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2 Abstract

Nowadays, most of the steam production for food processing purposes involves fossil
fuels. To adress the climate change issue, it is urgent to promote the development
of eco-friendly solutions for steam production. Absorption compression heat pump
(ACHP) that utilizes ammonia-water as a working fluid is a promising option for
high temperature industrial heat pumps due to the unique properties of zeotropic
mixtures. These properties include non-isothermal phase change and lower vapor
pressures. This report investigates the requirements of the food industry and the
ways in which the ACHP can fulfill these needs. Potential solutions for heat ex-
changers and compressors are analyzed. The experimental setup of an ACHP at
NTNU is presented and a simulation model of it on Dymola is established. Different
cases are analyzed involving temperature lift up to 70 K and heating capacity of 100
kW. The cycle COP was up to 4.47 leading to potential greenhouse gas emission
reductions up to 98.5 %. The influence of key parameters like the injection ratio
or the sink and source inlet temperature were examined to determine the optimal

operating conditions.




3 Summary

3.1 English

The food industrial sector requires a significant quantity of high temperature heat
for its operations, which is often obtained from sources that require a large load
of primary energy. However, there is a vast amount of low-grade surplus heat that
goes to waste instead of being utilized. By using a heat pump to upgrade this heat
to a higher temperature, primary energy can be saved. The hybrid heat pump, also
known as the compression absorption heat pump, is an effective solution for this

purpose.

In this report, a literature review is conducted to examine the specific demand
for food processing systems. The focus of the review is on the operations of indus-
trial high temperature heat pumps, with a particular emphasis on the features of
ammonia as a working fluid. The review also examined the compressor and heat

exchangers, two of the major components of the high temperature heat pump.

The report then describes an experimental facility built by NTNU to invest-
igate the possibility of achieving sink outlet temperatures up to 160°C, using the
Osenbriick cycle. The objectives and challenges of this demonstrator are highlighted,

as well as the safety measures in place in the experimental area.

The report also presents a numerical simulation of the aforementioned cycle
made on the software Dymola. The results of the simulation are discussed and a

comparison is made with the experimental data.

Finally potential future work is suggested and a bibliography provides a sum-

mary of all the references cited in the report.




3.2 Norsk

Matindustrisektoren krever en betydelig mengde hgy temperatur for sine operas-
joner, som ofte er hentet fra kilder som krever en stor mengde av primeer energi.
Imidlertid er det en stor mengde lavtemperaturs overskuddsvarme som gar til spille
i stedet for a bli utnyttet. Ved a bruke en varmepumpe til a oppgradere denne var-
men til en hgyere temperatur kan primeerenergi spares. Hybridvarmepumpen, ogsa
kjent som kompresjons-absorbsjonsvarmepumpen, er en effektiv lgsning for dette

formalet.

I denne rapporten er det gjennomfgrt en litteraturgjennomgang for a undersgke
den spesifikke etterspgrselen etter matprosesseringssystemer. Fokuset for gjennomgan-
gen er pa driften av industriell hgytemperatursvarmepumper, med spesiell vekt pa
funksjonene til ammoniakk som arbeidsvaeske. Gjennomgangen undersgkte ogsa

kompressor og varmevekslere, to av hovedkomponentene i hgytemperatursvarmepumpen.

Rapporten beskriver deretter et forsgksanlegg bygget av NTNU for a undersgke
muligheten for a oppna synkeutlgpstemperaturer opp til 160°C ved bruk av Os-
enbriick-syklusen. Malene og utfordringene til denne demonstratoren er fremhevet,

samt sikkerhetstiltakene som er pa plass i forspksomradet.

Rapporten presenterer ogsa en numerisk simulering av den nevnte syklusen laget
pa programvaren Dymola. Resultatene av simuleringen diskuteres og det gjgres en

sammenligning med de eksperimentelle dataene.

Til slutt foreslas potensielt fremtidig arbeid, og en bibliografi gir et sammendrag

av alle referansene som er sitert i rapporten.




4 Introduction

4.1 Motivation

The food industry is one of the major source of the greenhouse gas emissions (GHG).
Globally, between 21 and 37% of the total emissions can be attributed to the sys-
tems of this industry. Increasing energy efficiency and reducing the use of fossil
fuels are main leverages to reach climate neutrality in the food supply chain. The
available waste heat potential in the EU is estimated around 300 TWh/year (the
total industrial energy demand was 2950 TWh in 2015 in comparison). One third
of this heat is below 200 °C and is considered as low temperature waste heat. Many
industrial processes requiring both cooling and heating have separate systems for
these purposes. Integrating heat pumps is a way to provide both heat demands
while utilizing waste heat. This increases significantly the overall energy efficiency.
Heat pumps reduce the primary energy required (electricity) by recovering available
waste heat. This is reflected in a parameter defined as Coefficient of performance
(COP). For instance, meat and dairy processes use both low and high temperature
thermal processes, such as smoking, drying, chilling, thawing or pasteurization. The
energy consumption could be reduced by integrating different processes utilizing the
heat recovered from the low-temperature refrigeration system.

