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Abstract

Amidst the climate and ecological crisis that plagues the planet due primarily to human
activity in the fields of energy, animal agriculture and transport, the need for lifestyle
changes at both the government and individual level has emerged in recent years. Regarding
energy, laws have been passed in favor of the adoption of renewable sources of energy to
minimize carbon dioxide emissions and to avoid dependency on fossil fuels whose reserves
are exhausted worldwide. Refrigeration applications are an important part of the energy
sector and there is a lot of room for improvement in efficiency, especially with the use of
low temperature waste heat from various systems. One of these applications is absorption
refrigeration and the subject of this thesis was to evaluate alternative pairs.

The most common pairs in absorption refrigeration applications are water/lithium bromide
(H,O/LiBr) and ammonia/water (NH3/H,0). Firstly, the single-effect absorption refrigeration
cycle for H,O/LiBr was modeled in Aspen Plus, the model was validated in terms of mass and
energy balance, results were presented for the state points of the cycle, including the
coefficient of performance COP, and a sensitivity analysis was performed for the heat duty
of the evaporator (cooling capacity) and the COP as a function of the temperature of the
generator and the evaporator for various values of the mass concentration of the absorbent
in the rich solution: 40%, 50%, 51.4%, 53%, 55%. The single-effect absorption refrigeration
cycle was then modeled for the alternative pairs, in which the refrigerant was water and the
absorbent was composed of lithium or sodium compounds, which were: H,O/LiF, H,O/LiCl,
H,O/NaOH and H,O/HCOONa. Ternary mixtures were also examined which were:
H,O/LiBr+LiNOs (salt mole ratio 4:1), H,O/LiBr+ZnBr, (2:1), H,O/LiCI+LiNO; (2.8:1),
H>O/LiCl+ZnCl; (2:1) and H,O/LiBr+Lil (4:1). Every alternative pair was validated in the same
way and the results and sensitivity analysis were presented. The NH3/H,O pair was also
modeled for completeness of the comparisons, which required modifications due to some of
the ammonia properties. In addition, a financial analysis was performed for every working
pair (including ternary mixtures), calculating the various installation costs (ISBL, OSBL,
Engineering costs, Contingency charges) as well as the total Fixed Capital Investment costs.

Based on the results, higher cooling capacity and COP were obtained for a mass
concentration of the absorbent in the rich solution of 40% for all working pairs and the
curves of the sensitivity analysis were similar to previous studies. The H,0/HCOONa, H,O/LiF,
H,0/LiCl+ZnCl,, H,O/LiCI+LiNOs, and H,O/LiBr+ZnBr, working pairs had the highest cooling
capacity over the entire range of the generator and evaporator temperatures, while the
conventional NH3/H,O and H,O/LiBr working pairs had the lowest values. Correspondingly,
as far as COP is concerned, the H,0/LiF, H,O0/HCOONa, H,0/LiBr+ZnBr,, H,O/LiCl+ZnCl, and
H,O/LiBr+Lil working pairs had the highest values, whereas the NHs/H,O and H,0/NaOH
working pairs had the lowest values. Based on the results of the economic evaluation, the
NHs/H,0 working pair had the highest total Fixed Capital Investment cost due to the much
higher pressures in the system, while the H,O/NaOH, H,0/LiBr, H,O/LiCl, H,O/LiCl+ZnCl; and
H,O/LiBr+LiNO; working pairs had the lowest total Fixed Capital Investment costs. Also, the
total Fixed Capital Investment cost per kW of cooling capacity (€/kWevap) was calculated
and H,0/LiCl+ZnCl,, H,O/LiF and H,O/LiBr+ZnBr, had the lowest values, while NH3z/H,O had



the highest value by a long margin. Therefore, it is clear that NHs3/H,0, H,O/LiBr and
H>0/NaOH are the worst working pairs as far as COP and total Fixed Capital Investment cost
per kW of cooling capacity are concerned, while the most competitive working pairs are
H,0O/LiF, H,0/LiCl+ZnCl,, H,O/LiBr+ZnBr, and H,O/HCOONa.



Mepianym

Ev HéOw TNG KALMOTIKNAG KAl OLKOAOYIKAG Kplong mou paotilel tov mAavAtn e€attiog
MPWTIOTWG TNG avBpwrvng SpactnplOTNTAC OTOUC TOUELG TNG EVEPYELOG, TNG KTnvotpodiag
KoL Twv petadopwy, avadUETAL TILO £VTOVA T TEAEUTALA XPOVLA N avayKn yla 0AAQYEG OTOV
TPOMo WG TO0O 0 KUPBEPVNTLKO emimedo 000 Kal og atopilkd. Ocov adopd otnv evEpyEeLa,
£€xouv BeoTlOTEL VOPOL UTIEP TNG ULOBETNONG OVAVEWOLUWY TINYWV EVEPYELAG, WOTE VA
ghaylotomolnBouv ol ekmoumneg dlogetdiov tou avBpaka mou cUUBAAAOUV OTO GALVOUEVO
ToU Beppoknmiou Kal va pUnv UTIAPXEL 600 gival SuvaTtov e€aptnon amod opuKTA KaUaolua, Ta
amoBépata twv onolwv e€avrholvral maykoopiwg. Ot epappoyeg Puéng sival onuavtiko
KOUUATL TOU TOUEQ TNG EVEPYELAG KOl UTIAPXOUV TTOAAA TteplBwpLa BeATiwong tng amodoongc,
dlaitepa pe T XPNon tng amoppltopevng Bepudtntog xapnAng Bepuokpaciag amod
Sladopa cuotuata. Mio and autég T ebappoyeg sival n Puén pe anoppodnon Kot to
OVTIKELUEVO TNG Topoucag SUTAWUATIKAG epyaciag Ntav n aflohoynon eVAAAOKTLKWY
leuywv.

Ta o Stadedopéva Levyn os epapuoyEg Yueng pe amoppodnon eival ta vepod/Bpwptovxo
AiBlo (H2O/LiBr) kot appwvic/vepd (NHs/H,0). Apxikd, povtedomow|dnke o povoBadutog
KUKAo¢ YUenc pe amoppodnon ya to H,O/LiBr oto Aspen Plus, €ywve n emiBeBaiwon tng
EYKUPOTNTAC TOU HOVTEAOU 600V adopd ota LoolUyLla LAlag Kol EVEPYELAC, TTAPOUCLACTNKAY
To anoteAéopata yla ta Sdiddopa onueio Tou KUKAOU, cupmeplapBavouévou Kal Tou
ouvteleotn ouumepldpopdg COP, kal €ywve avaAuon svawobnaoiag yla tn YUKtk oxy Tou
atpomotnt kot to COP guvoptiosl TnG OepUoKpaoiag TNG QATUOYEVVNTPLAG KAl TOU
atpomownTh yla SLadopeC TIUEG TNG OUYKEVIpWONG MAlag Tou HEoOUu amoppodnong oto
mhovuolo SldAupa: 40%, 50%, 51.4%, 53%, 55%. ZTn OUVEXELD, MovIgAomouOnke o
povoBaButog kUkAog YUENg pe amoppodnon ylo ta evoAAaKTIKA {gUyn, oTa omola To
P UKTLKO HECO ATOV TO VEPO KAl TO HECO amoppodnong amoteAeito and evwoelg ABiou N
vatplou, ta omoia nAtav: H,O/LiF, H,O/LiCl, H,O/NaOH kot H,O/HCOONa. Efstdotnkav,
emniong, tpladika pelyparta ta onola nrav: H,O/LiBr+LiNOs (Hoplakn avaloyio aAdatwv 4:1),
H20/LiBr+ZnBr; (2:1), H,0/LiCI+LiNO; (2.8:1), H,0/LiCl+ZnCl, (2:1) and H,O/LiBr+Lil (4:1). Ma
oAa ta evallaktikd {evyn £ywve pe tov 6lo Tpomo sruPePfalwon NG €yKUpOTNTAC TOU
HMOVTEAOU Kal TIOPOUCLACTNKOV TA ATMOTEAECUOTA KoL n avaluon svawBnoiog. MNa tv
TANPOTNTA TWV OCUYKploswv poviehomolBnke kat to {evyog NH3/H,O, ywa to omoio
XPELAOTNKOV TPOTOMOLNOEL AOYW KATOWWV LSLOTATWY TNC OpPwviag. Emumpoobitwg,
£KTTIOVAONKE OLlKOVOULKA avdAuon ylo oAa Ta egpyalopeva {evyn (ocupmeplhappavovrtal Ta
TpladiIka peiypata), otnv omola uttoAoyiotnkayv ta Stadopa KOOTN TN eykatactaong (ISBL,
OSBL, Kbéotn unxavikoU, EmumAéov evdexopeva Kootn), KaBwWC KoL Ta OCUVOAKA KOOTN
EnevéUoewv MNaylov Kedoahaiou.

Baocsl twv amoteAeopdtwy, mpoékuPe uPnAdtepn YUKTIKA LoXUC Kal amodoon yia
OUYKEVTpwon palog tou péocou amoppodnong oto mAoucolo Sdadhvpa 40% yia OAa ta
gpyalopeva (elyn Kol oL KOUMUAEG TwWV OVOAUCEWV UaLOONOCLOC ATAV OL QVOUEVOUEVES
Bdoel mponyoUpevwY PEAETWY. 2€ OAO TO €UPOC TWV OEPUOKPACLWY TNG ATUOYEVVATPLAG KOl
tou atporotnt) tnv uPnAdtepn Puktkr oyl sixav ta evyn H,O/HCOONa, H,O/LiF,
H,0/LiCl+ZnCl,, H,O/LiCI+LiNOs kot H,O/LiBr+ZnBr,, evw tn XOUNAOTEPN €ixav Ta CUUPATIKA



Zevyn NHs/H,0 kat H,O/LiBr. Avtictolya, 6oov adopd oto cuvteleotr cuuneptdopdg COP,
T uPNAGTEPEC TIUES lxav Tta Levyn H,O/LiF, H,0/HCOONa, H,0/LiBr+ZnBr,, H,O/LiCl+ZnCl,
kot H,O/LiBr+Lil, evw T xapnAotepeg sixav ta NHs/H,O kat H,O/NaOH. Amd olkovoulkn
anoyn, to Levyoc NH3/H,0 eixe to uPnAdtepo pe Sladopd OUVOALKO KOGTOC AOYWw TWV
TOAU uPnAOTEPWY TUECEWV TIOU ETUKPATOUV OTO ocuotnuo, evw ta evyn H>O/NaOH,
H,0/LiBr, H,0/LiCl, H,O/LiCl+ZnCl; kot H,O/LiBr+LiNOs gixav ta xapunAotepa cUVOALKA KOOTH.
Eniong, umoloyiotnke TO OUVOAIKO KOoToG Emevduoewv Maylou Kepohaiov ava kW
PuUKTIKAG oxvog (€/kWevap) kat Bpgbnke otL ta H,0/LiCl+ZnCly, H2O/LiF kot H,O/LiBr+ZnBr,
glyov TIc yapnAotepeg tipeg, evw to (Euyog NHs/H,0 eixe tqv udnAdotepn T HE TEPAOTLA
Sladopd amod ta umodouna. Emopévwg, yivetal sUkola avtiAnmto otL ta {evyn NHs/H,0,
H>O/LiBr kat H,O/NaOH eival ta Ayotepo oupdepovia omd amodn COP kat kdoToug
Emevdloewv Nayiou KedaAaiov ava kW PuUKTIKAG LoXUOG, EVW TO TILO AVTAYWVLOTIKA {elyn
glvat tae H,O/LiF, H,O/LiCl+ZnCl,, H,O/LiBr+ZnBr; kat H,O/HCOONa.
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Chapter 1. Introduction

Of all the inventions made in the past centuries, refrigeration was among those that altered
the course of humans’ everyday lives in the most tasteful way. Industrial and commercial
refrigeration and air-conditioning are some of the applications of refrigeration [1]. As far as
industrial refrigeration is concerned, refrigeration and freezing of food products are vital
parts of human civilization and are used to maintain the product quality and prolong their
storage life [2].

L

Figure 1.1. Iceman in Berlin, 1957 [3].

The idea of preserving food dates back to at least the ancient Roman and Chinese empires.
Long before there was refrigeration, cooks found ways to preserve what would otherwise be
perishable by pickling, potting, drying or salting it (and later, canning) - all methods that
changed the food’s flavor and texture. As for the use of ice, that dates back to at least 1100
B.C., based on underground icehouses in China. Historical sources show that donkeys carted
ice from the Alps to the Roman emperors and snow was shipped by boat to Istanbul in the
16th century. For the common people at home, depending on where they lived, they may
have harvested ice from lakes and streams or frozen it in pans when the temperature
dropped.

Mechanical refrigeration technology has rapidly evolved in the last century. Refrigeration
has a large impact on industry, lifestyle, agriculture, and settlement patterns. In most
developed countries, cities are heavily dependent on refrigeration in supermarkets, in order
to obtain their food for daily consumption. The increase in food sources has led to a larger
concentration of agricultural sales coming from a smaller percentage of existing farms.
Farms today have a much larger output per person in comparison to the late 1800s. This has




resulted in new food sources available to entire populations, which has had a large impact
on the nutrition of society [4].

Except from food, refrigeration unlocks a plethora of home and industrial applications,
including, but not limited to: household refrigerators, industrial freezers, cryogenics, and air
conditioning. Heat pumps may use the heat output of the refrigeration process, and also
may be designed to be reversible, but are otherwise similar to air conditioning units.

In commerce and manufacturing, there are many uses for refrigeration. Refrigeration is used
to liquify gases (e.g. oxygen, nitrogen, propane and methane). In compressed air purification,
refrigeration is used to condense water vapor from compressed air to reduce its moisture
content. In oil refineries, chemical plants, and petrochemical plants, refrigeration is used to
maintain certain processes at the required low temperatures (e.g. in alkylation of butenes
and butane to produce a high octane gasoline component). Metal workers use refrigeration
to temper steel and cutlery.

Unfortunately, the increasing demand for energy consumption across the globe is hugely
responsible for the rise of the average global temperature which accelerates climate change
and has an immense impact on the environment. Therefore, it is needed to collectively find
alternative and viable solutions to produce sustainable energy, which of course includes
refrigeration. The International Institute of Refrigeration in Paris estimated that
approximately 15% of all the electrical energy produced worldwide is employed for
refrigeration processes and air-conditioning [5].

1.1. Refrigeration Technologies

Refrigeration is a process of removing heat from a low-temperature reservoir and
transferring it to a high-temperature reservoir. Refrigeration can be defined as "The
technology of providing and maintaining temperature below that of surrounding
atmosphere". It means continuous extraction of heat from a body whose temperature is
already below the temperature of its surroundings [4].

As it is mandated by the second law of thermodynamics, heat is naturally transferred from
warmer bodies to colder bodies. The opposite may happen only if work is consumed.

The flow of energy in refrigeration machines, as well as heat engines and heat pumps, is
shown in Figure 1.2:


https://en.wikipedia.org/wiki/Refrigerator
https://en.wikipedia.org/wiki/Freezer
https://en.wikipedia.org/wiki/Cryogenics
https://en.wikipedia.org/wiki/Air_conditioning
https://en.wikipedia.org/wiki/Air_conditioning
https://en.wikipedia.org/wiki/Heat_pump

Cold body Cold body

Q2 Q1
ORI OS
Q1 le

Cold body Hot body

a) Heat engine b) Refrigerator c) Heat pump

o~
=

Figure 1.2. Flow of energy in various machines.

Heat machines are traditionally driven by mechanical means, but can also be driven by
heat, magnetism, electricity, laser, or other sources. Methods of refrigeration can also be
classified as non-cyclic and cyclic, depending on the existence of a thermodynamic cycle. The
most common methods of refrigeration are:

e Vapor compression cooling
e Absorption cooling

e Adsorption cooling

1.2. Vapor compression cycle

Vapor compression cycles are quite easy to construct and have a low capital cost, therefore
they are the most commonly used. As a matter of fact, conventional home refrigerators use
this method of cooling to keep food and drinks chilled. A vapor compression cycle is also
employed in air conditioning to cool the ambient air temperature in a room [6].

