia solution occurred in VSHX and SHX (stream 8 —
10 and stream 10 — 12), besides the temperature discharge, one must be paying attention also
to the vapor before entering the HCOM (stream 9) because there is a consideration of the
amount of vapor that allowed to enter the dry compressor. Because of the heat transfer that
occurred in the VSHX, the temperature and pressure of the vapor solution after leaving VSHX
must be increased once again to achieve our demand of the high value of heating supply above
90 °C on the desorber. By passing through the second compression in HCOM (stream 9 — 11)
now the compressed high temperature is ready to be combined with the ammonia—water weak
solution on the MIX (stream 11 + 12 — 13) and then enters the absorber. At this time, the
ammonia vapor is absorbed and turned into a solution after leaving the absorber because the

heat is transferred to the external stream and increases the temperature in it.

2.2.2 Ammonia-lithium nitrate mixtures as a working fluid

A similar process also occurred while calculating the model of ammonia-lithium nitrate, but
the difference is that the ammonia-lithium nitrate has a large temperature boiling point,

therefore, no amount of lithium nitrate vapor will be generated and entered the compressor.
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The compressor only works with single fluid ammonia unlike the ammonia-water as a working
mixture because there is a high possibility of water can be created and entered the compressor.
That is the reason why the compressor for the ammonia-water system has a regulation of water

vapor limit to enter there.

The ACHP cycle is designed for the same purpose as ammonia-water and the process is also
more or less the same, the main difference the compressor only works for single-fluid
ammonia. The system also supplies the heating temperature (stream 16 — 17) and cooling
temperature (14 — 15). First, the cycle begins from stream 1 with the high-pressure condition
and gets the amount of mass fraction, the temperature is adjusted with the temperature
difference of inlet external stream 16, and the same approach is also done to know the
temperature at stream 4. The temperature at state 4 is the same as state 5 and state 6 because of
the assumption of the equilibrium system, therefore, by inputting the difference max fraction
the low pressure can be obtained. In consequence, because the high pressure is already
obtained, the work of the pump also can be calculated and properties at state 8 can be gained.
The ammonia vapor stream state also can be acquired easily by two other properties. The work
of compressor and heat VSHX also can be obtained by assuming the vapor quality leaving
LCOMis 1.

The other difference is to obtain the properties of vapor-liquid ammonia solution need to be
calculated by the property of vapor ammonia and the liquid of the lithium nitrate as each state
and doing mass balance for the mixture to know the amount of vapor that generated at the two-

phase conditions.

For the general mass balance of the system, there is no mass fraction of the lithium nitrate,
which means the compressor only works with single fluid ammonia, the mass balance can be

calculated easily because the mass fraction is equal to 1 (zs = 1).

Each of the main components has a different type of job of the working process and procedure
to be able to work synchronously and achieve the high and cold temperature supply
simultaneously. For that reason, below is the explanation detailed working mission of each

component that is designed in the schematic diagram.
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2.2.3 Absorption — Desorption heat pump process

The ACHP cycle is based on the Osenbruck cycle, but in the case of heat pumps some processes
like evaporation and condensation are substituted by desorption and absorption while it uses

zeotropic mixtures with a wide boiling temperature as the working fluid mixture.

The absorber is one of the HACHP system's most important components and the absorber
pressure has a greater impact on the capacity of the absorber than the concentration of the

ammonia weak solution (Jung et al., 2014).

While passing through the desorber (stream 3), the zeotropic fluid is getting some value of heat
by an external heat source (stream 14 — 15). Usually, that source is getting from the heat that
no longer wanted to be used again in the chemical industry. After increasing its temperature,
the zeotropic fluid is evaporated in the desorber using heat transfer from the heat source
(Nordtvedt et al., 2011), and it became two phases of a mixture at the end of the desorber. The
first one is the high vapor mixture (stream 5 — 7 — 9 — 11) where typically it is ammonia
because the ammonia and water combination are the most typical refrigerant pair for
absorption—compression hybrid cycles (Adamson et al., 2022). The second one is the weak
solution in form of liquid (stream 6 — 8 — 10 — 12). Those two-phase mixtures are separated
in thermal equilibrium and divided into saturated liquid and saturated vapor. In the real case, a
phase separator is needed to separate the ammonia vapor from the solution leaving the desorber

since complete evaporation does not occur in the desorber (Ahrens et al, 2019b).

The vapor and the weak solution will be mixed again before entering the absorber (stream 11
and stream 12). The vapor and liquid phases are combined before entering the absorber using
an adiabatic process (stream 13), creating a vapor—liquid combination in thermal, mechanical,
and chemical equilibrium (Jensen et al., 2015). At this moment, the absorption phenomenon
takes place by cooling down the temperature of the internal stream in the desorber and
transferring it to the heat sink (stream 16 — 17). This process takes a place at both external and
internal temperatures and because of that mixing process, the fluid now becomes the rich

solution again at the end of the absorber (stream 1).

2.2.4 Compressor Technologies

The compressor works in this ACHP system by compressing and elevating from low pressure
to the high-pressure condition of the vapor solution that is already separated from the liquid

weak solution (stream 5 — 7 and stream 9 — 11).
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In case to achieve the high-temperature lift for simultaneously supplying low-temperature and
high-temperature at the same time, selecting the compressor technologies is one of the most
important aspects to develop the ACHP system. For achieving the high-temperature lift is
tremendously needed compressor technologies that can help to elevate the temperature and
pressure. Therefore, several constraints limit while designing a compressor model for the

ACHP system to increase those properties.

Neksfit et al. (1998) studied CO> heat pumps to supply temperatures above 90 °C concluded
that up to 180 °C discharge temperatures ought to be manageable with standard lubricants.
Ahrens et al. (2019a) stated that to get a high-temperature lift, a discharge temperature of at
least 180 °C must be tolerated by the compressor. Ommen et al. (2014) researched about two
compressor technologies, the maximum pressure for the low-pressure ammonia compressor
(LP R717) is 28 bar and 180 C is the maximum discharge temperature allowed. The high-
pressure ammonia compressor (HP R717) can withstand discharge temperatures of up to 180
C and a maximum pressure of 50 bar. Bamigbetan et al. (2017) Also studied the limitation of
the compressor discharge temperature based on the current ammonia compressor technology
and found that 190 °C is the value of its limit.

Besides the temperature discharge, there is another thing that must be considered which is the
amount of water content that is allowable to enter the compressor. The vapor solution should
be avoided having water content higher than 5 %, otherwise, the system is infeasible (Jensen
et al., 2015). In the other study, Nordtvedt (2005), modeled with Sabroe TCMO compressor,
and based on discussion with the compressor manufacturer and lubricant oil manufacturer, 2.5
weight-% and 160 °C are used for the maximum allowable water content and the maximum

discharge temperature.

Table 2.1. Compressor Technologies from Manufactures.

Maximum Maximum | Design Design Maximum
Manufacturers | Model | Condensation | Pressure | Suction | Differential | Temperature
Temperature | Discharge | Pressure Pressure Discharge
GEA Grasso 95 °C 70 bar NA NA 140 °C
L XHP
GEA Grasso +95°C 63 bar 30 bar 50 bar NA
V XHP
Johnson +90°C 60 bar 26 bar 40 bar NA
HPX
Controls
Mayekawa HS 90 °C 60 bar NA NA NA
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The suction pressure and the maximum pressure discharge are the other aspects which are
needed to consider. Each manufacturer has its limited number of suction pressure and
maximum pressure discharge. Here below are several data from different manufacturers of

ammonia high-temperature compressors for supplying heating more than 90 °C.