High-temperature heat pumps (HTPSs) are a promising technology to achieve
both heat recovery and high energy efficiency. The HTHPs can combine heating
and coolings processes and are able to achieve performance comparable to fossil fuel
boilers. An interesting feature of these system is that they can be run with natural
refrigerants such as CO, or Ammonia which have a low global warming potential.[1]

The Ammonia-water absorption-compression heat pump (ACHP) uses a mix-
ture of ammonia and water as a natural working fluid and combines the technologies
of an absorption and vapor compression heat pump. The ACHP is based on the
Osenbriick cycle with a single stage solution circuit. The ammonia-water mixture
has a large boiling temperature range. This allow the system to extract and release

heat at gliding temperatures and so the compression ratio can be lower than for




conventionnal heat pumps. The ACHP can achieve high heat sink temperatures up
to 140 °C which is comparable to fossil fuel boilers performances.

As the thermal demands in meat processes are specific, the applicability of
the ACHP needs to be investigated and its performance must be optimized. The
ACHP test rig in NTNU can provide an experimental system for an investigation
and optimization of the operating parameters, conditions and components for the

applications in meat processing.

4.2 The project ENOUGH

(%“%)ENOUGH

EUROPEAN FOOD CHAIN SUPPLY
TO REDUCE GHG EMISSIONS BY 2050

Figure 1: Enough project logo

The ENOUGH project is a European program which aims to reduce the green-
house gas emissions of the food industry. To accomplish this, the project will develop
tools and strategies to support the EU’s Farm to Fork initiative in creating climate

neutral food businesses. The project has the following objectives :

e [dentify how to achieve climate neutrality for food businesses.
e /mprove integrated sustainability and meet societal goals.

e Increase awareness among policy makers, businesses, investors, entrepreneurs,
institutions, stakeholders and citizens of selected innovative systemic solutions

and their potential for uptake at EU scale.




4.3 Literature review

Please note that since this is a continuation of the project assignment, a part of this

section as well as section 5 is similar to the work previoulsy done in [2].

4.3.1 Food processing systems

Alia et al. (2019) present an overview of the energy requirements in the food in-
dustry [3]. Food plants produce a variety of products requiring freezing, chilling,
grilling or steaming which create a demand of heat at several temperature levels.
For example, rapid freezing at temperature below -40°C is required to preserve a
good quality of the food product while process such as grilling or steaming represent
a heat demand above 100 °C.

Alia et al. describe the dairy industry as one of the most energy intensive in the
food sector. The dairy industry has low temperature requirements for refrigeration
of the products but also high temperature needs for cleaning, evaporation and pas-
teurization. Pasteurization is a food process in which products such as milk or fruit
juice are treated with mild heat (usually less than 100 °C) to eliminate pathogens
and extend shelf life. Drying is also necessary in process involving milk powder.

The meat and fish production also represents one of the most energy demand-
ing sector in the food industry. In order to provide convenient products for the
consumers, the meat and fish product are often frozen. Freezing a product obvi-
ously represents more energy demand than cooling. For example, freezing of pastries

represents more than one third of the total energy demand in the process.

Most of food companies usually have facilities for the production of refrigeration
and steam which run independently. The ACHP has the capability of delivering hot
water up to more than 100 °C by recovering waste heat at approximately 50 °C.
This heat pump is thus able to recover heat from the refrigeration facility in order
to produce hot water as emphasized by Nordvedt (2013) [4].

Nordvedt worked on the example of a slaugtherhouse in RUDSHOGDA which

required large amounts of hot process water at minimum temperature of 83 °C. An




ACHP of 650 kW has been installed there working with a reciprocating ammonia
compressor and plate heat exchangers. The desorber is exchanging heat with waste
heat from the cooling/freezing plant at a temperature around 50 °C. The hybrid heat
pump delivers water at a temperature of 87 °C which is delivered to a secondary
circuit. This avoid contamination of water by ammonia in case of leakage. A
second low-presure ammonia heat pump was used to pre-heat the process water.
This installation was coupled with a hot water accumulator tank in order to give
flexibility to the production. Thanks to this tank, the system can manage large hot
water demand without huge peaks of the heating system. According to Nordvedt,
this ACHP working with an average efficiency of 4,5 over three years is helping save
3.4 GWh annually. Ahrens et al. [5] presents another example of how the ACHP
can be used in an actual food processing plant. The temperature levels are as
following : around 115 °C for cooking, 90 °C for cleaning and 50 °C for the building
heat correspond to the heating demand. Concerning the cooling demand, the plant
under scrutiny requires air conditioning at a temperature between 5°C and 20°C,
chilling at -5°C and freezing at -40°C. Multiple scenario for the system arrangement
are analysed in this study but the most interesting one is involving a ACHP which

satisfy the heating demand at the temperature level between 80 °C and 95°C.

Heat pump '

P ———
| (40-60°C)
Heat to ambient ams
Heat pump
[ |

-
Building heating |
_______ | Water tank (20-40°C) |

Cascade system

/
oy
-
I |
|

Figure 2: Simplified representation of the fully integrated system

In this arrangement, a COy/N Hj cascade refrigeration system is used to satisfy




the freezing demand, the cooling demand and the air conditioning. The condensing
heat is rejected to a 20/40 °C water tank which is connected to the building heating
system through a N Hs heat pump. The ACHP uses the integrated water tank of the
building heating system as a heat source. This allows production of hot water up to
95°C with moderate pressure ratio that can be used for cleaning purposes. Finally,
a high-temperature heat pump uses the water tank of the cleaning process as a heat
source to deliver heat at a temperature up to 120 °C for the cooking process. In this
fully integrated configuration, all heat demands are satisfied thanks to internal heat
recovery through heat pumps. This scenario is represented in Figure 2.