A working fluid, often called the refrigerant, is flowing through the system and undergoes
state changes (from liquid to gas and back). The refrigerant's latent vaporizing heat is used
to transfer large quantities of heat, and pressure changes are used to control when the
refrigerant expels or absorbs heat.

However, for a refrigeration cycle that has a hot reservoir at around room temperature (or a
bit higher) and a cold reservoir that is desired to be at around 2 °C, the boiling point of the
refrigerant needs to be fairly low. Thus, various fluids have been identified as practical
refrigerants. The most common include ammonia, Freon (and other chlorofluorocarbon
refrigerants, also known as CFCs) and HFC-134a (a non-toxic hydrofluorocarbon). The
refrigerant for a cycle needs to be selected carefully using as criteria the Global Warming
Potential (GWP) index and the Ozone Depletion Potential (ODP) index, as a single leak of the
refrigerant can be very harmful to the environment [7].
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The key components of a simple vapor compression cycle are presented in Figure 1.3:
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Figure 1.3. Schematic of a conventional vapor compression cycle system

Moreover, the processes taking place in an ideal vapor compression cycle in a pressure-

enthalpy diagram can be depicted, as seen in Figure 1.4:
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Figure 1.4. Pressure-enthalpy diagram in an ideal vapor compression cycle

As seen above, all such systems have four components:

a compressor, process 1-2

a condenser, process 2-3
a thermal expansion valve (also called a throttle valve or metering device), process

3-4



e an evaporator, process 4-1

Circulating refrigerant enters the compressor in the thermodynamic state known as a
saturated vapor (1) and is compressed to a higher pressure, resulting in a higher
temperature as well. The hot, compressed vapor is then in the thermodynamic state known
as superheated vapor (2) and is at a temperature and pressure at which it can be condensed
with either cooling water or cooling air flowing across the coil/tubes of the condenser. This is
where the circulating refrigerant rejects heat from the system and the rejected heat is
carried away by either the water or the air (whichever may be the case). The condensed
liquid refrigerant, in the thermodynamic state of saturated liquid (3), is next routed through
an expansion valve where it undergoes an abrupt reduction in pressure. That pressure
reduction results in the adiabatic flash evaporation of a part of the liquid refrigerant (4). The
auto-refrigeration effect of the adiabatic flash evaporation lowers the temperature of the
two-phase stream down to a level colder than the temperature of the enclosed space to be
refrigerated. The cold mixture is then routed through the evaporator. A fan circulates the
warm air in the enclosed space across the coil or tubes carrying the cold refrigerant liquid
and vapor mixture. That warm air evaporates the liquid part of the cold refrigerant mixture.
At the same time, the circulating air is cooled and thus lowers the temperature of the
enclosed space to the desired temperature. The evaporator is where the circulating
refrigerant absorbs and removes heat which is subsequently rejected in the condenser and
transferred elsewhere by the water or air used in the condenser. To complete the
refrigeration cycle, the refrigerant vapor from the evaporator is again a saturated vapor (1)
and is routed back into the compressor.

The cooling load in a vapor compression cycle is equal to the cooling load of the evaporator:

Oec =1+ (h1—ha4) (1.1)
The power consumed by the compressor is equal to:

Weomp = 1iv- (h2— hi) (1.2)
The heat rejected by the condenser is equal to:

Oc =11+ (h2— h3) (1.3)

The theoretical coefficient of performance of an ideal vapor compression cycle is given by
the following equation:
copy=-2 (1.4)

comp

The actual coefficient of performance (COP) of a real vapor compression cycle is the ratio of
the actual cooling load to the actual power consumed by the compressor. A non-ideal vapor
compression cycle is slightly different than the ideal one due to irreversibilities related to the
compressor, frictional pressure drop in the system or non-ideal gas behavior (if any).



Superheating and subcooling are two methods which enhance the performance of the cycle
and ensure the proper operation of the throttling valve (no vapor bubbles) and the
compressor (no liquid droplets).

Last but not least, it is worth mentioning that multiple compressors (multi-effect systems)
can be used in order to achieve lower temperatures economically. Furthermore, systems
with more than one evaporators or throttling valves exist, as well as with more than one
refrigerants (cascade, seen in Figure 1.5).
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Figure 1.5. Schematic of a cascade vapor compression refrigeration cycle

1.3. Absorption cooling

One of the oldest refrigeration technologies is the absorption cycle. In the 1700s, the first
study of an absorption system started. It was observed that ice can be made by evaporating
pure H,O within an evacuated container in the presence of H,SO4 (sulfuric acid). Ferdinand
Carre designed an installation in 1859 using an ammonia/water (NHs/H,0) working fluid pair.
A new system with a water/lithium bromide (H,O/LiBr) pairing for commercial purposes was
implemented in 1950 [5].

The main benefits of absorption chillers are their long service life and efficient part-load
operation [8]. In addition, both refrigerants with minimal ODP and GWP are their most
ordinary working pairs, water-lithium bromide and ammonia-water, especially when
compared to the less environmentally friendly refrigerants used in mechanical compression
cycles. The relatively high initial cost of absorption chillers is considered unattractive for
wider application in terms of cost considerations, yet the relatively low operating costs offer
potential for broader use of such systems in the future. Their main disadvantages are the
temperature limitations of their working pairs, their heavier weight compared to vapor
compression cooling systems, their crystallization problems and their low COP (0.7-0.85 for
single-effect systems and 1.1-1.3 for double-effect systems).



1.3.1 Operation of the absorption cycle

The refrigeration cycle of absorption technology is analogous to the cycle of vapor
compression. An absorption refrigerator is a refrigerator that utilizes a heat source (e.g. solar
energy, fossil-fueled flames, geothermal sources, biomass or natural gas combustion, waste
heat from factories or district heating systems) instead of compressor mechanical work to
provide the energy required to drive the cooling process, making it more environmentally
sustainable. The evaporator, condenser and expansion device serve common purposes, but
a heat-driven absorber and generator/desorber replace the compressor, as seen in Figure
1.6. In a single-effect system, one or two heat exchangers can be used to enhance the COP
(in Figure 1.6 there is a Solution Heat Exchanger) [9].

Condenser Generator
r 3
A 4
Solution
A Heat Exchanger
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Figure 1.6. Schematic of a single-effect absorption cooling cycle

Both absorption chillers and conventional chillers use a very low boiling point refrigerant.
When this refrigerant evaporates (boils) in both types, it takes away some heat, providing
the cooling effect. The main difference between the two systems is how the refrigerant is
transformed back into a liquid from a gas in order to repeat the cycle. An absorption
refrigerator creates the pressure levels using a heat-only method and has no moving parts.
Absorption cooling systems are driven by heat of a temperature from 70°C to 130°C. The
single-effect absorption system gives best results with a heat supply temperature of 70-100
°C. Double- and triple-effect systems require higher supply temperatures.

The absorption cooling cycle can be described in three phases [10]:

e Evaporation: In a low partial pressure environment, a liquid refrigerant evaporates
and thus extracts heat from its environment (e.g. the refrigerator compartment).
The temperature required for evaporation is also low due to the low partial pressure.

e Absorption: Another liquid (e.g. a salt solution) absorbs the now gaseous refrigerant.

e Generation: The refrigerant-saturated liquid is heated, which causes evaporation of
the refrigerant. The hot gaseous refrigerant transfers its heat outside of the system
(such as surrounding ambient temperature air) through a heat exchanger and
condenses. The condensed refrigerant (liquid) supplies the phase of evaporation.



The pressure in the solution is raised with the use of a pump, whose energy consumption is
less than 1% of the cooling load in the evaporator and its impact from an energy point of
view is considered in most cases negligible. The weak solution returning to the absorber is
expanded by a throttling device and a heat recovery exchanger (Solution Heat Exchanger or
SHX) is installed to recover heat from the hot solution exiting the generator to the cold
solution exiting the absorber [7]. A 60% higher COP can be achieved by using the SHX. Given
that the absorption is exothermic, the absorber is chilled by cooling water [11].

1.3.2 Working pairs

The refrigerant/absorbent working pair's thermodynamic properties are the most critical
factors in analyzing and optimizing the absorption system performance. The most
prevalently used refrigerant/absorbent working pairs in absorption systems are NHs/H,0
and H,O/LiBr.

Table 1.1. Advantages and disadvantages of NH3/H>0 and H2O/LiBr [5]

Working Pair Advantages Disadvantages

Evaporative at
temperatures below | Toxic and dangerous for
NHg/HzO 0°C health (NH3)

Column of rectifier
required

Operation at high
pressure

Risk of congelation,

therefore
anticrystallization device
H>O/LiBr High COP required
Low operation Relatively expensive
pressures (LiBr)

Environmetally
friendly and
innoxious

Large latent heat of
vaporisation




Most large-scale applications (>300 kW) use H,O/LiBr and produce chilled water at about 6-7
°C, at a COP relatively higher than using NHs/H,O. However, LiBr systems must be water-
cooled and thus usually require a cooling tower, whereas NH; systems can have an air-
cooled condenser. H,O/LiBr chillers usually have large physical dimensions due to the large
water refrigerant vapor volume. A NH3/H,0 system is favoured for small cooling loads and
applications where water-cooling cannot be used.

The refrigerant freezes at 0 °C in H,O/LiBr systems, so proper measurements should be
considered while the system is idle, particularly in winter. Another potential problem is
crystallization of the LiBr solution at high concentrations, which may result from high
generator temperatures or from inadequate temperature control at other parts of the
system. Thus, it is necessary to adequately control the heat supply temperature from the
heat storage. The temperature of the cooling-water, especially for the absorber, must also
be monitored. Chiller capacity can be controlled by increasing the temperature of the heat
supply or by decreasing the temperature of the cooling-water.

The most suitable refrigerant/absorbent working pair alternative to H,O/LiBr and NH3/H,0
can be water/lithium fluoride (H,O/LiF), water/lithium chloride (H,O/LiCl), water/sodium
hydroxide (H,O/NaOH) and water/sodium formate (H,O/HCOONa). Moreover, there are
ternary mixtures suitable for the absorption cycle such as water/lithium bromide+lithium
nitrate (H,O/LiBr+LiNOs) and water/lithium chloride+zinc chloride (H,O/LiCl+ZnCly).

Multi-stage absorption chillers were introduced to more efficiently exploit medium
temperature heat sources and enhance the COP of the absorption chiller. The number of
stages is equivalent to the number of generator heat exchangers installed at various
temperature levels in the chiller. However, only double-stage absorption chillers, as seen in
Figure 1.7, have reached commercialization mainly due to their complexity and the
increased cost of such systems. Double-stage absorption chillers generate almost twice the
refrigerant vapor generated in the respective single-stage unit, and thus a significant
increase in the COP is reported, allowing double-stage chillers to more efficiently exploit
higher temperature heat sources [12]. Apart from enhancing the COP, multi-stage
configurations also allow for a higher temperature lift (the temperature difference between
the condenser and the evaporator) [8, 13].
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Figure 1.7. Schematic of a double-effect absorption cooling cycle[8]

1.3.3 Energy analysis

The energy analysis presented below is based in the schematic in Figure 1.6 (state points 1, 2,
3, 4 beginning from the generator up to the absorber and passing through the condenser,
the refrigerant valve and the evaporator, state points 8, 9, 10 beginning from the absorber
up to the generator and passing through the pump and the SHX and state points 5, 6 ,7
beginning from the generator up to the absorber and passing through the SHX and the
solution valve):

Mass balance

n = 12 = M3 = Hi4 (1.5)
ms = me = m7 (1.6)
ms = mo = mio (1.7)
ms = mi+ m7 (1.8)

Energy balance

Condenser: Heat rejection to the environment, in intermediate temperature level.
Qe = rin-(h—h2) (1.9)

Evaporator: Heat gain in the refrigerant from the chilled space.
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Oe = rin1 - (ha— h3) (1.10)
Absorber: Heat rejection to the environment, in intermediate temperature level.
Ou = tita- ha+ 17+ h1 — s - hs (1.11)

Generator/desorber: Heat input to generator in high temperature level from external heat

source.
Oq = it - b1+ rits - hs — rino - hio (1.12)
Solution heat exchanger:
m7 - (hs— he) = ms - (hio—ho) (1.13)
Pump:
Woump = tits - (ho — hs) (1.14)
Throttling valves:
Ah=0 (1.15)

The whole system’s energy analysis gives:

Oc+ Qe = 0ut O (1.16)

The coefficient of performance COP for the absorption cooling cycle is:

cop=— 9 (1.17)
Oz + Wpump

It is worth mentioning that the work of the pump is negligible compared to the heat gain in
the evaporator.

The highest value of the COP in absorption cooling is COPcarnot and serves as a benchmark:

T.
Te—Te

COPcarnot = (1 —E) . ( ) (118)
T

In order to carry out an energetic analysis of the absorption process, an enthalpy-
concentration diagram for the working binary mixture must be used, as shown in Figure 1.8:
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Figure 1.8. The enthalpy-concentration diagram for NHs/H>O [8]

The solution circulation ratio g is defined as:

g=_§"_§’ _ms (1.19)

&—& i

The values &g, &, & [kg of refrigerant/kg of solution] are the mass percent compositions of
m, 1o, M

Compared to the aforementioned theoretical case, there are some deviations in the cycle in
actual applications due to irreversibilities. The main problems include the losses in the
processes of internal and external heat transfer, the non-ideal processes of absorption and
desorption, the pressure drops and the non-condensable gases.

1.4. Adsorption cooling

Adsorption entails molecules being distributed between two phases, one being a solid while
the other either a liquid or a gas. Adsorption is a well-known and documented technology
for water treatment, liquid purification, and gas cleaning. Only in the 1990s, however, did
researchers begin to investigate the potential use of adsorption as a cycle of refrigeration [8,
14-16).

The adsorption cycle consists of two main phases: desorption and adsorption. Initially, the
system is at low pressure and temperature: refrigerant saturates the adsorbent in the
adsorber. The desorption phase is initiated to regenerate it. An external heat source heats
the adsorbent, driving the coolant out of the adsorbent and increasing the pressure of the
system. In the condenser, the desorbed refrigerant condenses, producing heat. Adsorption
is the next phase. The adsorber is cooled back to ambient temperature and connected to the
evaporator, resulting in the adsorption of the refrigerant.
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Figure 1.9 presents the basic layout of a two-bed adsorption cycle, as described previously.

Figure 1.9. Schematic of a double-bed adsorption system [8]

Adsorption allows extremely low temperature heat sources to be exploited while using
rather simple, compared to absorption, equipment. In addition, the absence of moving parts
and vibrations, low operating costs and the potential use of waste heat and solar energy
make adsorption a highly competitive alternative to conventional VCC systems [17, 18]. The
main constraint of adsorption technology is the relatively low COP resulting from the limited
adsorptive capacity of commercially used adsorbents [19].

Two working pairs are mainly used in commercial applications as far as working pairs are
concerned: silica gel-water and zeolite-water. For a single stage adsorption cycle with partial
vacuum pressure and 6.7 °C evaporation temperature, 29.4 °C condensation temperature
and 80 °C regeneration temperature, the theoretical refrigeration COP may be as high as
0.68, with 217.3 kl/kg corresponding specific cooling effect [20]. Standard working COP for a
zeolite-based domestic adsorption chiller is within the range of 0.5-0.55 - 15 °C evaporation,
30 °C condensation and 90 °C regeneration temperature [7, 21].

1.5. Literature review

Direct-fired machines with capacities greater than 35 kW take over the largest portion of the
current absorption chiller market. Recent R&D efforts in the field of direct-fired machines
focus primarily on the development of high-efficiency machines by raising the working
temperatures or hybridization of absorption cycles.

On the other hand, there is a relatively small market for indirect-fired chillers, i.e. water or
steam-fired machines and the development of absorption chillers for small-scale residential
and commercial applications is the focus of many recent R&D activities. Table 1.2 lists some
small absorption chillers available in the market.
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Table 1.2. Small-capacity absorption chillers (cooling capacity smaller than 35 kW) [22].