When choosing compressor technologies, two types of aspects need to be considered first,
which are isentropic efficiency and volumetric efficiency. By those two efficiencies, the
compressor characteristic also can be described. While the isentropic efficiency is also
considered the main influence of the compressor temperature discharge (Jansen et al, 2015).
Normally, there is some polynomial function fitted to the data that provided by manufacturers
to obtain isentropic efficiency and volumetric efficiency (Nordverdt et al, 2005).

The polynomial form of the isentropic efficiency is as follows:

Nisen = Co + Cy " pr (2.1)
The equation for volumetric efficiency is:

Nvor = Co + C1 - pr (2.2)

C, and C; calculated by the least squares approach of fitting data supplied by the compressor
manufacturer. Those values of C, and C; change following what type of compressor it uses and
the performance characteristic that it has. Here below in table 2.2 the several isentropic

efficiency and volumetric efficiency from the several journals that have already been collected.

Table 2.2. Compressor Technologies from Journals

Max
Authors Isentropic Efficiency Volumetric Efficiency | Temperature
Discharge
Bergland (2011) | n; = 0.9051 — 0.0422pr 7y = 1.0539 — 0.0788pr 170°C
Wersland et al., | 7 = 0.3862 + 0.00167> Ve = MeompVeomp
(2017) —0.0333n?2 ST n .
+0.18921 Tyt comp = 0.022 M 160-170"°C
Tand comp = 0.00185 ms
Wu et al. ni )
(2018b) = 0.976695 — 0.0366432pr Ny = 0.994—0.885(pr, — 1)
+ 0.0013378pr?
Wersland etal. | Mipis = 0.7876 — 0.0006m Nopis = 1.0056 — 0.03747
(2018) Niscrew = —0.00004 * 7* Noscrew = 0.95 — 0.01257
—0.0222 * 13 190 °C
—0.0419 * 2
+0.0419*
-0.1783
Liu et al. (2019) | n: = —0.00097m* — 0.01026m 180°C
+ 0.83955
Bjorvik (2019) | Mirec = 0.9051—10.0422 - pr _ _ _ .
Mivorow = 09051 —0.0222 -pr | W = 1.0539 — 0.0788 - pr 170°C
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Bergland (2011) investigated four scenarios with different temperature discharge limitations
with the equation that (Nordtvedt, 2005) got from the manufacturer's data, and found that at
the maximum temperature discharge of 150 °C, the COP value is 3.85 and at the maximum
temperature discharge of 250 °C the COP value is 2.08. With the same equation (Bjgrvik, 2019)
found a COP of 3.677 and an outlet sink temperature of 98 °C, the compressor discharge
temperature in the simulation is 180 °C with an injection ratio of 0.053. The variation of mass
flow from 10 % to 130% of the heat sink has been done and the value of temperature discharge
is still in the allowable range (Wersland et al., 2017). While with the isentropic efficiency and
volumetric efficiency equation, Wu et al., (2018b) studied that the heat pump using two cycles
(single effect and generator-absorber heat exchange) can realize more flexible capacity ratios
for hot, mild, and cold conditions than single-effect cycle. The other research from (Wersland
et al., 2018) showed that utilizing two — stage piston compressor can be able to supply a
temperature of 115 °C by optimizing the intermediate pressure obtained 2.04 COP with the
circulation ratio 0.72 at 190 °C maximum temperature discharge, otherwise, the screw
compressor had a lower performance. Liu et al. (2019) The study revealed that using an
ammonia-rich solution mass fraction less than 0.6 and a circulation ratio greater than 0.7 is a
wonderful choice for the hybrid ACHP system in actual application to gain superior thermal
performance while the discharge constraint is 180 °C.

After temperature discharge, the second highest influence is from the absorber pinch point
temperature difference followed by the desorber temperature difference. Both increase the
compressor discharge temperature due to the increased pressure ratio over the compressor
(Jensen et al., 2015). The pinch point is the area of the heat exchanger where the temperature
differences between the heat-exchanging mediums are the lowest. For ammonia-water
combinations with a high ammonia content, the pinch point in the absorber is somewhere in
the center of the heat exchange, on the other side the desorber's pinch point is at the input or
exit of the heat exchanger (Nordtvedt, 2005). The pinch is generally easy to spot on a heat
exchanger diagram. The pinch point typically, but not always, appears near the heat exchanger's
intake or exit. A pinch point suggests that the heat exchanger design may benefit from
upgrading. The pinch point serves as a bottleneck for the energy transfer if the two traces on
the heat exchanger diagram are not nearly parallel (Herold et al., 2016).

As it showed on the schematic diagram because it’s not practical to set the value of the pinch

point at the middle of the heat exchanger whether the value of the pinch itself, therefore, there
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IS some practical approach that only sets the value of temperature difference between an
internal stream and the external streams on the absorber (state 1 and state 16) and the desorber
(state 4 and state 14) but must also take into the consideration of the pinch value at the same

time that while inserting the value of the temperature difference on those states.

Must consider also the sub-atmospheric issue of the operating condition of the heat pump
systems because it must be above the atmospheric pressure (P, = 1 bar) to prevent air

entrainment in the system (Jensen et al., 2015).
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3 MODELLING METHODOLOGY

This section shows some general assumptions, the process of modeling the components of a
two-stage ACHP system with the relevant manufacturer's data to do the comparative study
about the zeotropic mixture that easily can be found on the market, which is ammonia—water

mixtures, and then compares it with another zeotropic mixture of ammonia — lithium nitrate.

To simulate the double-stage absorption-compression system, the same input and assumption
will be used and at the end, both performances will be compared. In this case, to build the
system of the absorption-compression heat pump, several limitations need to be considered and

all the limitation of the system has been discussed also in chapter 2.

This chapter will be more focused on developing the calculation of each component, all of them
will be calculated thermodynamically using several equations to define the properties of each
state point. The ACHP model has developed steady-state operation and the heat pump also can
operate in dynamic or transient. The modeling of the heat pump is acceptable simplifying,
several assumptions are considered for this heat pump system to reduce the complexity of
calculating the whole system.

The commercial software of Engineering Equation Solver (EES) will be used to carry out
steady-state simulation of the heat pump system, which is widely used in heat pump process
simulation (Jensen et al., 2014; Ally, Sharma and Abdelaziz, 2017; Salehi and Yari, 2019). The
properties of ammonia — water mixture are obtained from EES from the correlation (lbrahim
and Klein, 1993), while the properties of the ammonia—lithium nitrate is calculated using the
correlation obtained based on the experimental data of ammonia-lithium nitrate (Salavera et
al., 2018) upgrading the scarce of the experimental data from the previous research (Libotean
et al., 2007, 2008).

Finally, the result of each model will be compared in two ways, at the defined base case analysis
and parametric analysis of key input parameters. Several performance indicators were first

defined and then used to compare the performance of both heat pump systems.

The flow chart of the modeling methodology for two-stage ACHP in this master thesis is shown

in figure 3.1.
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Figure 3.1. Flow chart diagram of the modeling methodology

The ACHP system started by modeling the two-stage absorption-compression heat pump cycle

that is compatible with zeotropic mixtures and supplies heating and cooling applications at the
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same time. The next step is to set up both modeling assumptions, input parameters, and the
properties of the mixtures and the heat transfer fluid for the heating supply and cooling supply
that want to be used in the system. Afterward, the energy and mass balance of each component

is applied.
3.2 Modelling Assumptions

The following presumptions were made to develop the double-stage ACHP using ammonia-

water and ammonia-LiNO3z mixtures:

e The system is working under steady-state conditions.

e Heat losses and pressure drops in heat exchangers and connecting pipes are neglected.

e The weak solution that exits from the desorber (state 6) is in equilibrium with the vapor that
leaves the desorber (state 5).

e The vapor (state 5) and liquid solution (state 6) leaving the desorber are saturated at the
corresponding temperature and pressure.

e The ammonia-water/ammonia-lithium nitrate solution, strong in ammonia, at the exit of the
absorber is saturated (state 1).

e The mixing process at the absorber is adiabatic.

e The process in the expansion valve is isenthalpic.