According to Ahrens et al., this fully integrated configuration reduce the total power
consumption (electrical) by almost 40 % compared to a scenario in which the dif-
ferent thermal demands are satisfied separately by different systems or equipments.
Concerning GHG emissions, this configuration allow a reduction of up to 45 % if we
consider a site in Norway previously using electricity and gas boilers. To conclude,
considering growing amounts of renewable energy sources in the electricity mix of
most countries, the integration of heat pumps or HTHP coupled with heat storage
tank can lead to tremendous reduction of greenhouse gas emissions in the food in-
dustry. Similar investigation have been conducted more recently by Ahrens et al

(2021) on a dairy plant achieving GHG emission reduction up to 92% [6].

4.3.2 State-of-the-art

Ahrens et al. (2018) [7] explain that ammonia-water hybrid heat pumps combining
absorption and compression processes have proven their reliability and functional-
ity in the industrial sector using standard components. The paper shows that the
compressor is the most critical component to achieve high pressure and temperat-
ure levels. According to a study from the same author focusing on the compressor
(2019) [8], available compressors on the market cannot operate with such high pres-
sure or achieve exit temperatures higher than 140 °C. In order to improve the system,
adjustments have to be made like the division of the compression process or the in-
tegration of additional cooling options. Concerning the heat exchangers, Nordtvedt

(2005) [9], described different possibilities. Plate heat exchangers are a promising




possiblities as they have a compact design and good mixing conditions. They exist
in two different absorption modes : falling film mode or bubble mode which have
both advantages and challenges. The characteristics of these two modes will be de-
tailed further in section 5. Nevertheless, as emphasized by [7], design and efficiency
of the absorber and desorber might not be optimal due to the lack of knowledge and
experience on the subject. The compressor solutions exist on the market but they
need to be discussed and improved to run in the specific operating conditions. That
is why, a ACHP test facility containing the entire cycle has been built in NTNU in
order to gain experience on the operating conditions and improve the main compon-
ents. This facility can serve as a starting point for further research by combining
possible solutions and experimental results and demonstrate potential approaches

to improve the application range and efficiency.

4.4 Objectives

In his doctoral thesis published recently [10] , Marcel Ahrens explains the solutions
and challenges for the achievement of a ACHP running at high temperature. Im-
portant features of this system are the compressor design with respect to discharge
temperature and lubrication, the design and operation of the heat exchangers and

the selection of the solution pump. Thus, the following objectives are proposed :

e Explain the functioning of the system and detail the reason for each component

choice based on the aforementioned thesis.
e Perform initial experiments with the HTHP cycle.

e Simulate numerically the cycle as precisely as possible in order to be able to

predict the behavior of the lab cycle.

e Determine the operating parameters that allow a steady state both numeric-
ally and experimentally. In theory, ACHP have the ability to achieve supply
temperature up to 120 °C with temperature lift up to 60 K and temperature
glide up to 30 K.

10



4.5

Investigate parameters such as the circulation ratio and the sink and source
temperatures in order to find the optimal conditions to reach high efficiency

and the characteristics mentioned above.

Analyse the results (simulation versus experimental) in terms of system per-
formance, power demand and GHG emissions (depending on the energy/power

mix across the globe).

Report outline

This report is structured by seven parts containing an overview and a summary of

the work conducted for the master thesis. These chapters can be outlined as :

Part 4 Introduces the motivation for the work and highlights the objectives
of the report

Part 5 Provides the background concerning absorption-compression heat pump
with water-ammonia as refrigerant. The properties of ammonia are investig-
ated and the Osenbriick cycle is described. The choices of the main components

of the cycle are also justified.

Part 6 Addresses the methodology of the numerical investigation conducted

on the sofware Dymola and presents the NTNU ACHP facility.
Part 7 Presents the results obtained with the simulation and in the lab.

Part 8 Offers a discussion on the results regarding the differences between
experimention and numerical investigation, source of errors and comparison

to results found in the literature.

Part 9 Concludes the report by presenting the main findings and the contri-
bution of it to to ACHP technology at high temperature.

Part 10 Suggests possibilities for further work that could follow in order to
additionally improve the investigated system both experimentally and theor-

etically.

11



5 Background

This section provides the necessary background to make the content of this report
understandable to the reader. It presents the characteristics of ammonia as a work-
ing fluid and the main features of an absorption-compression heat pump. It also
details the choice of components such as the compressor, the heat exchangers and

the solution pump for the experimental ACHP based on a state-of-the-art analysis.

5.1 Ammonia as a working fluid

During the 19th century, the refrigeration industry was using gases such as ammonia
(N Hj), methyl chloride (C'H3C1T) or sulphur dioxide (SO;) but this lead to numer-
ous accidents because of the toxicity of these substances [11]. This is why a new
search began for solutions that were not dangerous for humans. In the 20th cen-
tury, the CFCs (Chlorofluorocarbon refrigerant gases) were developed for household
refrigerators because they were non toxic-toxic and non flammable. Nevertheless,
it was later discovered that the CFCs are damaging the ozone layer that shields
the earth from UV light. In order to solve that problem, the HFCs (halogenated
hydrocarbons) were discovered as a substitute. However, these substances having a
high global warming potential, it became clear that they had no commercial future
after Paris Climate agreement (2015) and Montreal Protocol Amendment of Kigali
(2016). In order to ensure sustainability, it seems a reasonable solution to use nat-
ural refrigerants that have been integrated in nature for millions of years. There
were considerable researchs on natural refrigerants like COs or Ammonia in the last

two decades which led to the first installations on the market around 2000.