Cycle Working Cooling Heating driving T Cooling
type pair Manufacturer Country Qe (kW) medium medium
Hot
SE H,O/LiBr Phoenix |Germany 10 water water | 90-100 0.74
H,0/LiCl EAW Germany| 15 water |Gas-fired|150-170| 0.74
NHz/H,0 Yazaki Japan 35 air 160-180| 0.71
DE H,O/LiBr| Rotartica Spain 11 0.67
ClimateWell
GAX |NHs3/H0 AB Sweden 7 0.7
Pink Austria 10 0.6
Rinnal Japan 5 1.2-1.3
Robur Italy 18 0.8-0.9
Cooling
Technologies| USA 17

Only the single-effect chillers are suitable for solar cooling among the chillers in Table 1.2.
The particular double-effect and GAX chillers are all direct-fired.

All single-effect absorption chillers on the market are currently water-cooled and they
require a driving temperature in the range between 90 and 100 °C for a COP between 0.6
and 0.74.

The particular double-effect chiller in the table is a water-cooled, city gas-fired machine and
yields a cooling COP of about 1.2. It would require approximately 160 °C steam or
pressurized hot water to drive an equivalent indirect-fired machine.




Table 1.3. Listing of studies on absorption chillers [5, 8, 22]

Hattem SE H,O-LiBr 0.54 - - - -
and Dato
(1981)
Al- SE H,O-LiBr 0.62 - - - -
Karaghouli
etal (1991)
Best and SE H,O-LiBr 0.53 - 75-95 - -
Ortega -
(1983- 0.73
1986)
lzquierdo SE H,0-LiBr 0.34 7.5 - - -
et al (2005)
Storkenmai SE H,O-LiBr 0.74 10 85 15 27
er et al
(2003)
Safarik et SE H,O-LiBr 0.75 16 90 15 32
al (2005)
Safarik et SE H,O-LiBr 0.8 16 80 15 27
al (2005)
Richter and SE NHs-H,0 0.54 15 95 3 -
Safarik
(2005)
Richter and SE NHs-H,0 0.54 20 100 -6 -
Safarik
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(2005)

Erhard and - NH3-SrCl, 0.49 - - - - -
Hahne
(1994)
Erhard and - NH3-SrCl, 0.45 - - - - -
Hahne -
(1995) 0.82
Medrano - TFE-TEGDME | 0.45 - - - - -
etal (-)
Medrano - methanol- | 0.45 - - - - -
etal (-) TEGDME
Pilatowsky - monomethyl | 0.72 - - 10 60 -
etal () amine-H,0
Rivera and - H,O-LiBr 0.15 - - - 120 40-44
Rivera (-) -
0.40
Nakahara SE H,O-LiBr 0.4- 6.5 - - 70-100 -
etal (-) 0.8
Darkwa et - H,O-LiBr 0.69 - 96.3 - - -
al (-)
Brendel et - NHs-H,0 0.58 10 - - 80-120 -
al(-) -
0.74
Bermejo et DE H,O-LiBr 1.10 - - - - -
al(-) -
1.25
Balamure - NHs-(H,O- | 0.58 | 4.0- - - 60-160 -
et al (2000) NaOH) 10.0
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De Lucas et - H,O-LiBr 0.75 | 1580 101.7 5.5 46.1 40 2084.67
al (-)
De Lucas et - H,0- 0.85 | 1580 66 5.5 46.1 15 1850.21
al (-) (LiBr:CHO,K=
2:1)
Kaushik SE H,O-LiBr 0.6- - 91 - - - -
and Arora 0.75
(2009)
Kaushik DE H,O-LiBr 1- - 150 - - - -
and Arora (series 1.28
(2009) flow)
Gomri TE H,O-LiBr 1.85 300 >125 - 33 - -
(2010) (triple-
effect)
Gomri DE H,O-LiBr 13 300 95-125 - 33 - -
(2010)
Gomri SE H,O-LiBr 0.8 300 60 - 33 - -
(2010)
Somers et SE H,O-LiBr 0.73 | 10.77 89.9 1.3 40.2 - -
al (2011) 8
Somers et DE H,O-LiBr 1.38 | 3544 89.9 1.3 40.2 - -
al (2011) 7
Aman et al SE NHs-H,0 0.6 10 80 2 30 - 16.77
(2014)
Sochard et | SE (GAX) NHs-H,0 0.6 8 - - - - -
al (2017)
Asdrubali SE H,O-LiBr 0.42 17 70 - - - -
and
Grignaffini
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(2005)

Arivazhaga HE R134a-DMAC | 0.36 1 - - - 70 - 20-25 20-35 -
n et al (double-
(2006) stage)
Zetzsche et - NH3-H,0 0.72 10 - 14 27-32 100 - - - -
al (2009)
Le Costel - NH3-H,0 0.6 10 - - - 86 19 34 31 -
et al (2013)
Lamine - H,O-LiBr 0.75 - - - - 85-100 5 30 38 -
and Said
(2014)
Beausoleil- SE H,O-LiBr 0.56 | 6.9- 70-93 15-19 (inlet) - - - - - 65
Morisson - 40.5
et al (2015) 0.83
Zamora et - NHs-LiINO; | 0.61 | 10.1 - - - 90 15.5 35 - -
al (2015)
Xu et al variable H,O-LiBr 0.69 50 - 13.5 (inlet) 27.6 125 5 40 35 -
(2015) effect - (51.9) (inlet) (120)
1.08
Franchini - H,O-LiBr 0.35 5 88.2 19.8/16.6 - - 8.5 349 - -
et al (2015) 8 (3.25) (inlet/outlet)
Ohetal DE H,O-LiBr 1.27 7 - - - - - - - -
(1994)
Mazloumi SE H,O-LiBr 0.67 | 17.5 - - - - - - - -
et al (2008) -
0.76
Ortega et - NHs-H,0 0.45 4.8 - - - - -10 - - -
al (2008) 8
Kim and HE H,O-LiBr 0.38 10 - 5.7 - 90 - - - -

19



Infante (12.8)
Ferreira
(2009)
Caciula et - NHs-H,0 0.73 - - - - 74 - - -
al (2013)
Ssembatya SE vapor 0.4- | 35.2 - - - - - - -
et al (2014) 0.7
Ketfi et al SE H,O-LiBr 0.78 70 - - - 92 30 30 90
(2015)
Lubis et al single- - 1.93 - 90 - 34 - - - -
(2016) double
effect
Porumb et single- H,O-LiBr 0.81 - 100 18 (inlet) 27 - - - -
al (2017) stage (inlet)
Matsushim TE - 1.6 - - - - - - - -
aetal
(2010)
Yin et al - H,O-LiBr 0.31 | 8(4.6) 70-95 9 - - - - -
(2013)
Winston et DE H,O-LiBr 0.99 23 - - - - - - -
al (2014)
Albers - - 0.76 - - - - - - - -
(2014)
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Table 1.4. Typical performance of absorption cycles [5].

Absorption Heat-source Type of solar collectors

system COP (-) temperature (°C) matched

Single-effect 0.7 85 Flat-plate

Flat-plate/Compound

Double-effect 1.2 130 parabolic concentrator
Evacuated-
Triple-effect 1.7 220 tube/Concentrating collector

Table 1.4 may be used as an indicator of the typical performance values and the most
preferable type of solar collectors of each absorption system. As the systems become more
complex and efficient, the type of solar collectors required is also more complex (and
expensive) in order to capture greater temperatures.
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Figure 1.10. COP performance of several NHs-H,0 absorption cycles (SE: single-effect, HE: half-effect)
(81

This diagram is a comprehensive depiction of the various absorption systems used. In the
single-effect (SE) system there is a steep rise of the COP for low generator temperatures
until approximately 95 °C and a mild decrease for higher temperatures.
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Figure 1.11. Behavior of the COP for the single-, double- and triple-effect absorption chiller for several
generator and evaporation temperatures. [8].

The behavior of the COP of these systems as the generator temperature in Figure 1.11 rises
is the same as in Figure 1.10. Moreover, there is an enhancement of the COP as the
evaporator temperature increases.

Table 1.5. Three NHs-H,0 prototype chillers [8, 23].

. -10/18 9/18 -10/18
. 15/45 23/33 18/45
. 60/130 60/95 70/180
. 0.71 0.67 0.58




As it is expected, the COP values of the experimental systems are generally lower than those
of a theoretical or simulated system (usually 0.73) because energy losses are more prevalent.

Table 1.6. Overview of the Absorption Chiller Market [8, 23, 24]

Manufacturer Working Capacity
(Country) pair (kw)  COP(-)
AGO (Germany) Congelo NHs3-H,O | 50-150 | 0.51
Baelz Bee/Bumblebee | H,O-LiBr | 50/160 0.8
Broad Air
Conditioning Co.
(China) BCT H,O-LiBr | 16-500 1.1
Carrier
Corporation
(USA) 16L) H,O-LiBr | 90-4,000 | n/a
16T) H,O-LiBr [350-2,500| n/a
16NK H,O-LiBr |352-4,652| n/a
CENTURY
Corporation
(South Korea) AR-D H,O-LiBr | 98-193 n/a
ClimateWell AB | ClimateWell Solar
(Sweden) Chiller LiCl-H,0 7 0.7
Colibri B.V. /
Stork B.V. 100 - Up to
(Netherlands) ARP NHs3-H,O | >2,500 0.8
0.71-
EAW (Germany) Wecagral SE H,O-LiBr | 15-200 | 0.75
En-Save
(Germany) En-Save Cold NHs3-H,O | 30-100 n/a
Heinen &
Hopman Upto
(Netherlands) | SWM60-SWM1200 | H,O-LiBr |150-5,000( 0.8
Helioclim
(France) (pilot plant) NHs-H,0 10 n/a
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JIANGSU
HUINENG (China) RXZ H,O-LiBr | 10-175 0.70
Krloskar
Pneumatic
Company (India) KVAC-SA/DA H,O-LiBr | 211-2400 | n/a
LG A/C (South
Korea) WCDH H,O-LiBr |350-5,275| 1.51
WCMH H,O-LiBr |198.4-3,587| 0.80
Meibes System-
Technik
(Germany) n/a H,O-LiBr 5 n/a
Phoenix
(Germany) n/a H,O-LiBr 10 0.74
PINK (Austria) PC19 NHs-H,O 19 0.63
Up to
Robur (Italy) GA ACF NHs-H,0 | 17.7 0.9
Rotartica (Spain) Solar 045 H,O-LiBr 11 0.67
0.71-
SAKURA (Japan) SHL H,O-LiBr | 10.5-176 | 0.80
25 -
SOLARICE GmbH several
(Germany) n/a NHs-H,0 MWs n/a
THERMAX (India) LT 1/2/3/5 H,O-LiBr | 35-171 0.78

As seen in the table above, the most used working pair in the market is H,O/LiBr followed by
NHs/H,0 and H,O/LiCl. It is also clear that Europe is a leader in the absorption chiller market.

1.6. Thesis scope

There are already some studies of the absorption refrigeration cycle using Aspen Plus,
however there is not an extensive study of alternative working pairs, therefore there is room
for improvement. Main goal of this study is to investigate the performance of various pairs




(and ternary mixtures) in a range of temperatures and calculate their cost in order to

identify which pairs outcompete the conventional ones.

In the next chapters the main scientific questions to be addressed are the following:

How will absorption refrigeration cycle modeling be performed on Aspen Plus?

What are the appropriate inputs to be entered for the model to work without
errors/warnings?

How will the model be validated?
What is the COP of the installation?
How will the sensitivity analysis be performed?

How do the various alternative pairs (including ternary mixtures) compare with
conventional pairs?

What is the total cost of installation for each pair?

Considering performance and cost, which pairs stand out as the most advantageous?

In order to give an answer to the above, the H,O/LiBr cycle has to be modeled in Aspen Plus

and the results of the model along with the corresponding sensitivity analysis will be

compared with the alternative pairs. The modeling of the unique NHs/H,O cycle model is

also necessary, as well as the calculation of the cost of the cycles.
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Chapter 2. Water/LiBr Cycle Modeling with Aspen Plus

This thesis’ objective is to compare various absorption chiller working pairs as far as cooling
capacity and COP is concerned. One of the most common pairs is HO/LiBr and it will be used
as reference for the following cases. In order to model the H,O/LiBr absorption cycle Aspen
Plus was used [25]. It was selected over other programs, like EES, because it is easier and
quicker to design chemical processes and vary operating conditions to understand the
behavior of a system. ASPEN is a process modeling software suite and Aspen Plus is one of
its programs useful for steady-state process modeling. The user interface is based on a
library of ready-made, user-editable Fortran-based component models. By connecting these
components with material, heat and work streams and providing values of predefined inputs,
the user is able to model complex processes. Moreover, its user interface is elegant and easy
to use. The integration of chiller models created in ASPEN into other processes modeled in
ASPEN is feasible and helps when there is a waste heat source available.

2.1. Property method

The property method used for the H,O/LiBr solution was the ELECNRTL property method
because it is more appropriate compared to the Peng-Robinson method as it is precisely
designed for electrolyte solutions [25]. States 7-10 are pure water, hence steamNBS
property method was used in Aspen Plus, which includes look-up tables for pure steam. The
property method selection is presented in Figure 2.1.

Properties < Masthods - Specifications = | +
All lterns - | @ Global \ @ Flowsheet Sections | Referenced | Information
2 % setup :
[ Specifications Property methods & options T .
i i = FrrETE T
[&] Calculation Options Method hiter ORI AR ELECNRTL - Methods Assistant... |
£ Unit Sets Base method ELECNRTL -
[&]Report Options Henry components = [ maodify
4 EBcC t s - =
g =ity Petroleum calculation options LA ESRK
Free-water method STEAMMES - Birtasat 1 =

GMEMNRTL

= =

Water solubility 3 -

Electrolyte calculation options
Chemistry ID GLOBAL -

alpy | HLMXELC
VLIMXELC

@ | Component Attributes [¥] Use true components

3 Henry Comps
(@] UNIFAC Groups ¥
L& Polymers se state enthalpsy

4 [ Methods

& Specifications

L& Selected Methods

Figure 2.1. Property method selection in Aspen Plus

2.2. State Points

The schematic of the modeled cycle corresponds to Figure 1.6, but the state points are
represented differently in order to resemble other studies. This will enable comparisons and
verifications to be made more easily.

The state points will be defined in the following way and will be referred as such throughout
this thesis to avoid confusion. For the single effect cycle of H,O/LiBr, the absorber exit is
state 1, the pump exit is state 2, the solution heat exchanger exit leading to the desorber is
state 3, the liquid exit of the desorber is state 4, the solution heat exchanger exit leading to
the solution valve is state 5, the solution valve exit is state 6, the gas exit of the desorber is
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state 7, the condenser exit is state 8, the refrigerant valve exit is state 9, and the evaporator
exit is state 10.

Some assumptions need to be made for the cycle in order to help the modeling process.
States 1, 4 and 8 are saturated liquid, states 7 and 10 are saturated vapor, state 2 is
calculated by the solution pump model, states 3 and 5 are calculated by the SHX model,
state 6 is calculated by the solution valve model and state 9 is calculated by the refrigerant
valve model.

2.3. Components modeling

At this point, it will be shown how the various parts of the cycle in Aspen Plus are modeled.
Some parts are very simple and consist of a single block. Many basic components (pumps,
valves etc) might be modeled simply by selecting the equivalent block in Aspen Plus. Other
components, like the desorber, are more complex and need a number of blocks to be
adequately represented. The complexity depends on the process and how it is programmed
in Aspen Plus.