3.3 Component Models

The component models are developed to calculate every single process that happens in the
ACHP system. The equations are based on mass and energy balance equations according to the
second law of thermodynamics in each component. Considering the assumptions considered

above, the mass and energy balances of each component are expressed as follows:

Overall mass balance:

D i = ) g, (3.1)

Where m;,, is the mass flow at the inlet stream and m,,; is the mass flow rate at the outlet

stream.

Component mass balance:

Z Min * Zin = Z Mout * Zout (3-2)
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where z;,, is the ammonia mass fraction at the inlet stream and z,,; is the ammonia mass

fraction at the outlet stream.

Z Min * hin + Z Qin = 2 Moyt * Rour + z Qout (3.3)
where h;,, is the specific enthalpy of the inlet stream, h,,,; is the specific enthalpy of the outlet

stream, W and Q are the heat flow and workflow rates.

For the compressor modeling, the first step is to determine the outlet condition after the
compression process, the value of the isentropic efficiency is used from equation 3.4.

h sen — Neom.i

_ com,out,isen com,in

hcom,out - hcom,in + (3-4)
nisen,com

where heomin @and heomoue are the specific enthalpy at the compressor inlet and outlet
condition in kJ/kg respectively, hcom out.isen 1S the ideal specific enthalpy of the isentropic

compression in kJ/Kg, n;s.r, 1S the isentropic efficiency.

After collecting data from the several papers that showed in table 2.2, this ACHP system was
calculated with equation 3.5 which is obtained by the collected data from the manufacturers
for the isentropic efficiency of the compressor which has the higher temperature discharge
(Wersland et al, 2018) which is obtained using equation 3.5.

Nisencom = 0.7876 — 0.0006PT;0m (3.5)

Equation 3.6 is applicable for piston compressors and it is dependent on the pr,,, or pressure

ratio of the compressor. The pr,,,, is defined in equation 3.6.

Pcom,out

PTeom = (3-6)

Pcom,in
where Py in and Peom oy are the pressure at the inlet and outlet of the compressor in bar.
The ACHP system is working with pressure levels, which are high pressure (Pp;gp), low

pressure (P,,,,), and intermediate pressure (P,,;4). The value of the intermediate pressure can

be obtained using equation 3.7.

Ty
Prig = (T_) Piow * Prign (3.7)
L
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where Ty is the condenser (or absorber) temperature (K) and T}, is the evaporator (or desorber)
temperature (K). The P,,;4 significantly influences the performance of the heat pump and is
calculated using equation 3.7. It is possible to estimate the P,,,;4 closer to the ideal intermediate
pressure of real two-stage ACHP systems without optimization instead of using the geometric
mean of the low and high system pressures throughout the simulation.

The electrical power consumption of the compressor can be calculated by equation 3.8.

_ Mcom ( hcom,out B hcom,in)

Wcom,el - n (3-8)
m

where in this case, the losses through the mechanical transmission components in the
compressor are neglected. W, ¢; is the electrical power consumption of the compressor in

kW and n,, is the efficiency of the electric motor (95 %).

While using the n;sen com, the equation for the volumetric efficiency of the compressor, ¢y,

for the piston compressor also obtained from (Wersland et al, 2019):
Adeom = 1.0056 — 0.0374p7,om (3.9)
The stoke volumes of the compressors are calculated by equation 3.10.

mcomvcom,in

Veom = 1 (3.10)
com
WhEre vy, i, IS the suction line-specific volume in m3/kg.
The solution pump power consumption can be obtained by equation 3.11.
. Vspin - M
I/Vsp = (Psp,out - Psp,in) —pt P (3.11)

Nsp

where P, ;,, and P, ;,, are the pressure before and after leaving the pump in kPa, v, ;,, is pump
suction line specific volume in m3/kg and 7, is pump efficiency which a value is 75 % (Jensen

etal., 2015). After knowing the value of work at the pump, the solution pump's electrical power
consumption also can be calculated by equation 3.12.

W,
=l (3.12)

m

Wsp,el =

where n,, is electrical motor efficiency driving the pump (95 %).
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The heat duty of the absorber and the desorber can be defined by the energy balance around
the absorber and the desorber, respectively, considering the streams entering and leaving the

component by referring only to the heat exchanging part of the absorber and the desorber.

The heat capacitance can be calculated by equation 3.13 below.
¢ = (mCp) (3.13)

where C, is specific heat capacity in kl/kg-K, C is heat capacitance in KW/K and i is mass
flow while passing the heat exchanger. The minimum of the heat capacitance obtained from
both the cold and hot sides is used to calculate the heat duty of the heat exchanger as calculated

below.
Qshx =& Cmin : (Th,in - Tc,in) (3.14)

Qsny is heat duty of heat exchanger in KW, C,,;,, is minimum thermal capacitance in KW/K, &
is heat exchanger effectiveness in % and, T}, ;,, and T, ;;, are inlet temperatures of both the hot

and cold streams, respectively.

The vapor-liquid heat exchanger (VSHX) is used to cool the vapor before entering the
compressor (state 9) by using the weak solution (stream 8 — 10), thereby, the temperature at
the exhaust of the high-stage compressor is reduced. The maximum value of the effectiveness
is set to make sure while the heat exchanging process the outlet of the vapor stream leaving
VSHX still in saturated vapor condition (Qq = 1).

) Q=1
e
mP z m, P,z Q
Sl
T
7
1 - -
VSHX |
L T

(mran]  [mRan)

Figure 3.2. Schematic of the heat exchanging process for the vapor-solution heat exchanger.
While assuming state 9 is saturated vapor, and calling the other properties by that condition,

the Q.. can be calculated with equations 3.15 and 3.16.
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Qact = sthx—c = sthx—h (3.15)
sthx—h = m;h; — Mghyg (3.16)
whereby equation 3.17, the enthalpy at state 10 (h,,) can be calculated also by equation 3.17.
sthx—c = Mmyohyg — Mghg (3.17)

The maximum possible heat transfer Q,,,4, can also be calculated by equation 3.18.
Qmax = (ep) . ATip (3.18)
Qmax = (mcp)min(T7 —Tg) (3-19)

where (mcp)mm obtained from the minimum thermal capacitance of both streams.

Then, by getting the value of Q,,,4,, the maximum VSHX effectiveness to prevent any liquid

form before entering the second compressor can be calculated also by equation 3.20.

_ Qact

(3.20)

Qmax

3.4  Thermodynamic Properties

3.4.1 Ammonia-water mixture

The zeotropic mixture of ammonia-water properties is calculated by the procedure provided in
EES at subcooled, saturated, and superheated conditions. Three out of the eight properties that
can be obtained through the process must be provided for the zeotropic working fluid of
ammonia water. With this procedure, all the properties of each state of the double-stage ACHP
system can be calculated and the performance of the system can be analyzed as well.

An equation of state for ammonia-water mixtures provided by EES was obtained by the
correlation of ammonia-water where the gas and liquid states are provided separately (Ibrahim
and Klein, 1993). The gas phase was assumed as an ideal solution and the Gibbs excess energy
was used to allow departure from the ideal solution behavior in a liquid phase. The correlation
covers vapor-liquid equilibrium pressures of 0.2 to 110 bar and temperatures of 230 to 600 K.