5.1.1 Characteristics of Ammonia

Main features

The thermodynamic properties of ammonia (also called R717 in the refrigera-

tion industry) are very favorable towards using it as a working fluid. Its specific heat

12



capacity is very high and allows a particularly high heat transfer coefficient during
evaporation of liquid and condensation. In addition, ammonia is much cheaper than
any other fluorocarbon which makes it attractive for industrial purposes. Concerning
toxicity, ammonia has a pungent smell which can be detected by humans at a con-
centration around 5 ppm but it represents a danger for life only above 5000 ppm.
Therefore, the risk of inhaling dangerous amounts of Ammonia is quite reduced.
Ammonia is considered to have a neutral global warming potential as it can dissolve
in water and atmosphere and then act as a nitrogen-rich fertilizer for the plants.
Moreover, N Hs has a high volumetric cooling capacity (3100 k.J/m3compared to
2080 kJ/m? for R134a for example). The critical temperature of ammonia is sig-
nificantly higher than the one of all the other refrigerants which leads to a better
energy efficiency for applications with high condensing temperature as highlighted
by Eckert M. [11]

C'ritical temperature and pressure

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Enthalpy [k¥kg]

Figure 3: Log (P) - H diagram of R717 (N Hs), COOLPACK

Figure 3 shows the log (P) - H diagram of N Hj. The critical temperature of
ammonia is 132.2 °C, this is higher than most of the refrigerant for which it is in the
range 70-100 °C. If the condensing temperature gets closer to the critical temperat-
ure, the energy efficiency and the capacity of the system are dropping considerably.

As ammonia has a high critical temperature, it is more suitable than most refri-

13



gerants for high-temperature heat pump applications. Besides, the critical pressure
of ammonia is 113 bar contrary to the synthetic refrigerants which have a critical
pressure of around 35-50 bar. Thus, the volumetric cooling capacity of ammonia
is higher for high-temperature than synthetic refrigerants. This feature also allows
ammonia to cover refrigeration applications with large temperature differences as

those with high ambient temperatures.

Compressor discharge temperature

N Hj has a high c¢p/cv ratio and this leads to very high compression end temper-
ature. The properties of the lubrication oil can be impacted by these temperatures
and this must be taken into account. The oil needs to stay stable at those temper-

atures and keep its lubricating properties.

Normal boiling point

The normal boiling point (NBP) of ammonia is -33,3 °C which means that N Hj
evaporates at this temperature and atmospheric pressure. This constraint is not as
relevant for ammonia as for other refrigerants because N Hj is still reliable if small

amounts of water or air are drawn into the system.
Heat transfer

As ammonia have a high heat transfer coefficient, the surface area required to
transfer a certain amount of heat is smaller than for HFCs. This leads to a smaller
cost in machinery and piping. However, ammonia is incompatible with copper and

might requires more expensive materials which offsets partially this advantage.

5.1.2 Zeotropic mixture

When mixed together, ammonia and water form a zeotropic mixture which will have
a temperature glide during the phase change. As explained by Ahrens et al. (2019)
[8], due to the lower boiling point of ammonia, when the temperature of the mixture

increases, the concentration of ammonia in the liquid phase will decrease because
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N H3 evaporates. This will make the saturation temperature of the solution increase.
This property can be adapted to gliding temperatures of both heat sinks and heat
sources. The irreversibility of the system is lower because the temperature gap is

smaller and thus the efficiency is better as [7] showed.
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5.2 Absorption Compression Heat Pump

General principle

The principle of an hybrid absorption compression heat pump is to add a solu-
tion circuit to a conventional vapour compression heat pump. A simplified rep-
resentation of the ACHP cycle is shown on Figure 4. An internal solution circuit
is implemented parallel to the compressor from points (4) to (7). While flowing
through the desorber, the ammonia-water mixture is in the two-phase region and
the concentration of ammonia in the liquid phase is decreasing as N H3 evaporates.
The evaporation is incomplete so at point (1), it is a two-phase mixture that leaves
the desorber. A liquid-vapour separator is used to set apart the phases so that only
vapour continues toward the compressor (2). The liquid phase which has now a low
concentration of ammonia (called ”weak solution”) flows through the solution pump
(4) and its pressure increases (5). At this point, the weak solution goes through an
internal heat exchanger (IHX) to increase the temperature (5-6). This exchanger
helps to improve the overall cycle efficiency. The vapour flows through the com-
pressor and its pressure is increased as well (3) before being mixed with the weak
solution (7). At this point, the liquid-vapour mixture is ready to enter the absorber.
In the absorber, as heat is provided to the heat sink, ammonia is absorbed into the
liquid phase and thus the concentration of N Hj increases. Between point (7) and
(8), the weak solution turns into strong solution again. Then, this strong solution
exchanges heat with the weak solution from the other side through the IHX before
being expanded to the low-pressure level (9-10). Finally, the strong solution returns

to the desorber so the cycle is looped.