2.3.1 State Point1

Since Aspen Plus uses a sequential solver, a “break” in closed cycles is needed to give the
model inputs, inserted in this case at state point 1. Therefore, the exit of the absorber
(stream 1A) and the inlet of the pump (stream 1) are not connected and if the two streams
conclude giving the same results, it is an indication that the model is well designed and has
converged. The inputs for state 1 are the temperature, a vapor quality of zero, the mass flow
rate, and the concentration of water and lithium bromide. The “break” is presented in Figure
2.2,

Figure 2.2. The “break ” between stream 1 and stream 1A

2.3.2 Valves

The valves are modeled simply by selecting VALVE2 in valve/pressure changers in the
simulation window. For the single effect cycle there are two valves that need to be modeled,
one solution valve and one refrigerant valve. The only input needed for both valves is the
outlet pressure. In “Calculation type”, “Adiabatic flash for specified outlet pressure (pressure
changer)” is selected. To increase the possibility of convergence, the number of iterations is
increased. The valve model is presented in Figure 2.3.
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Figure 2.3. H20/LiBr valve model in Aspen Plus

2.3.3 Pump

A pump is used after state point 1 and increases its pressure to a value determined as an
input in discharge pressure. ICON1 is selected in pump/pressure changers in the simulation
window. The efficiency in both pump and driver is considered 1, as the effect of the pump
on the total energy balance is negligible (the pump work is less than 0.1% of the heat duties
of the other components). The pump model is presented in Figure 2.4.

rume

Figure 2.4. H20/LiBr pump model in Aspen Plus

2.3.4 Solution Heat Exchanger

A solution heat exchanger is used in the cycle to enhance the overall performance. Heat is
transferred from state 4 (the hot side inlet) to state 2 (the cold side inlet), resulting in states
5 (the hot side exit) and 3 (the cold side exit). Two heater blocks were used to model the
solution heat exchanger and a heat stream (QSHX) connects them as an indication that the
heat rejected on the hot side is to be transferred to the cold side. HEATER is selected twice
in heater/exchangers in the simulation window. In both heaters pressure drop is assumed
zero and heat duty is also an input in one of the two. The solution heat exchanger model is
presented in Figure 2.5.

Figure 2.5. H,O/LiBr solution heat exchanger model in Aspen Plus

2.3.5 Evaporator

The evaporator is modeled as a heater. Modeling the evaporator, or the succeeding
components, as heat exchangers with two heaters was unnecessary as it only complicated
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the cycle and led to warnings and errors in Aspen Plus. The refrigerant passing through the
evaporator is pure water, therefore the steamNBS property method was used for this
component, as well as in all refrigerant-only components. The inputs for the evaporator
were zero pressure drop and zero degrees of superheating, as the refrigerant exits as
saturated vapor. Heat is added in the evaporator. The evaporator model is presented in
Figure 2.6.

Figure 2.6. H,O/LiBr evaporator model in Aspen Plus

2.3.6 Condenser

The condenser is also modeled as a heater and the steamNBS property method is used
likewise. The inputs for the condenser were zero pressure drop and zero vapor fraction, as
the water exits the condenser as saturated liquid. Heat is rejected from the condenser. The
condenser model is presented in Figure 2.7.

HCOND

Figure 2.7. H,0O/LiBr condenser model in Aspen Plus

2.3.7 Absorber

The absorber is modeled as a heater with a solution inlet (stream 6), a refrigerant inlet
(stream 10) and a solution exit (stream 1A). The inputs are zero pressure drop and the outlet
temperature. Heat is rejected from the absorber. The absorber model is presented in Figure
2.8.

Figure 2.8. H,O/LiBr absorber model in Aspen Plus
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2.3.8 Desorber

The modeling of the desorber is more complicated and difficult as it involves separating
components, while all the previous components dealt with mixing, pressure changes and
heat addition or rejection. The desorber has a solution inlet (stream 3), a solution outlet
which is saturated liquid (stream 4) and a pure water (refrigerant) outlet which is saturated
vapor (stream 7). Heat is added in the desorber. To separate the vapor and the liquid a flash
separator is used. V-DRUML1 is selected in Flash2/Separators in the simulation window. The
inputs of the flash separator (block B5) are zero pressure drop and the outlet temperature.
To define the state of the vapor outlet stream, its temperature needs to be assumed equal
to the saturation temperature of the liquid solution at state 3. Therefore, a heater must be
added after the flash to reduce the temperature and another heater before the flash to raise
the temperature. The inputs are zero pressure drop and the heat duty (QS). The desorber
model is presented in Figure 2.9.

Figure 2.9. H,O/LiBr desorber model in Aspen Plus
2.4. Complete model

The complete model of the H,O/LiBr absorption cycle is shown in Figure 2.10.
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Figure 2.10. Complete model of the single effect H,O/LiBr cycle in Aspen Plus
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Chapter 3. Water/LiBr model validation

In order to assess the validity of the model, the results must be checked in three ways.
Firstly, a mass balance verification has to be performed to ensure that the system is
correctly modeled. Then, an energy conservation verification is necessary to check for
inconsistencies in the various blocks which add or reject heat. Last but not least, a
comparison with the results of another study will be performed for further confirmation of
the model.

3.1. Mass balance verification

After the absorber exit and before the pump inlet a “break” was modeled to provide inputs.
The purpose of this “break” is to demonstrate if the model is well formulated by means of
identical results, especially component and mass flow rates, between the streams before
and after it.

As seen in Table 3.1 below, the streams 1 and 1A have equal mass flow rates. This
demonstrates that the mass flow is conserved in the model.

Table 3.1. Single effect H,O/LiBr mass balance verification

0.7839 0.7839
0.3810 0.3810
0.4029 0.4029

3.2.  Energy conservation verification

Moreover, an energy conservation verification is achieved in this model as the net amount
of energy into and out of the cycle equals to zero. There are five components exchanging
energy in the form of heat, while four are taken into consideration as the pump’s
contribution is negligible. The absorber and the condenser reject heat from the cycle, while
the evaporator and the desorber add heat. Internal energy transfer, such as in the solution
heat exchanger, is not regarded in the energy conservation verification. The energy
equilibrium is presented in the following equation:

=363.941+307.455-352.207-319.138=0 (2.1)

|Qdes + Qevap - |Qabs + Qcond

As a result, the model is successful as far as energy conservation is concerned.
3.3. State point results and comparison with another study

After running the model of the single effect H,O/LiBr cycle in Aspen Plus the following
results were provided. They are presented in Table 3.2.
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Table 3.2. State point results for the single effect H,O/LiBr cycle

State . Temperature Pressure Mass Flow |Vapor Fraction

XH,0 (-) | XLiBr (-) o kPa)

0486 0.514 33 1.228 0.7839 0
0486  0.514 33 5.033 0.7839 0
048 0514 56.49 5.033 0.7839 0
- 0385  0.615 78.7 5.033 0.6547 0
0385 0615 47.63 5.033 0.6547 0
- 0385 0615 47.63 1.228 0.6547 0
1 0 58.68 5.033 0.1291 1
- 1 0 33 5.033 0.1291 0
- 1 0 10 1.228 0.1291 0.039
1 0 10 1.228 0.1291 1

Comparing these results to the results of another study [26] a number of small discrepancies
in some streams can be spotted. These discrepancies are minute, and therefore negligible.

As shown by the results above, the low pressure is 1.228 kPa and the high pressure is 5.033
kPa. The concentration of LiBr in the strong solution side is 51.4% and in the weak solution
side is 61.5%. The vapor fraction is either 0 or 1, namely saturated liquid and saturated
vapor, except for state point 9 where it equals to 0.039, which is an acceptable value. As far
as the mass flow rates are concerned, 83.5% of the total mass flow is led to the weak
solution side, which is a typical value. Finally, the evaporation temperature is 10 °C, the
desorber temperature is 78.7 °C and the condenser and absorber temperatures are 33 °C.
Overall, the results are normal for a typical single-effect H,O/LiBr cycle.

The heat duties and the COP of the cycle are presented in Table 3.3. The COP value is very
satisfying as it is a bit above the typical COP value of a standard single-effect H,O/LiBr cycle.

33



Table 3.3. Heat duties and COP of the single-effect H,O/LiBr cycle

Qcondenser (kW) 319.138
Qabsorber (kW) 352.207
Qevaporator (kW) 307.455
Qdesorber (kW) 363.941

COP (-) 0.8448

3.4. Sensitivity analysis

The next step in this study is to run a sensitivity analysis in order to examine the model’s
behaviour to the changing variables. More specifically, the change of the value of Qevap (kW)
and COP for different temperatures of the generator and the evaporator and for different
strong solution LiBr concentrations will be examined.

Firstly, the generator temperature Tg is varied from 70 °C to 125 °C with an increment of
1°C. Then, the heat duties of the evaporator and the generator are defined and tabulated.
The COP is also tabulated and its mathematical formula is written in the Fortran window.
This sensitivity analysis is run for a number of LiBr concentrations.

Following the same idea, the evaporator temperature is varied by varying the low pressure
in streams 6 and 9 from 0.7 kPa to 1.8 kPa with an increment of 0.1 kPa, which allows for
temperatures between 1.9 °C and 15.8 °C. Then, the heat duties of the evaporator and the
generator as well as the evaporator temperature are defined and tabulated. The COP is also
tabulated and its mathematical formula is written in the Fortran window. This sensitivity
analysis is also run for a number of LiBr concentrations.

The LiBr concentrations examined are 40%, 50%, 51.4%, 53% and 55%. Between 40% and
50% Aspen Plus bugged, therefore these values (e.g. 43%, 47%) are not taken into
consideration.

The results of the sensitivity analysis while varying the generator temperature are presented
below.
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Figure 3.1. Qevap-Tg diagram for various XLiBr values (Ta=33 °C, Tc=33 °C, Te=10 °C)
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Figure 3.2. COP-Tg diagram for various XLiBr values (Ta=33 °C, Tc=33 °C, Te=10 °C)

As the generator temperature Tg increases, the heat duty of the evaporator Qevap also
increases. However, the heat duty of the desorber increases in a higher rate, therefore the
COP decreases. For the lowest concentrations of LiBr (XLiBr), in this case for XLiBr=55%, the
COP curve has a different form, as for the lowest temperatures until approximately 78 °C
there is a rise of the value of the COP and then a decrease. This form is also slightly visible in
the XLiBr=53% curve, which suggests that the curves of higher XLiBr have the same form for
lower temperatures.

Moreover, it is clear that the lower the value of XLiBr the higher the values of Qevap and
COP. The reason for this is that as XLiBr decreases, XH,O increases in state point 1. This leads
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to a higher mass flow of water after the separation in the desorber, which is directed
towards the evaporator. The heat duty is proportional to the mass flow, hence its increase.

The range of Qevap for each curve is approximately 400 kW and that of COP is 0.1 for the
examined temperatures.

The results of the sensitivity analysis while varying the evaporator temperature are
presented below.
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Figure 3.3. Qevap-Te diagram for various XLiBr values (Ta=33 °C, Tc=33 °C, Tg=78.7 °C)
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Figure 3.4. COP-Te diagram for various XLiBr values (Ta=33 °C, Tc=33 °C, Tg=78.7 °C)

In this case, it is clear that the heat duty of the evaporator has a small increase of 3-5 kW as
the evaporator temperature rises and this affects the COP which has a very slight increase.
The heat duty of the evaporator remains almost stable because of the shape of the curve in
the p-h diagram, which allows for small changes of the latent heat duty for small changes of
pressure or temperature (ranges: 1.1 kPa or 13.9 °C).




As in the previous sensitivity analysis, the lower the value of XLiBr the higher the values of
Qevap and COP.
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Chapter 4. Lithium-based working pairs

The subject of this study is to analyze the behavior of different refrigerant-absorbent pairs
as working fluids in an absorption cooling cycle and evaluate their energy efficiency. Even
though the existing requirements of common applications are met adequately by the
prevalent working pairs such as H,O/LiBr, as these applications advance, additional
requirements need to be discussed and research activities on new working pairs need to be
resumed in order to overcome the disadvantages of the prevailing working pairs. New
refrigerant-absorbent working pairs have been proposed and investigated by only a few
research groups. As a matter of fact, the literature on other refrigerant-absorbent pairs and
their mixtures for absorption chillers is limited, mainly due to the lack or inadequate number
of pilot facilities, and mostly constrained by the operating and utility costs caused by
exploring one by one each working pair.

Selection of the working fluids for the absorption cycles is depended on acceptability range
for certain thermophysical and thermodynamic properties of the fluids and their chemical
and physical properties.

The most common worthy characteristics of a refrigerant-absorbent mixture are:

® good chemical thermal stability,

® alarge difference in boiling points of the absorbent and the refrigerant,

® non-corrosive, non-toxic, and non-flammable,

® freezing points of the liquid should be below the lowest temperature in the cycle,

® low viscosity of the solution under the desired operating conditions: this reduces the
pump work,

® high equilibrium and solubility of the refrigerant in the absorbent, and

® high degree of negative deviation from Raoult's law.

The refrigerant should also possess the following characteristics:

® high critical temperature and pressure,

® high affinity for the absorbent at low temperatures, while less at high temperatures,
® |ow specific heat,

® high enthalpy of vaporization for better coefficients of performance, and

® |ow molecular weight.
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Based on the already designed H,O/LiBr model the following aqueous lithium-based
working pairs were also simulated and their results compared: H,O/LiF, H,O/LiCl. The same
assumptions were made in simulating all of the components in the model to allow for a
meaningful comparison and inputs such as high and low pressures and temperatures were
equal.

4.1. Mass balance verification of lithium-based working pairs

Firstly, the mass balance verification is examined. As seen in Table 4.1 below, the streams 1
and 1A have equal mass flow rates for all the lithium-based working pairs. This
demonstrates that the mass flow is conserved in the model for these working pairs.

Table 4.1. Single effect lithium-based working pairs mass balance verification

Total 0.7839 0.7839

H>0 0.3810 0.3810
LiBr 0.4029 0.4029
LiF 0.4029 0.4029

LiCl 0.4029 0.4029

4.2. Energy conservation verification of lithium-based working pairs

In addition, the energy conservation verification is examined. As stated in a previous chapter,
the absorber and the condenser reject heat from the cycle, while the evaporator and the
desorber add heat. Also, internal energy transfer, such as in the solution heat exchanger, is
not regarded in the energy conservation verification. As seen in Table 4.2 below, the sums of
the four heat streams equal zero for all working pairs, therefore the models are successful.

Table 4.2. Single effect lithium-based working pairs energy conservation verification

H,O/LiBr H,O/LiF H,O/LiCl

Qcondenser (kW) 319.138 657.457 442.539
Qabsorber (kW) 352.207 634.689 478.038
(OVETJIEIIM(QW)] 307.455 628.36 424.503
Qdesorber (kW) 363.941 663.438 496.574

Sum 0 0 0
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4.3. Parameter results comparison of lithium-based working pairs

A set of important and easy to compare results for the single-effect cycle for the selected
working fluids is presented below. The results showed that among the four working fluids
being assessed, H,O/LiF has the highest COP value of 0.9471, followed by H,O/LiCl, and
H,O/LiBr with COP values of 0.8549 and 0.8448 respectively. It is also clear that the
concentration of the weak solution follows the same pattern, with H,O/Lil having the
highest value and H,O/LiBr having the lowest. Table 4.3 shows the cycle parameter results
for H,0O/LiBr, H,O/LiF and H,O/LiCl.

Table 4.3. Single-effect lithium-based working pairs parameter results

Parameter H,O/LiBr H,O/LiF H,O/LiCl

P low (kPa) 1.228 1.228 1.228

P high (kPa) 5.033 5.033 5.033

Conc. strong sol. (-) 0.514 0.514 0.514

(Sl [MEIEINEIN 0.61538 0.77492 0.66534

COP (-) 0.84479 0.94712 0.85486

4.4, State point results of lithium-based working pairs

After running the same model of single-effect absorption cycle in Aspen Plus for different
lithium-based working pairs, the following state point results occured for each one of them.
These results are shown in Table 4.4, Table 4.5 and Table 4.6.