3.4.2 Ammonia-Lithium Nitrate

The ammonia-lithium nitrate calculation to call the properties is not available on the EES,
therefore, to calculate the ACHP with ammonia-lithium nitrate as a working fluid is by the
correlation using the experimental data that has been investigated by the research group on

applied thermal engineering (CREVER). Libotean et al. (2007, 2008) measured the properties
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of ammonia + lithium nitrate (density, viscosity, and heat capacity) limited only in an ammonia
mass fraction range from 0.35 to 0.65 and temperatures from 20 °C to 80 °C. For this reason,
the recent study presents new correlations obtained based on the new experimental data of
ammonia-lithium nitrate (from 0.2 to 0.65 in ammonia mass fraction and up to 150 °C
(Salavera et al., 2018). Several states are not in saturated liquid condition (state 3, state 4, and
state 13), in consequence, the vapor-liquid phase approach should be calculated to obtain the

value of the properties.

3.4.2 Heat and cold transfer mediums

For the external circuit, two types of solutions are used on each stream. In the heat sink, the
temperature will be above 90 °C, therefore, pressurized water is a good option to be selected to
carry the heat sink’s external stream. The pressure needs to be increased depending on the
heating supply on the heat sink because if it is work above 100 °C and the pressure is still in
the atmospheric pressure, the vapor will be generated in that stream. To prevent this situation
happens, the pressure of the external heat sink should be increased to 2 bar. The property of
water provides also by EES with the same properties as “Steam and Steam [APWS”. The heat
source works on the temperature below 0 °C below the freezing point of water, therefore, water
is not eligible to be the cold carrier in the heat source. 30 % EG/water mixtures are used as an
alternative to pure water for the external stream on the heat source. The properties of 30 %
EG/water mixtures or also called brines are combinations of water plus an additional ingredient
that lowers the freezing point of the fluid.

3.5 Energy Performance Indicators

The ACHP system is evaluated by several indicators to know how efficiently the performance
of the system is carried out. Based on the first law and second law of thermodynamics which
are equations to measure the energy efficiency of the ACHP system for further discussion in
the next chapter (Cengel et al, 2015).

The combined COP of ACHP for simultaneous heating and cooling supply is defined by
equation 3.39.

Qabs + Qdes
chomp,el + thomp,el + Wsp,el

COP,, = (3.25)
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where Qqps and Qg5 are for the heat duty of the heating and cooling supplies. Wicomp,er and
thomp,el are power consumption of LCOM and HCOM and Wpump,el is the power

consumption of the solution pump.

The volumetric capacity for simultaneous heating and cooling supply is calculated by equation
3.26.

.
VSCH = Qavs + Quaes (3.26)
Vlcom + thom

where Vizom and Vi,q,m are displacement volumes of the low compressor and high compressor

that the value is already obtained using equation 3.12 and the VSCH value is in kJ/m®.

The ideal COP of simultaneous heating and cooling of the ACHP system can be obtained by
the following equation 3.27.

Tow + T,
COPigour = T”W—_Cf (3.27)
hw — lcf

where Ty, and T, are the entropic average temperatures for the heat sink (pressurized hot
water) in K and heat source (30 % EG/water mixtures) which those values can be obtained by
equation 3.28.

. Ah

T=— 3.28
s (3.28)

where Ah and As are the difference enthalpy and entropy of both the heat sink and heat source.
The combined exergy COP is also used to calculate the exergy efficiency of the ACHP system,
which can be obtained by the following equation 3.29.

. T, . T,
Qabs (1 - T(}_mb) + Qevap <1 - %_mb>
hw cf

ECOPg,. = . . (3.29)
e chomp,el + thomp,el + Wpump,el
where T,,p 1S the ambient temperature which the value settled as 288 K (15 °C).
The second-law efficiency of the ACHP system, 17;; sn., is defined by equation 3.30.
COP,
she (3.30)

Ni1,she =
COPideal,shc
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3.6  Input Modelling Parameters

Master Thesis

Table 3.1. Input modeling parameters for performance simulation of the double-stage

absorption-compression system (Figure 2.1)

Parameters State Unit Value
Operating Conditions
(Base Case)
Heat sink supply temperature T °C 90
Heat source supply temperature T1s °C 0
(Parametric Case)
Heat sink supply temperature T17 °C 90 - 105
Heat source supply temperature T1s °C -10-10
Design Variables
Mass flow strong solution my ka/s 1
High Pressure Phign Bar 25/30
Leaving absorber temperature T1 °C 90
Leaving absorber temperature T4 °C 0
égf[gé?;zre dCi?flgrencgnd rermind Al absc C 15
Ea%sggtr):trure dri]f?"[erenc?end terminel AT desn C 10
Suong Soton dawesk SN % ooso0s
Heat sink temperature glide T hw,glide K 15
Heat source temperature glide Ter glide K 6
SHX effectiveness Eshx % 85
Pump efficiency Nsp % 75
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4 SIMULATION RESULTS AND DISCUSSION

The schematic of the absorption-compression heat pump is simulated by two types of mixtures
which are ammonia-water and ammonia-lithium nitrate. This section discussed the comparison
of the performance of those two mixtures in the same schematic diagram and the same
limitation of heat pump technologies. Two types of methods will be presented in this chapter
to compare the two different mixtures, the first one is base case analysis and then the second

one is the parametric study.

The limitation of the compressor temperature discharge has been already discussed and shown
in chapter 2 and chapter 3 which the maximum temperature allowed by the compressor
technologies for the ammonia is limited up to 190 °C (T, and T;; < 190 °C) (Bamigbetan et
al., 2017). The water content for the compressed vapor also settled at a certain condition that
must be lower than 5% (z; = 0.95) (Jensen et al., 2015) . Additionally, the sub-atmospheric
pressure operating conditions of the heat must be avoided of P,,, > 1.0 bar to prevent the
ambient air from entering the system and eliminate the entrainment of air in the system (Jensen
etal., 2015).

4.1 Base Case Analysis

In the base case analysis, the main purpose is to compare the performance of ammonia-water
and ammonia-lithium nitrate. Based on first-law and second-law thermodynamics, four
performance indicators are set to compare these two mixtures. Each system is evaluated with
the same design variables and operating conditions. In base case analysis it will be presented
the data of the simulation for two mixtures in each state to evaluate thermodynamically. The
heat pump in this case is evaluated for the temperature supply for heating at 90 °C and
temperature supply for cooling at 0 °C. Both systems work in the same design variables which
are given in table 3.1. The high pressure is settled with the same value of 30 bar. The systems
both work also in the same temperature at leaving absorber and desorber. By assuming a
saturated condition, the mass fraction can be obtained to calculate the low pressure of the
system with the input of Az = 0.05 and assuming the saturated liquid condition. The absorber
and the desorber minimum temperature difference are selected as well (AT z5. = 15 °C and
AT 405, = 10 °C) by the consideration of the pinch point of the system controlled above 3 °C.
For the external circulation, the temperature glide of both external streams is fixed as input

regarding the industrial need for simultaneous heating and cooling applications
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(AThy, grige = 15 Kand AT ¢ ;4. = 6 K). The efficiency of the component and effectiveness of
the heat exchanger are also given in table 3.1 as input respectively. With all those inputs and
assumptions, the ammonia-water system and the ammonia-lithium nitrate system can be
calculated and simulated by the engineering equation solver (EES). Detailed results for the

thermodynamic state of points for both mixtures are provided in Table 4.1 And Table 4.2.

Table 4.1. Thermodynamic parameters of key points for ammonia-water.