As stated by Nordtvedt et al. [4], the evaporation and condensation processes
will take place at gliding temperatures. The saturation temperature of N Hj is con-
siderably lower than the saturation temperature of water so when the concentration
of ammonia increase in the absorber, the solution will cool down. On the contrary, in
the desorber, as ammonia is evaporated, the saturation temperature of the solution

will increase between the inlet and the outlet.
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High flexibility of ACHP

Jensen et al.[12] worked on the degrees of freedom of the ACHP allowed by
the internal solution circuit. For a conventional vapour compression heat pump, the
degrees of freedom are as following : the temperature glide (temperature difference
between the inlet and the outlet of the sink and source), the temperature lift (dif-
ference between the sink outlet temperature and the source inlet temperature), the
temperature out of the sink and the two mass flows of the sink and the source. For
the ACHP, Jensen pinpoints that the circulation ratio CR and the rich ammonia
mass fraction xr are also to be determined. The circulation ratio is defined as the

ratio between the mass flow rate of the lean solution and the rich solution :

Miean

CR = (1)

Myich

xr is defined as the ratio between ammonia and water in the rich solution :

o — Mammonia (2)
Muyater

For a specified mass fraction of the rich solution, the ammonia mass fraction of

the lean solution can be controlled through the circulation ratio. This modification
of this circulation ratio is a way to change the temperature difference throughout
the desorber and the absorber. Jensen showed that as soon as the ammonia mass
fraction is above a certain value, it exists a circulation ratio that maximize the COP.
This optimal circulation ratio will decrease if the ammonia mass fraction increases.
According to Jensen (2016) [13] the best possible implementation in terms of overall
efficiency is found with an ammonia mass fraction of 0.82 and circulation ratio of
0.43. For these reasons, it is important to determine the correct combination of
mass fraction and circulation ratio in order to choose the design of the cycle. As
the heat transfers in the absorber and desorber are non-isothermal, the definition of
the COP is quite different than usual. For a cycle operating between constant heat

source and sink temperature levels :
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Tsink
COPourpot = —————— 3
“ ' Tsink - Tsource ( )

In our case, the theoretical limit value for the coefficient of performance will be

determined as described by Lorenz (1895) :

To mean,sin
COPLorenz = 9, ik (4)

T‘log,mean,sink - Eog,mean,source

The constant temperature levels are replaced by the logarithmic mean temper-

ature of the heat sink and source :

ﬂn - Tout
To mean — T3 7~ 5
log, ln(%) ( )

for a given secondary fluid.

As presented by Jensen et al. (2018) [14], a Lorenz efficiency can be derived
as a ratio between the actual COP of the heat pump and the Lorenz COP as in
Equation (6).

COP
orenz — ~A1 6
" COPLOT‘GTLZ ( )

Changing the overall N H3 mass fraction results in a change in the low-pressure
gas density. All other parameters being unchanged in the compressor, the mass
flow of the vapor evolves which leads to a different capacity. The advantage of
an ammonia-water heat pump compared to a simple ammonia heat pump is that
higher heat sink temperatures can be reached with lower discharge vapor pressure

and reduced pressure ratio.

This ability to define more parameters than on a regular vapour compression
heat pump makes it easier to adapt to variable heat capacities and temperature
levels. As mentionned by Honghzi et al (2021) [15], the large temperature lift achiev-
able with this ACHP can allow steam generation process which can be a sustainable

heating system for industry.
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5.3 Choice of main components

5.3.1 Identification of the main challenges

Ahrens conducted an investigation of all the previous experimental studies made on
ACHP [10] and provided an overview of the identified challenges and their allocation

in the system :

e Heat exchangers : Achieve an efficient and cost-effective absorber and de-
sorber design. Understanding the occurring heat transfer phenomena is indis-
pensable, especially for the absorber which is operating at high temperature

and pressure.

e Mixing : Reach an efficient liquid vapor mixing and distribution process.
Select appropriately the operation mode of the heat exchanger is the key to

achieve high overall heat transfer coefficient.

e Compressor : Reduce the compressor discharge temperature and select a
suitable lubrication system. Realize an oil-free system operation if possible.
As additional components are required to handle oil-lubrication, this raise the
complexity and costs of the system. Besides, the oil tends to penetrate the
circuits and this requires a recirculation which lowers the heat pump perform-
ance. Nevertheless, oil-free operation also represents a challenge because it
needs modification of the system and might not be available on the market.

Thus, it is associated with higher equipment cost.

e Solution pump : As saturated liquid is leaving the liquid-vapor separator,
a sudden modification in the low-pressure conditions can lead to vapor being
drawn into the solution pump. This phenomena is called cavitation and has

to be avoided not to damage the pump.
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5.3.2 Cycle configuration

The most simple configuration of the ACHP cycle is the one shown on Figure 4.
Various other configuration exist with different arrangements or with new compon-

ents like desuperheater or cooling circuits.