Table 4.4. State point results for the single effect H,O/LiF cycle

State . Temperature| Pressure [Mass Flow| Vapor
, XH20 (-) | XLF () _
Point Fraction (-)
0.48 0514 33 1.228  0.7839 0
0.486 0514 33 5.033  0.7839 0
0.48 0514 50.64 5.033  0.7839 0
0225  0.775 78.7 5033  0.52 0
0225  0.775 38.45 5033  0.52 0

40



“ 0.225  0.775 39 1228  0.52 0
1 0 69.14 5.033  0.264 1
- 1 0 33 5033  0.264 0
“ 1 0 10 1.228  0.264 0.039
1 0 10 1.228  0.264 1

Table 4.5. State point results for the single effect H,O/LiCl cycle

State . Temperature| Pressure [Mass Flow| Vapor
XH,0 (-) | XLicl (-) -
0.486  0.514
0.486  0.514 33 5.033  0.7839 0
0.48  0.514 51.13 5033  0.7839 0
0.3347  0.6653 78.7 5033  0.6055 0
0.3347  0.6653 53.86 5033  0.6055 0
- 0.3347  0.6653 49.73 1.228  0.6055 0
1 0 64.33 5033  0.1783 1
- 1 0 33 5033  0.1783 0
n 1 0 10 1228 0.1783  0.039
1 0 10 1.228  0.1783 1

4.5. Sensitivity analysis for lithium-based working pairs

In order to have a deeper comprehension of the behavior of the lithium-based working pairs
in the single-effect absorption cycle model a sensitivity analysis needs to be run for each
working pair. Once again, we will examine the change of the value of Qevap (kW) and COP
for various temperatures of the generator and the evaporator and for different strong
solution concentrations.

The sensitivity analysis will be run for the same values of the concentrations of the strong
solution and for the same values of generator and evaporator temperatures as in the
sensitivity analysis of HO/LiBr.
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The results of the sensitivity analysis while varying the generator temperature for the

lithium-based working pairs are presented below.
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Figure 4.1. Qevap-Tg diagram for various XLiF values (Ta=33 °C, Tc=33 °C, Te=10 °C)

0.97

0.96

0.95

0.94

0.93

0.92

0.91

0.9

0.89

60

COP-Tg

——— XLiF=40%

- XLiF=50%
—— XLiF=51,4%
——— XLiF=53%
——— XLiF=55%

70 80 90 100 110 120 130
Tg (°C)

Figure 4.2. COP-Tg diagram for various XLiF values (Ta=33 °C, Tc=33 °C, Te=10 °C)
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Figure 4.3. Qevap-Tg diagram for various XLiCl values (Ta=33 °C, Tc=33 °C, Te=10 °C)
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Figure 4.4. COP-Tg diagram for various XLiCl values (Ta=33 °C, Tc=33 °C, Te=10 °C)

The heat duty of the evaporator increases for both working pairs as the generator
temperature rises. The COP for the H,O/LiF cycle decreases and for the H,O/LiCl increases
until 77-87 °C, depending on the concentration, and then decreases as the generator
temperature rises. The curves of the COP for the H,O/LiF cycle have a straight form, while
the curves of the COP for the H,O/LiF cycle have a curvy form.

The results of the sensitivity analysis while varying the evaporator temperature for the
lithium-based working pairs are presented below.
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Figure 4.5. Qevap-Te diagram for various XLiF values (Ta=33 °C, Tc=33 °C, Tg=78.7 °C)
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Figure 4.6. COP-Te diagram for various XLiF values (Ta=33 °C, Tc=33 °C, Tg=78.7 °C)
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Figure 4.8. COP-Te diagram for various XLiCl values (Ta=33 °C, Tc=33 °C, Tg=78.7 °C)

The heat duty of the evaporator and the COP increases for both cycles as the evaporator
temperature rises. The range of the heat duty of the evaporator is several kWs and the
range of the COP is 0.01 for each concentration for both cycles.




Chapter 5. Sodium-based working pairs

The next working pairs examined are aqueous sodium-based: H,0/NaOH and H,O/HCOONa.
The same assumptions were made in simulating all of the components in the model to allow
for a meaningful comparison and inputs such as high and low pressures and temperatures
were equal.

5.1. Mass balance verification of sodium-based working pairs

As in the lithium-based working pairs, the mass balance verification is examined. As seen in
Table 5.1 below, the streams 1 and 1A have equal mass flow rates for both the sodium-
based working pairs. This demonstrates that the mass flow is conserved in the model for
these working pairs.

Table 5.1. Single effect sodium-based working pairs mass balance verification

Total 0.7839 0.7839

H.0 0.3810 0.3810
NaOH 0.4029 0.4029

HCOONa 0.4029 0.4029

5.2. Energy conservation verification of sodium-based working pairs

In addition, the energy conservation verification is examined. As seen in Table 5.2 below, the
sums of the four heat streams equal zero for all working pairs, therefore the models are
successful.

Table 5.2. Single effect sodium-based working pairs energy conservation verification

H,O/NaOH H,O/HCOONa

849.629

Qcondenser (kW) 323.791

Qabsorber (kW) 425.846 825.878

Qevaporator (kW) 311.868 810.641

Qdesorber (kW) 437.895 865.94

Sum 0 0
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5.3. Parameter results comparison of sodium-based working pairs

A set of important and easy to compare results for the single-effect cycle for the selected
working fluids is presented below. The results showed that among the two working fluids
being assessed and H,O/LiBr, H,O/HCOONa has the highest COP value of 0.9361, followed by
H,O/LiBr and H,O/NaOH with COP values of 0.8448 and 0.7122 respectively. H,0/HCOONa
has the highest weak solution concentration. Table 5.3 shows the cycle parameter results for
H,O/LiBr, H,0/NaOH and H,0/HCOONa.

Table 5.3. Single-effect sodium-based working pairs parameter results

Parameter H,O/LiBr | H,O/NaOH [ H,0/HCOONa

P low (kPa) 1.228 1.228 1.228

P high (kPa) 5.033 5.033 5.033

Conc. strong sol. (-) 0.514 0.514 0.514
oo [VEENEHLINBIN 0.61538  0.61713 0.90873

COP (-) 0.84479 0.71219 0.93613

5.4. State point results of sodium-based working pairs

The state point results for the sodium-based working pairs are presented in Table 5.4 and
Table 5.5.

Table 5.4. State point results for the single effect H,O/NaOH cycle

State
Point

Temperature| Pressure |Mass Flow| Vapor

XH,0 (-) | XNaOH (-)

0.486 0.514 33 1.228 0.7839 0

0.486 0.514 33 5.033 0.7839 0
0.486 0.514 40.52 5.033 0.7839 0
0.383 0.617 78.7 5.033 0.6529 0
0.383 0.617 69.58 5.033 0.6529 0
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n 0.383 0.617 52.27 1.228  0.6529  0.023
1 0 58.97 5.033 0.131 1
- 1 0 33 5.033 0.131 0
n 1 0 10 1.228 0.131 0.039
1 0 10 1.228 0.131 1

Table 5.5. State point results for the single effect HO/HCOONa cycle

XHCOONa | Temperature | Pressure | Mass Flow Vapor

(-)

0(-)

Fraction (-)

0.486

1.228 0.7839

0.486 0.514 33 5.033 0.7839 0

0.486 0.514 42.63 5.033 0.7839 0

0.0913 0.9087 78.7 5.033 0.4434 0

0.0913 0.9087 52.36 5.033 0.4434 0

0.0913 0.9087 48.13 1.228 0.4434 0.003

1 0 71.4 5.033 0.3405 1

1 0 33 5.033 0.3405 0

1 0 10 1.228 0.3405 0.039

[
R
o

10 1.228 0.3405 1

x
T

5.5. Sensitivity analysis for sodium-based working pairs

The sensitivity analysis for the sodium-based working pairs follows. It will be run for the
same values of the concentrations of the strong solution and for the same values of
generator and evaporator temperatures as in the sensitivity analysis of the previous working
pairs.

The results of the sensitivity analysis while varying the generator temperature for the
sodium-based working pairs are presented below.
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Figure 5.1. Qevap-Tg diagram for various XNaOH values (Ta=33 °C, Tc=33 °C, Te=10 °C)
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Figure 5.2. COP-Tg diagram for various XNaOH values (Ta=33 °C, Tc=33 °C, Te=10 °C)
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Figure 5.3. Qevap-Tg diagram for various XHCOONa values (Ta=33 °C, Tc=33 °C, Te=10 °C)
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Figure 5.4. COP-Tg diagram for various XHCOONa values (Ta=33 °C, Tc=33 °C, Te=10 °C)

The heat duty of the evaporator increases for both working pairs as the generator
temperature rises. The increase in the H,O/NaOH cycle is steeper than that of the
H,O/HCOONa cycle. The COP for the H,O0/HCOONa cycle decreases and for the H,O/NaOH
increases until 90-100 °C, depending on the concentration, and then decreases as the
generator temperature rises. The curves of the COP for the H,O/HCOONa cycle have a
straight form, while the curves of the COP for the H,0/NaOH cycle have a curvy form.

The results of the sensitivity analysis while varying the evaporator temperature for the
sodium-based working pairs are presented below.
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Figure 5.5. Qevap-Te diagram for various XNaOH values (Ta=33 °C, Tc=33 °C, Tg=78.7 °C)
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Figure 5.6. COP-Te diagram for various XNaOH values (Ta=33 °C, Tc=33 °C, Tg=78.7 °C)

51



Qevap-Te

1100
1050
1000
= o950 ——— XHCOONa=40%
X
:%' 900 XHCOONa=50%
g 850 —— XHCOONa=51,4%
——— XHCOONa=53%
800
——— XHCOONa=55%
750
700
0 5 10 15 20

Te (°C)

Figure 5.7. Qevap-Te diagram for various XHCOONa values (Ta=33 °C, Tc=33 °C, Tg=78.7 °C)

COP-Te

0.95
0.945
0.94

- ——— XHCOON2a=40%

8 0.935 XHCOONa=50%

= ——— XHCOONa=51,4%

0.93

——— XHCOONa=53%

0.925 ——— XHCOONa=55%
0.92

0 5 10 15 20
Te (°C)

Figure 5.8. COP-Te diagram for various XHCOONa values (Ta=33 °C, Tc=33 °C, Tg=78.7 °C)

The heat duty of the evaporator and the COP increase for both cycles as the evaporator
temperature rises. It is clear that both the heat duty of the evaporator and the COP of the
H>O0/HCOONa cycle have higher values for each concentration than those of the H,O/NaOH
cycle.
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Chapter 6. Ternary mixtures

The next working fluids examined are ternary mixtures: H,O/LiBr+LiNOs (salt mole ratio 4:1),
H,O/LiBr+ZnBr; (2:1), H,O/LiCl+LiNO3 (2.8:1), H,O/LiCl+ZnCl, (2:1) and H,O/LiBr+Lil (4:1) [27].
The same assumptions were made in simulating all of the components in the model to allow
for a meaningful comparison and inputs such as high and low pressures and temperatures
were equal.

6.1. Mass balance verification of ternary mixtures

As in the previous working pairs, the mass balance verification is examined. As seen in Table
6.1 below, the streams 1 and 1A have equal mass flow rates for all the ternary mixtures. This
demonstrates that the mass flow is conserved in the model for these ternary mixtures.

Table 6.1. Single effect ternary mixtures mass balance verification

Total 0.7839 0.7839

H,O 0.3810 0.3810

LiBr+LiNO3 0.4029 0.4029

LiBr+ZnBr; 0.4029 0.4029

LiCI+LiNOs 0.4029 0.4029

LiCl+ZnCl, 0.4029 0.4029

LiBr+Lil 0.4029 0.4029

6.2. Energy conservation verification of ternary mixtures

Once again, the energy conservation verification is examined. As seen in Table 6.2 below,
the sums of the four heat streams equal zero for all working pairs, therefore the models are
successful.

Table 6.2. Single effect ternary mixtures energy conservation verification

- H,0/LiBr+LiNO3 [ H,0/LiBr+ZnBr, | H,0/LiCl+LiNOs | H,O/LiCl+ZnCl, |[H,0/LiBr+Lil

Qcondenser
(kw)

450.194 568.676 517.744 586.806 444.066

Qabsorber
(kw)

484.349 588.127 556.206 612.341 477.447
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431.765 544.149 495.838 561.346 425.952

Qdesorber
502.836 612.612 578.212 637.867 495,593

(kw)

6.3. Parameter results comparison of ternary mixtures

A set of important and easy to compare results for the single-effect cycle for the selected
working fluids is presented below. The results showed that among the ternary working fluids
being assessed and H,O/LiBr, H,O/LiBr+ZnBr; has the highest COP value of 0.88824, followed
by H,0/LiCl+ZnCl;, HyO/LiBr+Lil, H,O/LiBr+LiINO3, H,O/LiCl+LINO3 and H,O/LiBr with COP
values of 0.88824, 0.88003, 0.85947, 0.85865, 0.85753 and 0.84479 respectively.
H,O/LiCl+ZnCl, has the highest weak solution concentration.

Table 6.3 shows the cycle parameter results for H,O/LiBr, H,O/LiBr+LiNOs, H,O/LiBr+ZnBr,
H,0/LiCl+LiNOs, H,0/LiCl+ZnCl; and H,O/LiBr+Lil.

Table 6.3. Single-effect ternary mixtures parameter results

LiBr+Lil

1.228 1.228 1.228 1.228

5.033 5.033 5.033 5.033

0.514 0.514 0.514 0.514

£l ¢l 0.61538 0.66871
()

0.72556  0.69998 0.73512 0.66601

CelNOM 0.84479 0.85865 0.88824 0.85753 0.88003 0.85947

6.4. State point results of ternary mixtures

The state point results for the ternary mixtures are presented in Table 6.4, Table 6.5, Table
6.6, Table 6.7 and Table 6.8.

55



Table 6.4. State point results for the single effect H,O/LiBr+LiNO3 cycle

XH-0 (-)
Point

0.486
0.486
0.486
n 0.3313
0.3313
- 0.3313
1
M
M
1

XLiBr+LiNOs|Temperature| Pressure |Mass Flow| Vapor

0.514

0.514

0.5148

0.6687

0.6687

0.6687

33

33

45.36

78.7

59.2

50.74

64.58

33

10

10

1.228

5.033

5.033

5.033

5.033

1.228

5.033

5.033

1.228

1.228

0.7839

0.7839

0.7839

0.6025

0.6025

0.6025

0.1814

0.1814

0.1814

0.1814

Table 6.5. State point results for the single effect H,O/LiBr+ZnBr; cycle

State H XLiBr+ZnBr;
()

x
N
O
D

Point

o o o © o ©
= = = 3 S 3 ) % )
IN IN IN o & P

0.514

0.514

0.726

0.726

0.726

Temperature
(°C)

33
46.49
78.7
51.28
50.35
67.6
33

10

Pressure [Mass Flow

5.033

5.033

5.033

5.033

1.228

5.033

5.033

1.228

0.7839

0.7839

0.5553

0.5553

0.5553

0.2286

0.2286

0.2286

Fraction (-)

0

0.039

Vapor
Fraction (-)

0.039
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0 1 0 10 1.228 0.2286 1

-

Table 6.6. State point results for the single effect H,O/LiCl+LiNO; cycle

XLiCI+LiNOs [ Temperature| Pressure | Mass Flow

B
0.486 0.514 33 1.228  0.7839 0
0.486 0.514 33 5033  0.7839 0
0.486 0.514 43 5033  0.7839 0
0.3 0.7 78.7 5033  0.5756 0
0.3 0.7 63.48 5033  0.5756 0
n 0.3 0.7 50.13 1228  0.5756  0.014
1 0 66.47 5.033  0.2083 1
n 1 0 33 5033  0.2083 0
n 1 0 10 1.228  0.2083  0.039
1 0 10 1.228  0.2083 1

Table 6.7. State point results for the single effect H,O/LiCl+ZnCl cycle

XLiCl+ZnCl;[Temperature|Pressure|Mass Flow| Vapor

()

20 ()

0.486 0.514 33 1.228 0.7839 0

0.486 0.514 33 5.033  0.7839 0

0.486 0.514 43.98 5.033  0.7839 0

0.265 0.735 78.7 5.033  0.5481 0

0.265 0.735 59.79 5.033  0.5481 0

0.265 0.735 49.87 1.228  0.5481 0.009

1 0 67.95 5.033  0.2358 1

X




n 1 0 33 5.033  0.2358 0
n 1 0 10 1.228 0.2358  0.039
1 0 10 1.228  0.2358 1

Table 6.8. State point results for the single effect H,O/LiBr+Lil cycle

State : . Temperature| Pressure [Mass Flow| Vapor
XH,0 () [XLiBr+Lil (-) - ]
0486  0.514 33 1.228  0.7839 0
0486  0.514 33 5033  0.7839 0
0486  0.514 45.76 5033  0.7839 0
n 0334  0.666 78.7 5033  0.6049 0
0.334  0.666 58.26 5033  0.6049 0
n 0334  0.666 50.83 1.228 0.6049  0.007
1 0 64.38 5033  0.1789 1
- 1 0 33 5033  0.1789 0
n 1 0 10 1.228 0.1789  0.039
1 0 10 1.228  0.1789 1

6.5. Sensitivity analysis for ternary mixtures

The sensitivity analysis for the ternary mixtures follows. It will be run for the same values of
the concentrations of the strong solution and for the same values of generator and
evaporator temperatures as in the sensitivity analysis of the previous working pairs.