State point T (C) P (bar) z(kg/kg) m (kg/h) Q (kg/kg) h (kJ/kg) s (kJ/kg-K)

1 90.00 30 0.6506 1 0 211.16 1.17
2 28.82 30 0.6506 1 sc -79.80 0.29
3 -468 1647  0.6506 1 0.111 -79.80 0.34
4 -4.00 1647 0.6506 1 0.125 -56.18 0.43
5 -4.00 1647  0.9997 0.1253 1 1283.50 5.14
6 -4.00 1647 0.6006 0.8747 0.000 -248.07 -0.25
7 140.38 7.977  0.9997 0.1253 sh 1592.87 5.30
8 -3.64 30 0.6006 0.8747 sc -243.39 -0.24
9 26.32 7.977  0.9997 0.1253 1 1308.23 4.50
10 5.23 30 0.6006 0.8747 sc -202.62 -0.09
11 150.95 30 0.9997 0.1253 sh 1567.65 4.63
12 77.28 30 0.6006 0.8747 sc 130.02 0.97
13 93.78 30 0.6506 1 0.078 310.13 1.44
14 6.00 1.013 - 1.074 - 226.68 1.10
15 0.00 1.013 - 1.074 - 200.00 1.00
16 75.00 2 - 1.572 - 314.16 1.02
17 90.00 2 - 1.572 - 377.14 1.19

sh = superheated
s¢ = subcooled

As shown in table 4.1 and table 4.2 are the values of properties in each state. Start from state 1
until state 13 are internal systems and 14-15 and 16-17 are the external systems for the cooling
supply (desorber) and heating supply (absorber). The calculation process is the same for both
ammonia-water and ammonia lithium nitrate, the huge difference is shown in state 5 of the
system. In the ammonia-water mixture, while the separation process of the liquid and the vapor,
there is a tiny amount of the vapor water that enters the compressor stream (state 5 — state 7
and state 9 — state 11) and creates an impact that the mass fraction at the stream is not precisely
single liquid (zs = 0.9997), nevertheless, it’s still tolerable because the compressor still can
accept the amount of water as long as the value is lower than 5 % (z = 0.95) (Jensen et al.,
2015). For the ammonia-lithium nitrate mixture, this problem is not an issue that should be
considered because the high boiling temperature of ammonia-lithium nitrate is high and cannot

generate the vapor fraction of the lithium nitrate that could be entered the compressor stream.
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Table 4.2. Thermodynamic parameters of key points for ammonia-lithium nitrate.

State point T (°C) P (bar) z(kg/kg) m (kg/h) Q (kg/kg) h (kJ/kg) s (kJ/kg-K)

1 90.00 30 0.5844 1 0 290.25 -
2 33.27 30 0.5844 1 sc 95.00 -
3 -594  1.095  0.5844 1 0.089 95.00 -
4 -4.00 1.095 0.5844 1 0.107 129.73 -
5 -400 1095 1 0.1074 1 1457.77 6.34
6 -400 1095 0.5344 0.8926 0 -25.57 -
7 165.96 6.505 1 0.1074 sh 1851.88 -
8 -281 30 0.5344 0.8926 sc -21.81 -
9 1162 6505 1 0.1074 1 1473.49 5.47
10 11.57 30 0.5344 0.8926 sc 23.71 -
11 152.05 30 1 0.1074 sh 1765.91 -
12 78.24 30 0.5344 0.8926 sc 242.46 -
13 97.69 30 0.5844 1 0.082 406.05 -
14 6.00 1.013 - 1.76 - 226.68 1.10
15 0.00 1.013 - 1.76 - 200.00 1.00
16 75.00 2 - 1.839 - 314.16 1.02
17 90.00 2 - 1.839 - 377.14 1.19

sh = superheated
sc = subcooled

In consequence, the temperature for the pure ammonia vapor is higher than the ammonia-water
vapor as appeared in table 4.1 and table 4.2 at state 7 which are 140.38 °C and 165.96 °C,
repectively. The high outlet temperature of the LCOM impacted the maximum heat exchanger
effectiveness of the ammonia-lithium nitrate cycle is higher than the ammonia-water cycle. As
appeared in Tables 4.1 and 4.2, state 9 of the ammonia-lithium nitrate system has a lower
temperature which is 11.57 °C than the ammonia-water system which reaches 26.32 °C. It has
a lower temperature because it was corresponding to the saturated condition at state 9 and the
enthalpy of the pure ammonia. The temperature drop between state 7 to state 9 is very high,
which also impacts the effectiveness of VSHX that quite higher than the ammonia-water
system. This condition at the same time also affects the temperature of leaving HCOM of the
ammonia-lithium nitrate cycle a little bit higher that the other system and the enthalpy. For the
ammonia-water system, the outlet HCOM is 150.95 °C, which is Where at the end of the cycle
(state 13) the temperature is quite higher for the ammonia-lithium nitrate system creating the
gap of the pinch point also higher. with the same design variables and the operating condition,
the ammonia-lithium nitrate cycle potentially generates the higher temperature glide if the
concern of the temperature difference in the pinch point must be higher than 3 °C (T,,, = 3 °C).

The heat transfer process and the temperature difference are shown in figure 4.1.
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Figure 4.1. Heat transfer graph in the absorber (A) ammonia-water cycle, (B) ammonia-

lithium nitrate cycle.

As shown in figure 4.1 (B), the temperature at state 13 is higher than the temperature at state
13 in figure 4.1 (A). The supply temperature of the ammonia-lithium nitrate can reach 97.69
°C which is 3.91 °C than the ammonia-water system that supplies the temperature at the inlet
of the absorber is 93.78 °C. In consequence, because of the higher value of the pinch point in
the ammonia-lithium nitrate system, the system has a lower area for transferring heat from the
internal to the external and generates a lower cost production of the absorber system
(reference). Supposing the area of the heat exchanger of both systems is the same, the ammonia
lithium nitrate potentially produces the higher temperature glide of the external in the absorber
because the value of the pinch point is quite high, and it can be increased until the near the
maximum value that has been settled.

The same case also appears in the heat transfer at the desorber. The process described in figure
4.2 that shown above. While the heat transfer process from the external stream to the internal
stream takes place, the ammonia-lithium nitrate system carries out with the lower temperature
at the inlet of the desorber, which is -5.97 °C and for the ammonia-water is -4.68 °C. The gap
of the pinch at the desorber for the ammonia-lithium nitrate is quite high and it potentially can
be increased for the temperature glide to supply a lower temperature in the external stream
lower than 0 °C. As well as has been discussed before, the readiness to reduce the
manufacturing price is also substantial because of the decrement in the area because of the

lower temperature that could be supplied.
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Figure 4.2. Heat transfer graph in the desorber (A) Ammonia-Water, (B) Ammonia-Lithium

Nitrate.

For the mass flow at the external stream (state 14 — state 15 and state 16 — state 17), the

ammonia-lithium nitrate also has a higher value which is 1.76 kg/s and 1.839 kg/s for the

desorber and the desorber if we compare to the ammonia-water system that only has 1.074 kg/s

for the desorber and 1.572 kg/s for the absorber. it indicates that the system of the ammonia-

lithium water as the working fluid can generate an extraordinary hot supply and cold supply

with the same design variables.

The detail of the working performances of both systems is compared and summarized in table

4.3 that shown below.