Heat sink
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Figure 6: Schematic representation of a wet compression cycle

One of this cycle configuration is called the wet compression cycle, also known
as wet compression-resorption cycle and is shown on Figure 6. This configuration
was investigated in particular by Itard and Machielsen (1994) [16]. Whereas dry
compression cycle has a separate solution circuit, the wet compression cycle convey
the ammonia-water mixture as a wet-vapor state through the compressor. Therefore,
the compression takes place in the two-phase state which reduces the compressor
discharge temperature and the required compression work because the superheating
of the vapor is reduced. This system needs a good internal heat exchange and a
compressor with high isentropic efficiency in order to achieve high performance. The
flexibility of this configuration is reduced as the circulation ratio and the mixture

composition are both fixed.
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Implementing a second stage in the circuit is a way to keep the flexibility of the

ACHP cycle and to increase the heat exchange at one time. This two-stage config-

uration was explored by Amrane and Rane (1991) [17] and is shown on Figure 7. In

this configuration, the two stages exchange heat through a pair of absorber/desorber.

A bleed line is used to compensate the eventual concentration difference between

both stages. The lean solution from the low pressure side is connected to the rich

solution of the high pressure circuit. This system can achieve temperature lift of up

to 100 K with pressure ratio being 40% to 65% lower than then single stage config-

uration[17]. However, the capacity is reduced because both stages are supplied by

the same compressor.

The last configuration uses a solution circuit and desorber/absorber heat exchange

and was investigated by Groll and Radermacher (1994) [18] and is shown on Figure

8. In this system, the temperature intervals of desorber and absorber are increased

which makes them overlap. Thanks to the internal heat exchange, the pressure ratio

can be reduced by up to 75% for a temperature lift of 75 K compared to the single

stage VCHP. Nevertheless, in this configuration, the pressure ratio is depending on

the temperature glides inducing a flexibility loss.

Summary of the configurations

Configuration

Advantage

Disadvantage

Single-stage solu-

tion

Suitable for industrial applic-

ations, adjustable temperature

glides and capacity

Overall performance is not op-

timal

Wet compression

Low discharge temperature and

low required compressor work

Low flexibility

Two-stage  solu-
High temperature lift Small temperature glide
tion circuit
DAHX High temperature glide Low temperature lift
Table 1: Boons and banes of various cycle configurations
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5.3.3 Compressor

Dano conducted a review on the different types of compressor on the market in a
preliminary work leading to this report [2] (2022). The conclusion was that the
screw compressor is the best kind of compressor for the following reasons for a use
in a ACHP. Screw compressors are typically quieter and more efficient than other
types of compressors, such as piston compressors. They can be either oil-lubricated
or oil-free, depending on the application. They are typically more expensive than
other types of compressors, but they offer many benefits, including reliability and

durability.

In practice, it is not possible to achieve an ideal compression. Various volume

and energy losses increase the power input needed for the compressor. :

Let us call V,, the working fluid flow at the entrance of the compressor. The

stroke volume Vg of the compressor is then given by :

Vin
Vs = (7)

With A, the volumetric efficiency of the compressor.

Energy losses during the compression process make it polytropic rather than
reversible adiabatic, which leads to a higher power consumption than the theoretical
isentropic power. The isentropic efficiency (7;5) of the compressor is the ratio of the
theoretical isentropic work (W) to the actual shaft work (W, ) of the compressor.
These losses arise from various sources, such as heat exchange and fluid friction,
which reduce the efficiency of the compressor and increase the power input needed

to achieve the desired level of compression.

Nis = Wis
* Wshaft

(8)

The screw compressor is the most important type of compressor used in indus-
trial refrigeration. There are two main configurations of the screw compressor: the

twin screw and the mono screw. In a twin screw compressor, the gas is compressed
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by two intermeshing rotors, called the female rotor and the male rotor. In a mono
screw compressor, there is only one rotor, but the gas is compressed by two inter-
meshing wheels. Lately, the mono screw compressor has not been able to increase
its share of the market and it is used mostly in large air conditioning units for
office buildings. The working area of the screw compressor is moving towards smal-
ler capacities and operates with displacement lower than 100 m?/h. Today, screw
compressors are used in commercial systems or air conditioning systems and are
available as hermetic, semi-hermetic or open compressors. In a screw compressor,
the built-in ratio refers to the relationship between the volume of the air or gas being
compressed and the volume of the compressor itself. The built-in ratio is determined
by the design of the screw compressor, and it determines how much the air or gas

is compressed.

W

=1 9)

The design of the screw compressor gives a constant volume ratio so the out-
let pressure is given. In the design point, the discharge pressure of the compressor
should be equal to the condenser/absorber pressure. As the condenser pressure is
dependant on the temperature of the chilling media on the warm side, the pressure
at the discharge of the compressor could be higher or lower than the condenser
pressure. If the pressure in the condenser is lower that the discharge pressure, the
compressor is over compressing. In this case, the compressor uses more energy than
required. On the contrary, if the pressure in the condenser is higher than the dis-
charge pressure, the gas will flow back and will need to be pushed again. This will
also lead to an extra work of the compressor. That is why the efficiency of the com-

pressor is at its maximum at the design point and will drop at different pressure ratio.

Challenges of compressors related to ACHP

As explained by Jensen (2015) [12], compressor is a major component of the
ACHP as it sets limits to the achievable operation parameters. Different choices

of compressor are possible which can lead to oil-free or oil lubricated solutions.
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First, the compression mode must be chosen. As the temperature that are aimed
at are high, positive displacement compressors like screw compressors and piston
compressors offer promising solutions as they are able to achieve both high pressure
ratios and small swept volume compared to dynamic compressors.