The results of the sensitivity analysis while varying the generator temperature for the
ternary mixtures are presented below.
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Figure 6.1. Qevap-Tg diagram for various XLiBr+LiNO3 (4:1) values (Ta=33 °C, Tc=33 °C, Te=10 °C)
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Figure 6.2. COP-Tg diagram for various XLiBr+LiNO3 (4:1) values (Ta=33 °C, Tc=33 °C, Te=10 °C)
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Figure 6.3. Qevap-Tg diagram for various XLiBr+ZnBr; (2:1) values (Ta=33 °C, Tc=33 °C, Te=10 °C)
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Figure 6.4. COP-Tg diagram for various XLiBr+ZnBr (2:1) values (Ta=33 °C, Tc=33 °C, Te=10 °C)
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Figure 6.5. Qevap-Tg diagram for various XLiCl+LiNO3 (2.8:1) values (Ta=33 °C, Tc=33 °C, Te=10 °C)

COP-Tg
0.92
0.9
0.88
o s e XLiCL+LiNO3=40%
o 086 - XLiCl+LiINO3=50%
o
O ——— XLiCL+LiNO3=51,4%
G ——— XLiCI+LiNO3=53%
082 ——— XLiCl+LiINO3=55%
0.8
60 70 80 90 100 110 120 130

Tg (°C)

Figure 6.6. COP-Tg diagram for various XLiCl+LiNOs (2.8:1) values (Ta=33 °C, Tc=33 °C, Te=10 °C)
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Figure 6.7. Qevap-Tg diagram for various XLiCl+ZnCl, (2:1) values (Ta=33 °C, Tc=33 °C, Te=10 °C)
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Figure 6.8. COP-Tg diagram for various XLiCl+ZnCl, (2:1) values (Ta=33 °C, Tc=33 °C, Te=10 °C)
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Figure 6.9. Qevap-Tg diagram for various XLiBr+Lil (4:1) values (Ta=33 °C, Tc=33 °C, Te=10 °C)
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Figure 6.10. COP-Tg diagram for various XLiBr+Lil (4:1) values (Ta=33 °C, Tc=33 °C, Te=10 °C)

The heat duty of the evaporator increases for every ternary mixture as the generator
temperature rises. The range of the Qevap for each ternary mixture and concentration is
mainly 300-400 kW. The COP generally decreases as the generator temperature rises, except
for the lower generator temperatures and the higher concentrations where there is an
increase until a certain temperature. The range of the COP for each ternary mixture and
concentration is approximately 0.07.

The results of the sensitivity analysis while varying the evaporator temperature for the
ternary mixtures are presented below.
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Figure 6.11. Qevap-Te diagram for various XLiBr+LiNOs (4:1) values (Ta=33 °C, Tc=33 °C, Tg=78.7 °C)
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Figure 6.12. COP-Te diagram for various XLiBr+LiNOs (4:1) values (Ta=33 °C, Tc=33 °C, Tg=78.7 °C)
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Figure 6.13. Qevap-Te diagram for various XLiBr+ZnBr, (2:1) values (Ta=33 °C, Tc=33 °C, Tg=78.7 °C)

COP-Te
0.92
0.915 "
0.91- //
0.905
—~ 09 e XLiBr+ZnBr2=40%
S 0.895 ———— XLiBr+ZnBr2=50%
© 089 /// XLiBr+ZnBr2=51,4%
el /// e XLiBr+ZnBr2=53%
il D el — e XLiBr+ZnBr2=55%
0.875 —
0.87 . . . .
0 5 10 15 20

Te (°C)

Figure 6.14. COP-Te diagram for various XLiBr+ZnBr; (2:1) values (Ta=33 °C, Tc=33 °C, Tg=78.7 °C)
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Figure 6.15. Qevap-Te diagram for various XLiCl+LiNOs (2.8:1) values (Ta=33 °C, Tc=33 °C, Tg=78.7 °C)
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Figure 6.16. COP-Te diagram for various XLiCl+LiNOs (2.8:1) values (Ta=33 °C, Tc=33 °C, Tg=78.7 °C)

66



Qevap-Te

900
850
800

= 750

s ——— XLiCH+ZnCl2=40%

= 700

o XLiCl+ZnCl2=50%

T 650 .

g —— XLiCH+ZnCl2=51,4%
600 ——— XLiCH+ZnCl2=53%
550 ——— XLiCH+ZnCl2=55%
500
450

0 5 10 15 20

Te (°C)

Figure 6.17. Qevap-Te diagram for various XLiCl+ZnCl; (2:1) values (Ta=33 °C, Tc=33 °C, Tg=78.7 °C)

COP-Te
0.92
0.9
- —— XLiCl+ZnCl2=40%
& 0.89 — : XLiCl+ZnCl2=50%
o . ——— XLiCl+ZnCl2=51,4%
0.88

——— XLiCl+ZnCl2=53%

0.86
0 5 10 15 20

Te (°C)

Figure 6.18. COP-Te diagram for various XLiCl+ZnCl, (2:1) values (Ta=33 °C, Tc=33 °C, Tg=78.7 °C)

67



Qevap-Te

800
750 - —
700
__ 650
2 600 e XLiBr+Lil=40%
o 550 XLiBr+Lil=50%
g 500 XLiBr+Lil=51,4%
450 e X LiBr+Li1=53%
i e XLiBr+Lil=55%
350
300 : ; ; .
0 5 10 15 20

Te (°C)

Figure 6.19. Qevap-Te diagram for various XLiBr+Lil (4:1) values (Ta=33 °C, Tc=33 °C, Tg=78.7 °C)
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Figure 6.20. COP-Te diagram for various XLiBr+Lil (4:1) values (Ta=33 °C, Tc=33 °C, Tg=78.7 °C)

The heat duty of the evaporator and the COP increase for every cycle as the evaporator
temperature rises. The higher values of Qevap and COP for a concentraion of 40% are
observed for H,O/LiBr+ZnBr; and H,O/LiCl+ZnCl,.
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Chapter 7. Ammonia/Water Cycle Modeling with Aspen Plus

The results and, especially, the COP of the NH3/H,0 cycle are needed as a reference for the
results of the other cycles and for comparison. In this chapter, the way that the NH3/H,0
cycle is modeled is shown.

7.1. Property method

A property method specific to these working fluids was not available. Therefore, a more
general method had to be used. The property method used for the NH3/H,O solution was
the Peng-Robinson method and its selection is presented in Figure 7.1.

Methods |+

Properties < )
All lterms - | @ Global | Flowsheet Sections I Referenced I Information
P M SEtD P ethods & opti
4 [E Components “:'Pe""-'_‘f’.'” priectnplinne Method name
@] Specifications Meihad fiiter BLE " | PENG-ROB ~ | Methods Assistant... |
I+ [ Moelecular Structure Base method PENG-ROB =
L1 Assay/Blend Henry components =] Modify
@] Light End Properties . 3 EOS ESPRSTD
s -~ Petroleum calculation options .
[ Petro Characterization Data set 1 .
Free-water method STEAMMES - et i3

] Pseudocomponents
@] Component Attributes Water solubility 3 -
& Henry Comps

@] UNIFAC Groups
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I L& Analysis
L& Custorize

I [ Results
Figure 7.1. Property method selection in Aspen Plus

7.2.  State points

It is more difficult to separate NHs3/H,O than H>O/LiBr in the desorber due to the quite
different vapor pressures of the two components. The vapor exit of the desorber is only 90-
95% refrigerant in NHs/H,0, compared to virtually 100% steam for the H,O/LiBr cycle. The
issue is that a two component refrigerant will have a large temperature glide in the
evaporator if evaporated completely. The working fluid can’t be fully evaporated because a
temperature glide greater than a few degrees Kelvin is undesirable and this leads to a
reduced cooling capacity.

A rectifier is placed after the vapor exit of the desorber to condense some of the non-
refrigerant. Hence, a much higher percentage refrigerant goes to the condenser.

A vapor/liquid heat exchanger (VLHX) is placed in the cycle with one side after the
evaporator and before the absorber and the other after the condenser and before the
refrigerant valve. The inclusion of this heat exchanger enhances the COP of the cycle.

After running the cycle, it was concluded that a solution heat exchanger (SHX) with one side
after the pump and before the desorber and the other after the desorber and before the
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solution valve was unnecessary because the enhancement of the cycle was minimal
compared to its cost. State points 3 and 5 are omitted.

The state points will be defined in the following way and will be referred as such throughout
this chapter to avoid confusion. For the single effect cycle of NHs/H,0, the absorber exit is
state 1, the pump exit is state 2, the liquid exit of the desorber is state 4, the solution valve
exit is state 6, the gas exit of the desorber leading to the rectifier is state 7, the exit of the
rectifier leading back to the desorber is state 8, the gas exit of the desorber is state 9, the
condenser exit is state 10, the vapor/liquid heat exchanger exit leading to the refrigerant
valve is state 11, the refrigerant valve exit is state 12, the evaporator exit is state 13, and
the vapor/liquid heat exchanger exit leading to the absorber is state 14.

Some assumptions need to be made for the cycle in order to help the modeling process.
States 1, 4 and 10 are saturated liquid, state 9 is saturated vapor, state 13 vapor quality is
calculated by the evaporator, state 2 is calculated by the solution pump model, states 11
and 14 are calculated by the VLHX model, state 6 is calculated by the solution valve model
and state 12 is calculated by the refrigerant valve model.

7.3. Components modeling

At this point, it will be shown how the various parts of the cycle in Aspen Plus are modeled.
As in the H,O/LiBr cycle, some parts are very simple and consist of a single block. Many basic
components (pumps, valves etc) might be modeled simply by selecting the equivalent block
in Aspen Plus. Other components, like the desorber, are more complex and need a number
of blocks to be adequately represented. The complexity depends on the process and how it
is programmed in Aspen Plus.

7.3.1 State Point1

Since Aspen Plus uses a sequential solver, a “break” in closed cycles is needed to give the
model inputs, inserted in this case at state point 1. Therefore, the exit of the absorber
(stream 1A) and the inlet of the pump (stream 1) are not connected and if the two streams
conclude giving the same results, it is an indication that the model is well designed and has
converged. The inputs for state 1 are the temperature, a vapor quality of zero, the mass flow
rate, and the concentration of ammonia and water. The “break” is presented in Figure 7.2.

iy

{F

Figure 7.2. The “break” between stream 1 and stream 1A

7.3.2 Valves
The valves are modeled simply by selecting VALVE2 in valve/pressure changers in the
simulation window. As in the H,O/LiBr cycle, there are two valves that need to be modeled,
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one solution valve and one refrigerant valve. The only input needed for both valves is the
outlet pressure. In “Calculation type”, “Adiabatic flash for specified outlet pressure (pressure
changer)” is selected. To increase the possibility of convergence, one may raise the number
of iterations. The valve model is presented in Figure 7.3.

7 WALWE
£
[= ]

Figure 7.3. NH3/H,0 valve model in Aspen Plus

7.3.3 Pump

A pump is used after state point 1 and increases its pressure to a value determined as an
input in discharge pressure. ICON1 is selected in pump/pressure changers in the simulation
window. The efficiency in both pump and driver is considered 1, as the effect of the pump
on the total energy balance is negligible (the pump work is less than 0.1% of the heat duties
of the other components). The pump model is presented in Figure 7.4.

Figure 7.4. NH3/H,0 pump model in Aspen Plus

7.3.4 Evaporator

The evaporator is modeled as a heater. Modeling the evaporator, or the succeeding
components, as heat exchangers with two heaters was unnecessary as it only complicated
the cycle and led to warnings and errors in Aspen Plus. The inputs for the evaporator were
zero pressure drop and the outlet temperature. Zero degrees of superheating was not given
as an input because the temperature glide is very big for a vapor quality near 1, as it is clear
from the T-x-y diagram (green line) for Vapor-Liquid-Equilibrium (VLE) of ammonia,
generated in the Aspen Plus Properties tab. The diagram is shown in Figure 7.5. Heat is
added in the evaporator.
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T-xy diagram for AMMON-01/WATER

Figure 7.5. T-x-y diagram for VLE of ammonia

The evaporator model is presented in Figure 7.6.

CEVAP

fe—>\J—1=]

Figure 7.6. NH3/H,0 evaporator model in Aspen Plus

7.3.5 Condenser

The condenser is also modeled as a heater. The inputs for the condenser were zero pressure
drop and zero vapor fraction, as the water exits the condenser as saturated liquid. Heat is
rejected from the condenser. The condenser model is presented in Figure 7.6.

Figure 7.7. NH3/H,0 condenser model in Aspen Plus

7.3.6 Absorber
The absorber is modeled as a heater with a solution inlet (stream 6), a refrigerant inlet
(stream 14) and a solution exit (stream 1A). The inputs are zero pressure drop and the outlet

temperature. Heat is rejected from the absorber. The absorber model is presented in Figure
7.7.
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Figure 7.8. NH3/H>0 absorber model in Aspen Plus

7.3.7 Desorber

A distillation column was used to model the desorber, which is shown in Figure 7.8. The
desorber model in the NH3/H,0 model is not the same as in the H,O/LiBr model because the
working fluids interact in a more complex manner. The inputs are the split fraction in the
stream spec and the mass fractions. In the outlet flash, temperature is given as an input for
stream 7.

Figure 7.9. NHs/H,0 desorber model in Aspen Plus

7.3.8 Rectifier

The rectifier is placed after the desorber and its function is to condense out some of the
solution, leaving higher percentage ammonia. This is accomplished using a flash block, with
inputs of zero pressure drop and heat duty. The liquid exit of the rectifier (state point 8)
combines with the liquid exit of the desorber to form state 4 and the gaseous exit of the
rectifier goes to the condenser as state point 9. The rectifier model and its surrounding
components are shown in Figure 7.9.

Figure 7.10. NHs/H 0 rectifier model in Aspen Plus
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7.3.9 Vapor/liquid heat exchanger

The vapor/liquid heat exchanger (VLHX) enhances the COP and increases the cooling
capacity. Although it adds complexity and initial cost to the design, it is worth including in
the cycle. One side of the heat exchanger is placed between the condenser and the
refrigerant valve and the other side is placed between the evaporator and the absorber. The
inputs of the VLHX are zero pressure drop and the heat duty. The VLHX model is shown in
Figure 7.10.

Figure 7.11. NH3/H,0 VLHX model in Aspen Plus

7.4. Complete model

The complete model of the NH3/H,0 absorption cycle is shown in Figure 7.11.

HCOND

¥
PUMP ? VALVE %{

HABS

]

Figure 7.12. Complete model of the single effect NH3/H,0 cycle in Aspen Plus
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Chapter 8. Ammonia/Water model validation

In order to assess the validity of the model, the results must be checked in two ways. Firstly,
a mass balance verification has to be performed to ensure that the system is correctly
modeled. Then, an energy conservation verification is necessary to check for inconsistencies
in the various blocks which add or reject heat.

8.1. Mass balance verification

After the absorber exit and before the pump inlet a “break” was modeled to provide inputs.
The purpose of this “break” is to demonstrate if the model is well formulated by means of
identical results, especially component and mass flow rates, between the streams before
and after it.

As seen in Table 8.1 below, the streams 1 and 1A have equal mass flow rates. This
demonstrates that the mass flow is conserved in the model.