Table 4.3. Thermodynamic performances of the double-stage absorption-compression heat

pump.
: Ammonia-water : A_mmor_lia-
Items Units (NH3-H20) lithium mtrate
(NHs-LiNO3)

Qabs kW 98.97 115.80
0 ges kW 23.62 38.72
Osnx KW 290.0 195.3
Qushx kW 35.66 40.63
Wep kW 4.10 3.35
Wicom kW 38.76 42.32
Wheom kW 35.50 31.40
COPgp, - 1.554 1.913
ECOP,, - 0.2355 0.2631
7711,shc - 0.1954 0.2406
VSHC kJ/m?® 863.0 867.9
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Based on table 4.3, shows the performance of the system for the same operating conditions to
supply heat at 90 °C and cold at 0 °C. As it has appeared above, the mass flow rate of the system
(leaving absorber) for both systems is 1 kg/s, which for the absorber, the ammonia-lithium
nitrate system provides 115 kW, and the ammonia-water system provides 98.97 kW. Regarding
the desorber, both are supplied 38.72 kW and 23.62 kW. In addition, the total power input for
the solution pump, the low compressor, and the high compressor for both systems are 78.36
kW and 77.07 kW. By the reason of the higher heat duty supplied to the external for the
ammonia-lithium system and lower total power input as well, consequently, it has had a 23.10
% higher value of COPg,. and 11.71 % for ECO Py, as well. With the same value of COP ideal
because of the same entropic average temperatures for chilled fluid and hot water, the
ammonia-lithium nitrate system at the value of 0.2406 also has a 23.12 % higher value of the
second-law efficiency (1;;snc) than the ammonia-water, which is the amount that reaches
0.1954. Table 4.3 also shows that the value of VSCH between the two systems is quite close.
The ammonia-water system reaches 863.0 kJ/m? and the ammonia-lithium nitrate reaches 876.9
kJ/m®,

4.2  Parametric Study

In this section, the objective is to know the effect or influence of key operating conditions and
design variables on system performances. By varying the input conditions, the exact parameters
that highly influence the system can be known and then the best conditions that carried out the
good output will be applied in the systems. The outputs of the external streams (T1s and T17)
are varied to get the operational conditions that can be used for the systems. The variation that
can be used is only those values that are below the several limitations (compressor discharge
temperature, low pressure, and water content) that have been discussed successively. Besides
that, the values of the temperature pinch point in the absorber and the desorber are also
maintained considerately (7,, = 3 °C). The analysis will focus on the comparison of the
output of the parametric result between ammonia-water and ammonia-lithium nitrate. Several
outputs will be compared to analyze the performance of those two systems with the varied
output conditions for the heat supply temperature and the cold supply temperature. The heat
duty of the absorber and desorber (Q,,s and Q) efficiency maximum of vapor-solution heat
exchanger (&,qxvsnx), COefficient of performance (COPsy.), volumetric capacity (VSCH),
exergy efficiency (ECOPsy.), and the second law of efficiency (1, s,c) are the performance

indicators to evaluate both systems at the operational condition for heating supply (Th, =
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90 — 105 °C) and cooling supply (T.f = —0 — 10 °C). The simulation has been done by four
conditions with the input of different mass fractions and high pressure. Simulation 1 calculated
by Az = 5% and Py;4n, = 30 bar, and simulation 2 also calculated with the same Az but the
high pressure is lower than simulation 1, which is Py;4, = 25 bar. For simulations 3 and 4,
the Ppign = 30 bar and Pp;4, = 25 bar but the Az was increased to 6% to know the trend
and the impact of the different mass fractions. The ammonia-water system and the ammonia-
lithium nitrate system was analyzed by different simulation and the best condition with the
high range of the operational condition was taken be created as a graph to analyze and
compared the performance of both systems. Both are evaluated to supply the temperature
starting from 90 °C until 105 °C and supplying cooling temperature from -10 °C until 10 °C at
the same time. The data of the simulations are presented in table 4.4 and table 4.5 which

appeared below.

Table 4.4. Simulation result for ammonia-water.

Tis Tz COPg,. ECOPgy. Emaxvsux Mirshe  Qabs Ques VSHC

Simulation 1 (Az = 5 % and Py;,, = 30 bar)
-10 90 1.195 0.2031 0.8021 0.1719 9745 1092  496.6
-5 90 1.363 0.2168 0.7973  0.1837 98.09 17.29 6605
90 1.554 0.2355 0.792 0.1954 98.97  23.62 863
90 1.768 0.2597 0.7869  0.2067 100 29.85 1108
10 90 2.009 0.2903 0.782 0.2175 101.2 3595 1402
-5 95 1.078 0.2099 0.8054  0.1527 8499 5157 4631
95 1.246 0.2249 0.8003  0.1653 86.01 11.36 621
95 1.435 0.245 0.7953  0.1777 87.16 1749 816.3
10 95 1.647 0.271 0.7903 0.1896 88.47 2351 1054
0 100  0.9835 0.2144 0.8065 0.1371 75.86 1.097 436.2
5 100 1.151 0.231 0.8014 0.1503 77.13 7.138 589.4
10 100 1.339 0.2529 0.7964 0.1632 7853 13.09 7794
10 105 1.072 0.2356 0.801 0.1378 70.31 4.005 563.7
Simulation 2 (Az = 5 % and Py;,, = 25 bar)
90 1.451 0.2278 0.8057 0.1826 87.29 18.01 614.9
90 1.666 0.251 0.8006  0.1948 8855 24.01 805.8
10 90 1.908 0.2808 0.7956  0.2065 89.95 29.91 1038
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5 95 1.376 0.2398 0.8056  0.1704 79.83 1441  597.7
10 95 1.59 0.2654 0.8005 0.1831  81.3 20.27  785.5
5 100 1.123 0.2284 0.8095  0.1467 7246 5871 43438
10 100 1.314 0.2504 0.8043  0.1602 73.98 11.7 585
10 105 1.07 0.2355 0.8075  0.1377 6759 3.842 4264
Simulation 3 (Az = 6 % and Py;,, = 30 bar)
-10 90 1.451 0.2175 0.8048 0.2088 129.1 26.7 578.4
-5 90 1.626 0.2343 0.7993  0.2191 1293 33.68 757.8
0 90 1.82 0.256 0.7942  0.2289 1296 4047 9749
5 90 2.038 0.2831 0.7893  0.2383 130.1  47.14 1235
10 90 2.283 0.3167 0.7844  0.2471 130.8 53.67 1542
-5 95 1.361 0.2304 0.8074  0.1927 115 20.21  558.7
0 95 1.534 0.2487 0.8023  0.2035 115.5 26.9 732.8
5 95 1.727 0.2721 0.7972  0.2138 116.2 3347 9442
10 95 1.943 0.3013 0.7922  0.2237 117.1 39.9 1198
0 100 1.29 0.2415 0.8081  0.1798 1046 1562 545.2
5 100 1.462 0.2616 0.803 0.1909 1054 2212 71538
10 100 1.654 0.2869 0.798 0.2017 106.4 28.5 923.3
5 105 1.231 0.2512 0.8075 0.169 96.6 12.23  536.1
10 105 1.404 0.2732 0.8024  0.1805 97.66 1857 704.4
10 110 1.183 0.2599 0.8059 0.16 90.23 9.649 530.2
Simulation 4 (Az = 6 % and Py;,, = 25 bar)

0 90 1.736 0.2497 0.8074  0.2184 1164 33.86 704.1
5 90 1.954 0.276 0.8022 0.2285 1173 4031 9074
10 90 2.198 0.3088 0.7972  0.2379 1183  46.65 1151
5 95 1.681 0.2681 0.8069  0.2082 108 29.79  697.6

10 95 1.899 0.2969 0.8018  0.2186 109 36.08 898.5
10 100 1.638 0.2853 0.8055  0.1997 1013 26.72 695.2
10 105 1.408 0.2738 0.8085 0.1811 94.62 1819 532.2

As the data that appears above, those are the operational condition of the double-stage
absorption-compression heat pump to supply heating and cooling at the same time. The
temperature at the outlet heat sink (T17) is varied from 90 — 105 °C and the outlet heat source

(T1s) is also varied from -10 — 10 °C. There are several data of the operational condition that
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was eliminated because not sufficient and went beyond the limitation that has been discussed

before, therefore, the data above is the one that safely passes the limitation and condition.

Table 4.5. Simulation result for ammonia-water.