The most basic solution is to implement the compression thanks to one compressor
stage. However, this can lead to very high discharge temperature that can cause
damage to the components of the compressor but also deteriorate the lubricating
oil. A few improvements are possible to make the discharge temperature lower like
two-stage compression with intercooling or one stage compression with cooling and
liquid injection. As shown by Ahrens et al. (2019) [8], for pressure levels of 2
bar and 20 bar, these two solutions can lower the discharge temperature from 270
°C for the one stage compression to 180 °C. The single-stage implementation has
the lower installation costs but can lead to high discharge temperatures. Multi-
stage compression allows intercoolings between the stage which lower the discharge
temperature but leads to higher complexity. The liquid injection can allow oil-free
operation but is also more complex than basic single-stage compression. According
to Ahrens et al [19], the injection of lean solution reduces the exergy destruction

rate and thus improve the overall system efficiency.

5.3.4 Absorber and Desorber

Ahrens et al (2018) [7] explains that the absorber is a major component of the ACHP
system. The heat is transfered to the coolant through the absorber. Kang et al. [20]
investigated two types of absorber : falling film and bubble type. The heat transfer
surface must have a high area density and a good overall heat transfer coefficient in
order to minimize the size of the heat exchanger. As the system under scrutiny is
exchanging heat with a binary mixture which is ammonia-water, the heat transfer
mode is of prime importance.

The two types of absorbers are shown on Figure 9. In both cases, ammonia-water
liquid solution is flowing from the top to the bottom inside the heat exchanger.
The vapor solution and the coolant are flowing the other way on both sides of the

liquid. Thus, two counter current heat exchanges take place, one between the liquid
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and vapor solution and the second between the liquid and the coolant which are
separated by a carbon steel wall.

The two heat exchangers are different in the way the liquid and vapor are transferring
the heat. According to Ahrens et al.[8], in the case of the falling film, the weak liquid
solutions fall as a thin film on the wall while the ammonia vapor fills the free space
and is absorbed while flowing upward. The driving force of this absoption is related
to the vapour pressure and concentration and the mass transfer resistance. On the
contrary, for the heat exchanger with the bubble absorption mode, the vapour is
absorbed while bubbling into the liquid. In this case, the internal pressure inside
the absorber is the main parameter which influences the temperature difference of
the coolant.

Kang et al.[20] concludes that the bubble absorption mode heat exchanger can be
48,7% smaller compared to the falling film one because the absorption rate, heat

transfer coefficient and mixing are better.
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Figure 9: Diagram of plate heat exchangers with falling film and bubble absorption

modes
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5.3.5 Solution pump

Two main types of pumps are commercially available : the centrifugal pumps which
move the fluid through a transfer of rotational energy from an impeller and the dia-
phragm pumps which are mainly used for small laboratory facilities. As mentionned
above, the main challenge of this component is to avoid cavitation occuring when
vapor bubbles are formed in the liquid flow. As the lean solution going through
the pump is a saturated liquid, a small variation in the operational speed of the
solution pump can cause a state change. According to Ahrens (2023) [10], there are
two main principles to avoid cavitation. The first one is to reduce pressure losses
in the pump inlet line to keep the solution in the liquid state. The second solution
is to operate smooth variation of the pump and compressor s speed. Markmann et
al. (2019) [21] described a way to stabilize the low-pressure level in the separator.
The expansion valve’s opening degree is used to regulate the liquid level in the high-
pressure receiver and reduce the rapid pressure changes. Amrane et al. (1991) [22]
investigated another solution to limit cavitation using an external heat exchanger.
The lean solution is subcooled through a tube-in-tube heat exchanger in order to

minimise the pressure losses.
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6 Methods

6.1 Experimental

6.1.1 The Experimental ACHP Prototype

In order to look into the performance of the ACHP system, an experimental pro-
totype named “Osenbriick 4.0 Heat Pump” was built in a NTNU lab based on the
model presented on Figure 4. The system is designed for a maximum heat capacity
of 200 kW with a maximum operating pressure of 40 bar and an operational tem-
perature range from -10 °C to 190 °C. An auxiliary system provides the required

heat source and heat sink water circuits. The facility is shown on Figure 10.

Figure 10: ACHP prototype of the NTNU lab

Characteristics of the facility

The components are designed in order to resist high temperatures and pressures
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and are able to provide the expected outlet sink temperature. Parameters such as the
weak solution composition, the heat source temperature or heat sink temperature are
controllable. Also, as the objective is to test a large range of operating conditions,
the sensors and auxiliary equipment are able to cover it. The mass and energy flow
are relatively small compared to an actual industrial heat pump. Moreover, as the
working fluid is an ammonia-water mixture, the compatibility of the equipment has
been verified beforehand. Ammonia and hydrous ammonia is compatible with iron,
steel, stainless steel and aluminum. Materials such as copper, zinc and copper-based

alloys must be avoided because of corrosion problems (Stene J.).[23]