Table 8.1. Single effect NH3/H>0 mass balance verification

0.7839  0.7839
0.4703  0.4703
0.3136  0.3136

8.2. Energy conservation verification

Moreover, an energy conservation verification is achieved in this model as the net amount
of energy into and out of the cycle equals to zero. There are five components exchanging
energy in the form of heat, while four are taken into consideration as the pump’s
contribution is negligible. The absorber and the condenser reject heat from the cycle, while
the evaporator and the desorber add heat. Internal energy transfer, such as in the
vapor/liquid heat exchanger, is not regarded in the energy conservation verification. The
energy equilibrium is presented in the following equation:

|Qdes + Qevap| — | Qubs + Qeona| =111.192 + 84.729 -100.874 - 95.122 = 0 (2.1)

As a result, the model is successful as far as energy conservation is concerned.
8.3.  State point results

After running the model of the single effect NH3/H,O cycle in Aspen Plus the following
results were provided. They are presented in Table 8.2.

Table 8.2. State point results for the single effect NHs/H,0 cycle




State Temperature | Pressure | Mass Flow Vapor
XNH () XH20 () (°C) (kPa) (kg/s) Fraction (-)
0.6 0.4 26.1 513.4 0.7839 0
0.6 0.4 26.18 1528 0.7839 0
- 0.559 0.441 27 1528 0.7084 0
- 0.559 0.441 27.2 513.4 0.7084 0
0.927 0.073 78.7 1528 0.0862 0.878
“ 0.497 0.503 78.7 1528 0.0108 0
- 0.988 0.012 78.7 1528 0.0754 1
0.988 0.012 40.06 1528 0.0754 0
0.988 0.012 8.08 1528 0.0754 0
0.988 0.012 5.5 513.4 0.0754 0.01
0.988 0.012 8.2 513.4 0.0754 0.883
0.988 0.012 25.75 513.4 0.0754 0.974

As shown by the results above, the low pressure is 513.4 kPa and the high pressure is 1528
kPa. The concentration of H,0 in the strong solution side is 40% and in the weak solution
side is 44.14%. The vapor fraction is either 0 or 1, namely saturated liquid and saturated
vapor, except for state point 7 where it equals to 0.878, which is why the rectifier is used,
state point 12 where it equals 0.01, which is an acceptable value, state point 13 where it
equals 0.883, due to the form of the VLE diagram as explained above and state point 14
where it equals 0.974, which is an acceptable value. As far as the mass flow rates are
concerned, 90.37% of the total mass flow is led to the weak solution side, which is a typical
value. Finally, the evaporation temperature is 8.2 °C (due to the temperature glide, the
temperature in state point 12 and 13 is not the same), the desorber temperature is 78.7 °C,
the condenser temperature is 40 °C and the absorber temperature is 26.1 °C. Overall, the
results are normal for a typical single-effect NH3/H,O cycle.

The heat duties and the COP of the cycle are presented in Table 8.3. The COP value is very
satisfying as it is a bit above the typical COP value of a standard single-effect NH3/H,0 cycle.
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Table 8.3. Heat duties and COP of the single-effect NHs/HO cycle

Qcondenser (kW) 95.122
Qabsorber (kW) 100.874
Qevaporator (kW) 84.729
Qdesorber (kW) 111.192

COP (-) 0.762

8.4. Sensitivity analysis

The next step in this study is to run a sensitivity analysis in order to examine the model’s
behaviour to the changing variables. More specifically, the change of the value of Qevap (kW)
and COP for different temperatures of the generator will be examined.

The generator temperature Tg is varied from 50 °C to 100 °C with an increment of 1°C,
because it is observed that the NHs3/H,O cycle has a better performance for lower
temperatures. Then, the heat duties of the evaporator and the generator are defined and
tabulated. The COP is also tabulated and its mathematical formula is written in the Fortran
window. This sensitivity analysis is run for an H,O concentration of 40% only, because this is
the concentration where the previous cycles had the best performance.

The sensitivity analysis while varying the evaporator temperature was not done because the
outlet temperature of the evaporator was given as an input in Aspen Plus instead of zero
degrees of superheating as mentioned in the previous chapter.

The results of the sensitivity analysis while varying the generator temperature are presented
below.
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Figure 8.1. Qevap-Tg diagram for XH,0=40% (Ta=26.1 °C, Tc=40 °C, Te=8.2 °C)
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Figure 8.2. COP-Tg diagram for XH,0=40% (Ta=26.1 °C, Tc=40 °C, Te=8.2 °C)

The heat duty of the evaporator is under 90 kW for every generator temperature which sets
the NHs/H,0 cycle below every other cycle examined as far as Qevap is concerned. The heat
duty of the evaporator increases as the generator temperature rises until 68.5 °C and then
decreases. The COP of the cycle decreases as the generator temperature rises.
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Chapter 9. Cost calculation

9.1.

Introduction

Most engineering design projects are conducted to provide data from which capital and

operating cost estimates can be produced. Each plant is constructed to create a profit, and

an estimate of the necessary investment and manufacturing costs are required before a

project's profitability can be evaluated [28].

The Fixed capital investment is the total cost of designing, constructing and installing a plant

and the associated modifications necessary to prepare the site of the plant. The fixed capital
investment consists of [28]:

® The inside battery limits (ISBL) investment — the cost of the plant itself.

® The changes and improvements to the infrastructure of the site, known as off-site or
OSBL investment.

® Engineering and construction costs.

® Contingency charges.

9.1.1 ISBL

The cost of the ISBL involves the cost of procurement and installation of all the process

machinery making up the new plant.

The direct field costs include [28]:

All the major process equipment, such as vessels, reactors, columns, furnaces, heat
exchangers, coolers, pumps, etc.

Bulk items, such as piping and valves.
Civil works such as roads, foundations, buildings, etc.

Installation labour and supervision.

In addition to the direct field costs there will be indirect field costs including:

Construction costs such as construction equipment rental, construction workshops, etc.
Field expenses and services such as field canteens, specialists’ costs, etc.

Construction insurance.

Labour benefits and burdens (social security, workers compensation, etc.).

Miscellaneous overhead items such as agent’s fees, legal costs, import duties, special
freight costs, local taxes, etc.
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9.1.2 OSBL
Off-site cost or OSBL investment includes the costs of the additions that must be made to
the site infrastructure to accommodate adding a new plant or increasing the capacity of an
existing plant.

Off-site investments may include [28]:
® Electric main substations, transformers, switchgear and power lines
® Power generation plants, turbine engines, standby generators.

® Boilers, steam mains, condensate lines, boiler feed water treatment plant, supply
pumps.

® Cooling towers, circulation pumps, cooling water mains, cooling water treatment.
® Workshops and maintenance facilities.

® Emergency services, fire fighting equipment, fire hydrants, medical facilities, etc.
® Site security, fencing, gatehouses, landscaping.

Off-site costs are typically estimated as a percentage of ISBL costs in the early stages of
design. For typical petrochemical projects, off-site costs are usually between 20% and 50%
of ISBL cost. A value of 30% will be used.

An example of this is sites that have undergone contraction, where some plants have closed,
leaving underutilized infrastructure (‘brown-field’ sites). On the other hand, if the site
infrastructure has to be repaired or upgraded to comply with new laws, or if the plant is built
on a completely new site (a ‘green-field’ site), then off-site costs will increase.

9.1.3 Engineering costs
The engineering costs include the costs of detailed design and other engineering services
required to carry out the project [28]:

® Detailed design engineering of process equipment, piping systems, control systems and
off-sites, plant layout, drafting, cost engineering, scale models and civil engineering.

® Procurement of main plant items and bulks.
® Construction supervision and services.

® Administrative charges, including engineering supervision, project management,
expediting, inspection, travel and living expenses and home office overheads.

® Bonding.

® Contractor’s profit.
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Very few working businesses, except for very tiny projects, maintain a big enough
engineering staff to carry out all these operations internally. In most instances, one or more
significant contracting companies in engineering will be introduced.

A rule of thumb for engineering costs is 30% of ISBL plus OSBL cost for smaller projects and
10% of ISBL plus OSBL cost for larger projects. The absorption chiller is considered a small
project.

9.1.4 Contingency Charges

Contingency charges are additional expenses added to the project budget to allow the cost
estimate to vary. All cost estimates are uncertain and the final installed cost of many items is
unknown until successful installation has been accomplished.

Apart from errors in the cost estimate, contingency costs also help cover [28]:
® Changes in project scope,

® Changesin prices (e.g., prices of steel, copper, catalyst, etc.),

® Currency fluctuations,

® Labour disputes,

® Subcontractor problems, and

® Other unexpected problems.

A minimum contingency charge of 10% of ISBL plus OSBL cost should be used on all projects.
If the technology is uncertain then higher contingency charges (up to 50%) are used.

9.2. Calculations

9.2.1 ISBL calculation

To estimate the installed ISBL capital cost of the absorption chiller the costs of the following
parts need to be calculated and added: generator, absorber, trays, condenser, evaporator,
heat exchanger, pump, driver and working fluid.

Each part’s cost is calculated using the Table 9.1 and Table 9.2 [28] and the correlation
below:

Ce=a+b-S5" (9.1)
where
® C.=purchased equipment cost ($) on a US Gulf Coast basis, Jan. 2007 (CE index
(CEPCI)=509.7, NF refinery inflation index=2059.1),
® 3, b=cost constants,

® S=size parameter,
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® n=exponent for that type of equipment.

A summary of the values used for the calculations is presented in Table 9.1 and Table 9.2
below:

Table 9.1. Purchased equipment descriptions and units

Generator Pressure vessels Vertical, 304 ss shell mass, kg

Absorber Pressure vessels Vertical, 304 ss shell mass, kg

Trays Trays Sieve trays diameter, m
Condenser Exchangers U-tube shell and tube area, m?
Evaporator Exchangers U-tube shell and tube area, m?
HEX Exchangers U-tube shell and tube area, m?
Pump Pumps and drivers Single-stage centrifugal flow, L/s

Table 9.2. Purchased equipment cost constants and exponent

Generator 15000 68 0.85
Absorber 15000 68 0.85
Trays 110 380 1.8
Condenser 24000 46 1.2
Evaporator 24000 46 1.2
HEX 24000 46 1.2
Pump 6900 206 0.9

It is important to note that the calculations are done for a mass concentration of 40%, as this
is the concentration with the highest COP results.

The generator and the absorber are calculated as pressure vessels (vertical, 304 ss).
Therefore, their shell mass (kg) needs to be calculated:




shell _mass =7 -Dec-Le-tw-p (9.2)
where
® D.=vessel diameter (m),
D=Di+2ty,
® [ .=vessel length (m),
L:=30'x approximately, where x is the volume flow in L/s,
® p=metal density (kg/m3),
304 stainless steel: p=8000 kg/m?3,
® t,=wall thickness (m).

The wall thickness t,, is calculated by the following formula [28]:

Pi-Di
tw = (93)
2-S-E-12-P;

where
® Di=internal diameter (m),
which is considered as:

Le

Di=— (9.4)
10

® S=maximum allowable stress (N/mm?),

for type 304 stainless steel at 500 °F (260 °C) it is 12.9 ksi or roughly 89 N/mm?,
® Pi=internal pressure (Pa),

the design pressure of the vessels should be 10% above the operating pressure,
® E-welded-joint efficiency,

E=1.

The calculated cost Ce ($) is converted in € (when this thesis was written, 1$ was equal to
0.89696 €) and then increased by a factor of 4, according to Hand’s method [28].

The results for the costs (€) of the generator and the absorber are presented in Table 9.3
(water is omitted from the tables below for simplistic reasons):
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Table 9.3. Generator and absorber costs for each working pair

LiBr LiF LiCl NaOH HCOONa LiBr+LiNO3
Generator | 59570.2 58243.5 | 60730.5 | 58841.6 | 72818.6 | 59826.5
Absorber | 55551.8 551519 | 55901.6 | 55332.2 | 59545.8 | 55629.1
LiBr+ZnBr, LiCl+LiNOs LiCl+ZnCl,  LiBr+Lil
Generator | 58998.3 60825.1 | 59826.5 | 59486.3 |3591822
Absorber | 55379.4 55930.1 | 55629.1 | 55526.5 | 1430080

According to the results above, the cost of the generator is the highest for the NH3/H,0 cycle,

followed by the H,O/HCOONa cycle, while it is the lowest for the H,O/LiF cycle. The cost of
the generator for the NH3/H,O cycle is so much higher due to the very high pressures
compared to the other working pairs and the bigger volume flow which results to a bigger
vessel length. The results follow the same pattern for the cost of the absorber.

The cost per tray for both the generator and the absorber is calculated as sieve tray based
on the internal diameter D.. It is then multiplied by the number of trays which is:

No. of trays =1.667- L (9.5)

The calculated cost Ce ($) is converted in € and then increased by a factor of 1.3, according to
Hand’s method. The result is multiplied by 2 to take into consideration both the generator
and the absorber.

The results for the costs (€) of the total trays are presented in Table 9.4:
Table 9.4. Trays costs for each working pair

LiBr Li LiCl

NaOH

77088.7 | 58564.5 | 92715.5 | 68299.5 | 268584.7 | 81998.4

HCOONa LiBr+LiNO3

LiBr+ZnBr, LiCI+LiINOs LiCl+ZnCl,  LiBr+Lil NH

Trays 69639.4 | 93533.1 81998.4 | 76369.8 | 390451.5

The results for the costs of the trays follow the same pattern as the results for the costs of
the generator and the absorber, as there is also a dependence of the cost on the vessel
length.
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The condenser, the evaporator and the HEX (or VLHX in the case of NH3/H,0) are calculated
as exchangers (U-tube shell and tube). Therefore, their area (m?) needs to be calculated:

=2
U -LMTD

(9.6)
where

® Q=heat duty (W),

® U=overall heat transfer coefficient (W/m?K),

according to the tables in [29],

Condenser: U=550 Btu/hrft*F=3123 W/m?K,

Evaporator: U=150 Btu/hrft>F=851 W/m?K,

HEX: U=250 Btu/hrft*F=1420 W/m?K,

® | MTD=logarithmic mean temperature difference,

LMTD = M (9.7)
AT4
In( )

ATs

where

ATa is the temperature difference between the two streams at end A, and ATg is the
temperature difference between the two streams at end B. It is assumed that a generic heat
exchanger has two ends (which are called "A" and "B") at which the hot and cold streams
enter or exit on either side.

The calculated cost Ce ($) is converted in € and then increased by a factor of 3.5, according to
Hand’s method.

The results for the costs (€) of the condenser, the evaporator and the HEX are presented in
Table 9.5:

Table 9.5. Condenser, evaporator and HEX costs for each working pair

LiBr LiF LiCl NaOH HCOONa LiBr+LiNO3

Condenser | 77602.2 78531.7 77933.8 | 77614.5 | 79085.2 | 77954.2

Evaporator| 197492.3 | 255489.8 | 218208.4 |198260.1 (289964.5| 219479.7

HEX or
VLHX 75622.8 75523.1 75549.2 | 75391.3 | 75427 75410
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LiBr+ZnBr, LiCI+LiNOz LiCl+ZnCl, | LiBr+Lil NH3

Condenser | 78281.6 78139.6 78332.3 | 77937.1 | 75486.5

Evaporator| 239897.3 231084 | 243064.7 |218442.2|79104.7

HEX or
VLHX 75432.3 75400.6 75408 75411.6 | 75874.3

The results show that the cost of the evaporator is the biggest among the heat exchangers
for every working pair due to the relatively high heat duty and the quite low overall heat
transfer coefficient and LMTD.

The cost of the condenser and the evaporator is the highest for the H,O/HCOONa cycle and
the lowest for the NH3/H,0 cycle. The cost of the HEX or VLHX is the highest for the NH3/H,0
cycle and the lowest for the H,O/NaOH cycle.

The pump is calculated as single-stage centrifugal. Therefore, their volume flow (L/s) in state
point 1 is required.

The calculated cost Ce ($) is converted in € and then increased by a factor of 4 and a factor of
1.3, according to Hand’s method.