Tis Tiz  COPg,. ECOPg. Emaxvsux Mishe Qaps  Ques  VSHC

Simulation 1 (Az = 5 % and Py;,, = 30 bar)
90 1.913 0.2631 0.9145 0.2406 115.80 38.72  827.9
90 2.092 0.2879 0.9208 0.2446 115.61 43.18 1065
10 90 2.289 0.3174 0.9282 0.2478 11552 4754 1352
5 95 1.935 0.2914 0.9461 0.2396 113.32 38.47 836.9
10 95 2.113 0.3186 0.9543  0.2433 113.21 42.77 1077
10 100 1.949 0.3186 0.974 0.2376 11053 37.88 859.6
Simulation 2 (Az = 5 % and Py;,, = 25 bar)
10 90 2.352 0.3235 0.9884 0.2545 117.08 49.51  988.5
Simulation 3 (Az = 6 % and Py;,, = 30 bar)
5 90 2.254 0.3021 0.9317 0.2636 146.86 59.55 1070
10 90 2.448 0.3328 0.9395 0.265 146.24 64.25 1356
10 95 2.277 0.3355 0.9641  0.2622 144.00 59.00 1080
10 100 2.119 0.3370 0.9828 0.2583 141.27 5358 862.9
Simulation 4 (Az = 6 % and Py;,, = 25 bar)
10 90 2.499 0.3378 0.9971 0.2705 148.04 66.29 975.2

The data from simulation 1 that using the difference mass fraction of 5% and the high pressure
of 30 bar has more flexible and variation operational conditions to supply heating and cooling
than the other simulation. Thereupon, that data has been taken to be a representative of the
cooling and heating supply of the system and will be analyzed and compared furtherly between
ammonia-water and ammonia-lithium nitrate.

Figure 4.3 is showing the effect of cooling and heating supply as a function of the chilled fluid

outlet temperature at different hot water supply temperatures with the result of simulation 1.

Because of the higher outlet temperature of HCOM for ammonia-lithium nitrate, the
operational data of that working fluid does not have more variation than the ammonia-water

system to supply the higher temperature of the outlet heat sink. As has been explained before,
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the compressor technology has a limit that only can work with 190 °C as its temperature
discharge. Because the pure ammonia fluid in the ammonia-lithium nitrate system potentially
increases the temperature higher than the ammonia-water, therefore, the chance of the
operation condition being eliminated or in the other word cannot be used to supply the higher
value of the temperature in the heat sink is increased as well. Moreover, simulation 1 of the
ammonia-water system can supply a higher temperature that can reach 105 °C, which is 5 points
higher than ammonia-lithium nitrate. Not only that, to supply the lower temperature at the
outlet of the heat source, it will increase the possibility to get a higher temperature at the outlet
of HCOM, it makes the ammonia-lithium nitrate system only can supply 0 °C as a maximum
temperature at the outlet of the heat sink.

120 -
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Figure 4.3 Effect of heating and cooling supply on heat duty of the absorber for ammonia-

water and ammonia-lithium nitrate.

Figure 4.3 shows the effect of cooling and heating at the same time on the heat duty of the
absorber. The ammonia-lithium nitrate even if the supply temperature is more limited than the
ammonia-water system, can generate higher heat duty for the desorber. To generate the 90 °C
heating supply and 0 — 10 °C cooling supply the heat duty average can reach 115.52 kW, which
is higher than the ammonia-water system. For the other condition, if that is compared at the
corresponding temperature of 95 °C and 100 °C, the ammonia-lithium nitrate also can supply
the heat duty that the discrepancy is quite large compared to the ammonia-water. It can happen

because the enthalpy of pure ammonia on the super-heated condition at the outlet of HCOM is
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higher than the ammonia-water mixture, as a consequence of the higher enthalpy of the pure
ammonia, the ammonia-lithium nitrate can generate a higher amount of heat duty in the

absorber.

While supplying the cold temperature at 0 — 10 °C and hot temperature at 90 °C for the
ammonia-lithium nitrate, the absorber produces the heat duties starting from 116.08 — 115.52
kW. For supplying a hot temperature of 95 °C, it generates the values from 113.21 — 113.32
kW and for a hot temperature is 100 °C, it supplies 110.53 kW. The ammonia-water system
when supplying the cold temperature at -10 — 10 °C and the hot temperature at 90 °C, the heat
duties range is 97.45 — 101.2 kW. When its 95 °C, the range is decreased and starts from 84.99
—88.47 kW. For supplying 100 °C, the heat duty can generate from 77.13 — 78.53 kW, and for
105 °C can supply 70.31 kKW.
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Figure 4.4. Effect of heating and cooling supply on heat duty of the desorber for ammonia-

water and ammonia-lithium nitrate.

The same case also appears for the heat duty of the desorber. The lower enthalpy after leaving
the expansion valve also triggers the higher high duty of the desorber. For supplying cold
temperature at 0 — 10 °C and hot temperature at 90 °C, the heat duties at the desorber for each
point are 38.72 kW, 43.18 kW, and 47.54 kW. While supplying heat at 95 °C, the heat duties
decrease with the value of 38.47 kW and 42.77 kW, and for 100 °C because it only can supply
the cold temperature at 10 °C, the value of heat duty is 37.88 kW. Then if compared to the

ammonia-water system at the same value of operational condition for the ammonia-lithium
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nitrate, the values are 23.62 kW, 28.85 kW, and 35.95 kW for supplying hot water at 90 °C,
28.85 kW, and 35 kW for supplying hot water at 95 °C and 13.09 kW for supplying hot water
at 100 °C.

The maximum efficiency of the vapor-solution heat exchanger is calculated because of the
highest limit of the effectiveness that saves to be used in the system. In the case of the system
working as a function of the cold supply temperature at a different hot temperature supply is
not allowed to pass the limit of the maximum effectiveness to maintain saturated vapor
condition before entering the high compressor. State 9 is assumed at the saturated condition to

obtain the value of maximum effectiveness in the VSHX.
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Figure 4.5. Effect of cooling and heating supply on maximum efficiency of the vapor-

solution heat exchanger for ammonia-water and ammonia-lithium nitrate.

Table 4.5 shows the trend of maximum effectiveness with their different operational
conditions. The higher heat sink supply temperature results in a higher value of the maximum
VSHX effectiveness.

That figure also shows that the ammonia-lithium nitrate has a higher maximum effectiveness
compared to the ammonia-water system. At its maximum, the effectiveness might reach up to
97 % for supplying 10 °C and 100 °C for cooling and heating. With the same supply

temperature, the maximum effectiveness of ammonia only can reach 79 %. it can occur because
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the temperature while leaving LCOM is quite high which can be reaching 180.71 °C and for

ammonia-water is 150.62 °C.

As shown in figure 4.6, the higher temperature lift will decrease the value of COPg;,.. It can
happen because the compressor also works harder to elevate the temperature. For the ammonia
lithium nitrate system, when the chilled fluid supply temperature increased from 0 °C to 10 °C,
the lifted temperature will decrease, and the electrical power consumption of the heat pump
Wicomp,et + Wheomp,et + Woump,er) is also decreased by about 90.7-68.2 kW; 83.59-67.98
kW; 73.22-68.44 kW and 69.35 kW when the hot water supply temperature is 90 °C, 95 °C,
100 °C, and 105 °C. For the ammonia-lithium nitrate system, when the chilled fluid supply
temperature increased from 0 °C to 10 °C it also decreased about 80.71-71.22 kW; 78.43-73.81
kW and 76.15 kW when the hot water supply temperature is 90 °C, 95 °C, and 100 °C.
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Figure 4.6. Effect of cooling and heating supply on combined COP (COPy;,.) for Ammonia-
Water and Ammonia-Lithium Nitrate.