The results for the cost (€) of the pump are presented in Table 9.6:
Table 9.6. Pump costs for each working pair

LiBr LiF LiCl NaOH HCOONa LiBr+LiNOs

Pump 32769.9 32718.6 32811.4 | 32744.3 |33080.6| 32778.9

LiBr+ZnBr, | LiCl+LiNOs LiCl+ZnCl,  LiBr+Lil

Pump 32750.8 32813 32779.6 | 32767.7 |33196.3

The highest pump cost is that of the NH3/H,O cycle, followed by the pump cost of the
H>0/HCOONa cycle, while the lowest is that of the H,O/LiF cycle.

The cost of the driver is considered 400 € for every working pair, which is a typical value.

The cost of the total mass of the working fluids, not including the water used, circulating in
the absorption cycle is calculated by multiplying the total mass (kg) with the price in €/kg.

The mass of the working fluid is assumed to be 2 kg/kWevap and by multiplying with the
heat duty of the evaporator (Qevap) and the percentage of the working fluid in the working
pair (for example, the percentage of LiBr is 40% in the H,O/LiBr cycle, the percentage of
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LiNOs is 10.5% and the percentage of LiCl is 29.5% in the H,O/LiCl+LiNOs cycle) the total
mass (kg) is calculated.

The prices (€/kg) of the various working fluids found in the internet are presented in Table
9.7:

Table 9.7. Prices of the various working fluids

LiBr LiF LiCl ] NaOH

Price (€/kg) 139.2 176.5 75.2 1410 40.4
HCOONa LiNO; ZnBr, ZnCly NH3

Price (€/kg) 58.8 204.9 171.5 113.6 4.5

The NH3 price is very low as it is a very commonly used substance in the market, in contrast
with Lil.

The results for the cost (€) of the total mass circulating in the cycle are presented in Table
9.8:

Table 9.8. Total mass costs for each working pair

LiBr LiF LiCl NaOH HCOONa LiBr+LiNOs

Total mass cost 72742 127503.9 | 44756.6 | 21199.9 |49103.3| 91376.1

LiBr+ZnBr; LiBr+Lil

LiCI+LiNOs

LiCl+ZnCl,

Total mass cost | 100438.7 | 69874.6 59855.9 234535 | 455.5

As it was expected, the total mass costs of the H,O/LiBr+Lil cycle is the highest and the total
mass cost of the NHs/H>0 cycle is the lowest.

The cost of the ISBL investment (€) is calculated by adding all the costs above. The results
are shown in Table 9.9:

Table 9.9. ISBL costs for each working pair

LiBr

LiF

LiCl

NaOH

HCOONa

LiBr+LiNO3

ISBL

ISBL

648839.8

LiBr+ZnBr,

711217.8

742127.1

LiCI+LiNOs

698000.1

659006.8

LiCl+ZnCl;

687294.5

830876

588083

LiBr+Lil

928009.6

5676871.4

694852.8
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It is clear that the most expensive working pair in terms of the ISBL investment is the
NHs/H,0. The main reason is that the components of this cycle are more demanding and
complicated due to the more extreme conditions of the cycle in comparison to the H,O/LiBr
model. Moreover, there is a factor of uncertainty for this working pair as far as the model in
Aspen Plus is concerned, which could explain the unreasonably high cost of the pair. The
second most expensive cycle is that of H,O/HCOONa, followed by that of H,O/LiBr+Lil,
mainly due to the high market price of Lil. The rest of the working pairs are very close as far
as the ISBL cost is concerned.

9.2.2 OSBL calculation
The cost of the OSBL investment (€) is assumed as 30% of the ISBL cost. The results are
shown in Table 9.10:

Table 9.10. OSBL costs for each working pair

LiBr LiF LiCl NaOH HCOONa LiBr+LiNO3
OSBL 194652 194652 | 197702.1 | 176425 | 278402.9 | 208455.8
LiBr+ZnBr, LiCl+LiNO3 | LiCl+ZnCl, LiBr+Lil
OSBL 213365.3 | 209400 | 206188.3 (249262.9|1703061.4

The same conclusions (as for the ISBL costs) can be drawn for the OSBL costs as they are a
percentage of the ISBL costs.

9.2.3 Engineering costs calculation
The Engineering costs (€) are assumed as 30% of the sum of ISBL and OSBL costs. The results
are shown in Table 9.11:

Table 9.11. Engineering costs for each working pair

LiBr Li LiCl NaOH

253047.5 | 281033.7 | 257012.7 |229352.5|361923.7| 270992.6

HCOONa LiBr+LiNO3

LiBr+ZnBr, LiCl+LINOs LiCl+ZnCl;  LiBr+Lil

Engineering costs | 277374.9 272220

The Engineering costs of the various working pairs follow the same pattern as the ISBL and
OSBL costs.
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9.2.4 Contingency charges calculation
The Contingency charges (€) are assumed as 10% of the sum of ISBL and OSBL costs. The
results are shown in Table 9.12:

Table 9.12. Contingency charges for each working pair

Contingency

Contingency

LiBr

84349.2

LiBr+ZnBr,

92458.3

LiF

93677.9

LiCI+LiNOs

90740

LiCl

85670.9

LiCl+ZnCl,

89348.3

NaOH

76450.8

LiBr+Lil

108013.9

HCOONa

120641.2

LiBr+LiNO3

90330.9

737993.3

The Contingency charges are the least expensive costs but add significantly to the total cost
of the project. The pattern of the costs of the working pairs is the same.

9.2.5 Fixed capital investment calculation
The Fixed capital investment costs (€) are the sum of the ISBL costs, OSBL costs, Engineering
costs and Contingency charges. The results are shown in Table 9.13:

Table 9.13. Fixed capital investment costs for each working pair

NaOH HCOONa LiBr+LiNOs

LiBr Li LiCl
Fixed capital 1180888.5 [1350671.3(1199392.5/1070311.6| 1688977 | 1264632

LiBr+ZnBr, LiCl+LiNOs LiCl+ZnCl,

LiBr+Lil NH3

Fixed capital | 1294416.4 |1270360.2| 1250876 [1512194.8{10331906

It is clear that after all the calculations the most expensive pairs are NH3/H,0, H,O/HCOONa
and H,O/LiBr+Lil, whereas the least expensive pairs are H,0/NaOH, H,O/LiBr and H,O/LiCl. It
is worth noting again that the cost of the NH3/H,0 pair is unreasonably high due to a level of
uncertainty of the results of the model of this pair because of the peculiarity of NHs. Below is
an example of the distribution of the various costs of the H,0/HCOONa pair.
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Fixed capital investment cost distribution of
H,O0/HCOONa

7.14%

16.48%

W |SBL (€) m OSBL (€) m D&E (€) m Contingency (€)

Figure 9.1. Fixed capital investment cost distribution of H20/HCOONa

It is clear that the ISBL costs are the highest followed by the Engineering costs.
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Chapter 10. Conclusions-Propositions

On the basis of the preceding analysis, the conclusions drawn regarding the behavior of the
single-stage absorption refrigeration cycle models for the various alternative pairs are

considered to be expected. On Aspen Plus Modeling:

The various parts of the cycle were modeled either with a single block or a combination
of blocks, as in the case of the Solution Heat Exchanger (SHX) which consisted of two
heater blocks and of the desorber which had increased complexity due to the
separation process. The heat exchangers (except SHX and desorber) were chosen to be
modeled with one heater block (instead of two) in order to avoid undesirable errors.

The models as a whole are functional and show no errors or warnings. The process of
selecting the right inputs to avoid errors (and warnings) was time consuming and
laborious.

Mass balance verification and energy conservation verification confirmed the validity of
the models.

The results of the H,O/LiBr cycle compared to previous study results have negligible
differences. This means that the model is suitable for use.

In the NH3/H,O cycle there were some differences in modeling due to the special
properties of ammonia. In particular, it was considered necessary to use a rectifier to
better separate ammonia from water, the Solution heat exchanger (SHX) was omitted
due to negligible enhancement of the cycle efficiency over its high cost and the
Vapor/liquid heat exchanger (VLHX) was added, which increased the complexity and
cost of the cycle but it greatly improved the performance. Moreover, the sensitivity
analysis for various temperatures of the evaporator was not possible because the
evaporator temperature was given as an input instead of zero degrees of superheating
due to the very steep curve of the VLE diagram for a vapor quality near 1.

Figure 10.1 and Figure 10.2 show (in descending order) the results for every pair (including
ternary mixtures) of the cooling capacity Qevap and the coefficient of performance COP for

a mass concentration of the absorbent in the rich solution equal to 40% (for
Xabsorbent=40% the values of Qevap and COP are the highest) and for the following
conditions: Ta=33 °C, Tc=33 °C, Tg=78.7 °C kat Te=10 °C, except for NH3/H,0 where: Ta=26.1
°C, Tc=40 °C, Tg=78.7 °C and Te=8.2 °C.
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Qevap comparison for various working pairs
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Figure 10.1. Qevap comparison diagram for Xabsorbent=40% (Ta=33 °C, Tc=33 °C, Tg=78.7 °C, Te=10
°C, except for NH3/H,0 where: Ta=26.1 °C, Tc=40 °C, Tg=78.7 °C, Te=8.2 °C)

From the diagram above it is clear that H,O/HCOONa has the highest cooling capacity,
exceeding 1000 kW. It is followed by H,O/LiF which is slightly above 900 kW and
H,0O/LiCl+ZnCl,, H,O/LiBr+ZnBr, and H,O/LiCl+LiNOs; which exceed 800 kW. Below the 800
kW limit are H,O/LiBr+LiNOs, H,O/LiCl and H,O/LiBr+Lil, while H,0/NaOH and H,O/LiBr do
not exceed 700 kW. NHs/H,0O does not exceed 100 kW of cooling capacity and the major
difference with the other pairs lies in the special properties of ammonia and its separate
cycle model.

COP comparison for various working pairs
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Figure 10.2. COP comparison diagram for Xabsorbent=40% (Ta=33 °C, Tc=33 °C, Tg=78.7 °C, Te=10 °C,
except for NH3/H,0 where: Ta=26.1 °C, Tc=40 °C, Tg=78.7 °C, Te=8.2 °C)

As far as COP is concerned, H,O/LiF has the highest value exceeding 0.95, followed by
H,O/HCOONa, H,0/LiBr+ZnBr, and H,0/LiCl+ZnCl, which exceed 0.9. H,O/LiBr+Lil,
H,O/LiBr+LiNOs, H,O/LiCl, H,O/LiCI+LiNOs and H,O/LiBr follow with values above 0.89,
whereas the lowest values belong to the H,O/NaOH and NHs/H,0 pairs.

Figure 10.3, Figure 10.4, Figure 10.5 and Figure 10.6 depict the sensitivity analysis of the
cooling capacity Qevap and the coefficient of performance COP for every pair for a mass
concentration of the absorbent in the rich solution equal to 40% for various temperatures of
the generator and the evaporator.

Qevap-Tg comparison for various working pairs
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Figure 10.3. Qevap-Tg comparison diagram for Xabsorbent=40% (Ta=33 °C, Tc=33 °C, Te=10 °C, except
for NH3/H>0 where: Ta=26.1 °C, Tc=40 °C, Te=8.2 °C)
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COP-Tg comparison for various working pairs
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Figure 10.4. COP-Tg comparison diagram for Xabsorbent=40% (Ta=33 °C, Tc=33 °C, Te=10 °C, except
for NH3/H>0 where: Ta=26.1 °C, Tc=40 °C, Te=8.2 °C)

Qevap-Te comparison for various working pairs
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Figure 10.5. Qevap-Te comparison diagram for Xabsorbent=40% (Ta=33 °C, Tc=33 °C, Tg=78.7 °C)
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COP-Te comparison for various working pairs
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Figure 10.6. COP-Te comparison diagram for Xabsorbent=40% (Ta=33 °C, Tc=33 °C, Tg=78.7 °C)

The following can easily be deduced:

Higher cooling capacity and COP are obtained for a mass concentration of the
absorbent in the rich solution of 40% for all working pairs and the curves of the
sensitivity analysis are similar to previous studies.

Based on the diagrams above, the H,O0/HCOONa, H,O/LiF, H,O/LiCl+ZnCl,,
H,O/LiCI+LiNOs, and H,O/LiBr+ZnBr, working pairs have the highest cooling capacity
over the entire range of the generator and evaporator temperatures, while the
conventional NH3/H,0 and H,O/LiBr working pairs have the lowest values.

Correspondingly, as far as COP is concerned, the H,O/LiF, H,0/HCOONa, H,0/LiBr+ZnBr,
H,O/LiCl+ZnCl, and H,0/LiBr+Lil working pairs have the highest values, whereas the
NHs/H,0 and H,0/NaOH working pairs have the lowest values.

The H,0/NaOH working pair shows errors for generator temperatures below 78 °C.

The NHs3/H,O working pair has a range of lower generator temperatures because its
COP receives higher values as the generator temperature drops.

The values of the Total Fixed Capital Investment cost for all the working pairs are presented
in Figure 10.7 (in ascending order). In Figure 10.8 the NHs/H,O working pair is omitted in
order to allow for a better perspective of the costs of the other working pairs. Inside the
parenthesis are the cooling capacities (kW).
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Figure 10.7. Total Fixed Capital Investment cost for various working pairs for Xabsorbent=40% (Ta=33
°C, Tc=33 °C, Tg=78.7 °C, Te=10 °C, except for NH3/H,0 where: Ta=26.1 °C, Tc=40 °C, Tg=78.7 °C,
Te=8.2 °C)
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Figure 10.8. Total Fixed Capital Investment cost for various working pairs for Xabsorbent=40% (Ta=33
°C, Tc=33 °C, Tg=78.7 °C, Te=10 °C), NH3/H0 not included

The highest cost by far is that of the NH3/H,0O pair due to the much higher pressures on
which its cycle operates and exceeds € 10.3 million. The peculiarity of NH3; which affects its
model might be the reason of such an unreasonably high cost. The lowest cost at just over €
1 million is presented by the H,0/NaOH pair followed by H,O/LiBr, H,O/LiCl, H,O/LiCl+ZnCl,,
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H,O/LiBr+LiNOs, H,O/LiCI+LiNOs and H,O/LiBr+ZnBr, the costs of which lie between € 1.1
million and € 1.3 million. Finally, the H,O/LiF, H,O/LiBr+Lil and H,O/HCOONa pairs cost
between € 1.3 million and € 1.7 million.

The values of the Total Fixed Capital Investment cost per kW of cooling capacity for all the
working pairs, except NHs3/H,0, are presented in Figure 10.9 (in ascending order). Inside the
parenthesis are the cooling capacities (kW).
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Figure 10.9. Total Fixed Capital Investment cost per cooling capacity for various working pairs for
Xabsorbent=40% (Ta=33 °C, Tc=33 °C, Tg=78.7 °C, Te=10 °C), NH3/H,0 not included

The highest cost per kW of cooling capacity by far is that of the NHs/H,O pair due to the
much higher pressures on which its cycle operates and its value is 122271.1 €/kWevap,
approximately 60 times the second highest value and, as mentioned earlier, might be due to
a degree of uncertainty of the results of the model of this pair. The lowest cost per kW of
cooling capacity close to 1500 €/kWevap is presented by the H,O/LiCl+ZnCl, pair followed by
H,O/LiF, H,0O/LiBr+ZnBr,, H,O/LiCI+LiNOs, H,O/LiCl, H,O/HCOONa, H,O0/NaOH and
H>0/LiBr+LiNO; the costs per kW of which lie under 1700 €/kWevap. Finally, the H,O/LiBr
and H,0/LiBr+Lil pairs have values above 1800 €/kWevap and 2000 €/kWevap respectively.

Taking into account the COP and the Total Fixed Capital Investment cost per kW of cooling
capacity the worst working pairs appear to be NHs/H,0, H,O/LiBr and H,O/NaOH, whereas
the best appear to be H,0/LiF, HO/LiCl+ZnCl,, H,O/LiBr+ZnBr, and H,0/HCOONa.

In order to extend the present work it is suggested to further study and deepen the
following topics:
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Investigation of the same pairs for Double-effect, Triple-effect, Half-effect and
Generator-Absorber heat eXchange (GAX) absorption cycles.

Connection of the absorption cycle models with various heat sources in the generator,
such as geothermal heat, waste heat from gas turbines etc.

Deepening of the economic analysis with even more indicators (IRR, NPV, LCOE etc.).
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