Even the Ammonia-Lithium Nitrate has a higher value of electrical power consumption, it still
has a higher value of combined COP (COPy;,.) if compared with the ammonia-water system
with the same supply temperature. It occurred because of the higher heat duties (Qgps + Qges)
of the ammonia-lithium nitrate system that creates also a higher combined COP (COPyp,.). The
range value of COPg,. of the ammonia-lithium nitrate system to supply chilled fluid
temperature from 0 - 10 °C and hot temperature from 90 — 100, °C is 1.913 to 2.289. for the
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ammonia-water system, while supplying cold temperature at -10 to 10 °C and hot temperature
at 90 to 105 °C, the range starts from 1.072 — 2.009.

Figure 4.7 shows the effect of the chilled fluid supply temperature on the second law efficiency
(n11.snc) OF heat pump for simultaneous heating and cooling applications at the hot water supply
temperature of 90 — 105 °C for the ammonia-water and 90 — 100 °C for ammonia-lithium
nitrate.

The trend for both systems always increases following the increment of the chilled fluid supply
temperature. The higher chilled fluid supply temperature will decrease the temperature lift and
when the temperature lift is decreased at the same time will also increase the ideal COP. The
value of ideal COP at the same cold and hot supplies for ammonia-water and ammonia-lithium
nitrate is the same at the corresponding hot water and chilled fluid supply temperatures. The
ideal COP of the corresponding reversible heat pump is decreased by about 6.95-9.24; 7.06-
8.68; 7.17-8.20; 7.77 when the chilled fluid outlet temperature is raised from -10 °C to 10 °C
for the hot water supply temperatures of 90 °C, 95 °C, 100 °C, and 105 °C, respectively.
Synchronously the COPg,,. of both systems will also increase as it is shown in figure 4.6. The
N1 sne also will increase following the trend of both ideal COP and COPgp,. when the chilled

fluid supply temperature increases.
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Figure 4.7. Effect of cooling and heating supply on second-law efficiency n;; sy, for

ammonia-water and ammonia-lithium nitrate.

59



Abdurahman Hasan Assagaf Master Thesis

Because the higher value of the COPg,. that has been discussed before in figure 4.6, creates a
higher value of n;; g, for the ammonia lithium nitrate system than the ammonia-water as it
appears in figure 4.7. For ammonia-water, the value of the n;; s varied between 0.1371 and
0.2175 at the considered hot water temperature supply at 90 °C to 105 °C when chilled fluid
supply temperature at -10 °C and increased until 10 °C. For ammonia-lithium nitrate, the value
of the n; sn. Varied between 0.2376 and 0.2478 at the considered hot water temperature supply

at 90 °C to 100 °C when chilled fluid supply temperature at 0 °C and increased until 10 °C.

The exergy efficiency for simultaneous heating and cooling of both systems is shown in figure
4.8. The exergy efficiency of the ammonia-water varied between 0.2031 and 0.2903 for
supplying hot temperature at 90 °C to 105 °C when chilled fluid supply temperature at -10 °C
and increased until 10 °C. For the ammonia-lithium nitrate the value varied between 0.2631
and 0.3174 for supplying hot temperature at 90 °C to 105 °C when chilled fluid supply
temperature at -10 °C and increased until 10 °C. The value of the ECOPy;,. decreases
corresponding to the higher temperature supply at the heat sink. However, for the ammonia-

lithium nitrate, there is an increment when supplying at the temperature of 95 °C.
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Figure 4.8. Effect of cooling and heating supply on exergy efficiency (ECOPy;,.) for

ammonia-water and ammonia-lithium nitrate.
The overall ECOP,;,. value of ammonia-lithium nitrate is higher than the ammonia-water
system due to the higher heat duty of the ammonia lithium nitrate system that has been

discussed before (see figure 4.3 and figure 4.4). The other factor is the electrical power
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consumed by the heat pump which was involved also to calculate the ECOPg,. that is defined

in equation 3.43.
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Figure 4.9. Effect of cooling and heating supply on VSHC for ammonia-water and ammonia-
lithium nitrate.

The last comparison is VSHC shown in figure 4.9 below which is decreased by the
corresponding hot water supply temperature of 90 °C, 95 °C, 100 °C and 105 °C for the
ammonia-water system, respectively when the chilled fluid outlet temperature increased from
-10 °C to 10 °C. For the ammonia-water system, the value of VSHC for heating supply at 90
°C, 95 °C, 100 °C, and 105 °C are 496.6 — 1402 kJ/m?, 463.1 — 1054 kJ/m?, 436.2 — 779.4 kJ/m?,
413.7 — 563.7 kJ/m?3 and 563.7 kJ/m®. For the ammonia-lithium nitrate system, the value of
VSHC for heating supply at 90 °C, 95 °C, and 100 °C are 827.9 — 1352 kJ/m?, 836.9 — 1077
kJ/m3, and 859.6 kJ/m3. The value of VSHC for both systems is quite similar because the
accumulative value of the displacement volume of HCOM and LCOM for the ammonia-lithium
nitrate is higher than the ammonia-water system caused by the suction line-specific volume.

As a result, the double-stage ACHP system using an ammonia-lithium nitrate mixture as a
working fluid possesses several significant advantages over an ammonia-water mixture,
including the ability to produce higher COP, ECOP, and second law efficiency with more or
less the same value of VSHC. A high COP ensures a low operating cost and a high VSHC
ensures a low investment cost, so the constraint on COP and VHSC ensures the economic

viability of the heat pump (Jensen et al., 2015).
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5 CONCLUSIONS

A double-stage absorption-compression heat pump (ACHP) system was investigated for
simultaneous heating and cooling supply for potential non-residential building and industrial
applications using an ammonia-LiNOs mixture as a working fluid. Then, the energy and exergy
performance of the ammonia-LiNOs ACHP system was compared to the ACHP system based

on the conventional ammonia-water mixture under the same operating conditions.

In the base-case considered (i.e., hot water and chilled fluid supply temperatures of 90 °C and
0 °C, respectively, with heat sink and heat source temperature glides of 15 K and 6 K), the
ammonia-LiNO3 ACHP system produced 115 kW of heating and 38.7 kW of cooling outputs.
While the ammonia-water ACHP system produced about 99 kW of heating and 23.6 kW of
cooling outputs. The corresponding electrical power consumed by the ammonia-LiNO3 and
ammonia-water ACHP systems were 78.4 kW and 77.1 kW. Therefore, the combined COP
(COPy;,.) and exergy efficiency (ECOPg;,.) of the ammonia-LiNOs ACHP system was higher
than the ammonia-water ACHP system by about 23.1% and 11.7%, respectively. The second-
law efficiency (1;; snc) Of the ammonia-LiNOs ACHP system is also higher by 23.1% of the
ammonia-water ACHP system. The volumetric capacity for simultaneous heating and cooling
(VSHC) delivery of the ACHP system was 867.9 kJ/m? for the case of the ammonia-LiNO3

mixture and 863 kJ/m? for the ammonia-water mixture.

Finally, the performance of ammonia-LiNOs and ammonia-water ACHP systems were
analysed for a range of hot water and chilled fluid supply temperatures of 90 °C to 105 °C and
—10 °C to 10 °C, respectively. Under these conditions, the ammonia-water ACHP system
operates at COPsp of 1.072 to 2.009, ECOPgp, of 0.203 to 0.29, 1y; s 0of 13.7 to 21.7%, and
VSHC of 413.7 kJ/m® to 1402 kJ/m3. On the other hand, the ammonia-LiNO3 ACHP system
operates at COPgy. of 1.913 to 2.289, ECOPgy, of 0.263 to 0.317, 1 sp 0f 23.8% to 24.8%,
and VSHC of 827.9 kJ/m® to 1352 kJ/m® when the hot water and chilled fluid are supplied in
the range of 90 °C to 100 °C and 0 °C to 10 °C, respectively.
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