The facility system is based on a single-stage solution circuit with an internal

heat exchanger between the lean and the rich solutions.
Design of the compressor

The compressor is designed to receive inlet temperature in the range 50°C - 70
°C and pressure between 3 and 5 bar. The water content in the ammonia vapor is
expected to be between 2% and 5%. The mass flow through the compressor must be
as small as possible for the laboratory scale. The compression is oil-free in order to
reduce the cost and complexity of the facility and is done in one step only. Liquid
injection is used in the compressor to lower the discharge temperature and lubricate
and seal the screws. This injection is realized with the lean solution downstream
of the solution pump. The discharge pressure is expected to be higher than 20 bar
in order to reach high sink outlet temperatures. The compressor model chosen for
the facility is the MYCOM screw i125 L-M which is a twin-screw compressor. The
volumetric ratio of the compressor is 3.65 and the maximum discharge temperature
is 180 °C. The maximum operation speed is 3600 rpm for which the swept volume is
350 m3/h. The lean solution is injected in three different locations of the compressor.
The main injection port provides all bearings with liquid and inject the lean solution
into the compression chamber at the beginning of the compression process. Two
other injection ports are put at the end of the compression phase, feeding the solution
in the male and female rotor cavities. The mass flow rate of the injected solution
can be regulated thanks to valves for every port. A picture of the compressor is

shown on Figure 11.
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Figure 11: Compressor of the NTNU facility

Injection line

Ahrens et al. [24] investigated numerically the possibilities concerning oil-free
liquid injected screw compressor in ACHP. They discussed the effects of varying the
N Hj fraction of the injected solution, the injected mass flow rate and the position
of the injection. There are two ways of arranging the injection line: either from the
rich solution which has a fraction of ammonia around 0.7 or from the lean solution
which has a fraction of ammonia of around 0.4. Ahrens demonstrates that the
lower the ammonia fraction injected, the lower the discharge temperature. Besides,
increasing the mass flow rate injected leads to lower discharge temperature, pressure
and compression power. This first preliminary analysis shows that absorption and
desorption are both achievable during the compression process with liquid injection.
Injection with a solution with a low concentration of N Hs should be performed in
order to decrease the discharge temperature and the compression power. To ensure
a continuous lubrication during the compression process, the injection rate must be

around 10 % of the suction mass flow rate at the inlet of the compressor.

As shown on Figure 12, the compressor of the facility is manufactured with
three injection ports. The main injection port is supplying lean solution on the
bearings and into the compression chamber at the start of the compression process.
At the end of the compression process, two more ports are placed in order to inject
liquid in the male and female rotor cavities. The total injection mass flow rate and
each of the specific ones can be controlled independently thanks to flow setting valve

during operation.
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Figure 12: Schematic of the compressor section with liquid injection line

Design of the heat exchangers

The heat exchangers of the facility are plate heat exchangers manufactured by

Alfa Laval AS. The characteristics of the heat exchangers are listed Table 2 :

Desorber || Absorber || IHX
Number of plates 40 40 20
Length (m) 0.9 0.9 0.25
Width (m) 0.111 0.111 0.111
Corrugation angle (°) 50 65 65
Wall thickness (m) 0.0004 0.0004 0.0004
Pattern amplitude (m) 0.002 0.002 0.002
Pattern wave length (m) || 0.007 0.007 0.007

Table 2: Characteristics of the heat exchangers of the facility

Receiver and separator

The liquid-vapor separator is used to divide both phases of the rich solution.
The gaseous outlet of the separator enters the compressor and the liquid phase goes
through the solution pump. The separator is used as a buffer tank in the facility. A
high-pressure receiver is put between the absorber and the IHX to ensure that only
liquid solution enters the IHX. This secures a high heat transfer rate. The liquid

level in the high-pressure receiver can be controlled allowing to modify the operating
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conditions of the ACHP.A picture of the liquid-vapor separator is shown on Figure

13.

Figure 13: Liquid-vapor separator of the NTNU facility

Solution pump

The solution pump is placed between the separator and the high-pressure side
of the facility. The pump must deliver a pressure ratio high enough so that the
pressure losses in the mixing section and the IHX are compensated. The pump
was chosen to be able to resist to the corrosion of the ammonia-water mixture.
The selected pump is a multistage, centrifugal pump of type CRN 3-31 S-FGJT-
E-HQQE equipped with a controlled motor manufactured by Grundfos. The pump
can deliver volumes flow from 0 to 4.5 m?/h. The maximum operating pressure
is 50 bar and the maximum solution temperature is 120 °C which is significantly
higher than the operating conditions. The volume flow of the pump can be regulated
thanks to a frequency converter of type FC202 — 3 kW manufactured by Danfoss
A/S.

Since the mixture is at vapor-liquid in the separator, an increase of the com-

pressor speed leading to a pressure drop will cause desorption of ammonia from
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Figure 14: Tube-in-tube heat exchanger at the intake of the solution pump

the liquid phase. Thus, vapor will be formed and the liquid flow to the solution
pump will decrease or cavitation can occur. In order to avoid these problems in the
solution pump, the intake pipe is designed as a heat exchanger. The lean solution
flowing out the separator can be subcooled thanks to an external cooling circuit as
shown on Figure 14. The liquid column after the liquid separator is superior to 1.6
m which ensure a sufficient upstream pressure into the solution pump and prevents

the formation of vapor.
Ezxpansion valve

The expansion valve selected for the facility is the ICM 20A associated with
an ICAD 600A actuator. The valve is placed downstream of the IHX and ensure
reduction of the pressure associated with a temperature diminution upstream of the
desorber. The expansion is almost isenthalpic. The high pressure level is controlled

thanks to the opening degree of the valve.
Auziliary system

The lab rig has been functional from November 2022 and tests started to be
done. The main objective was to try to set the parameters of the cycle in order to
obtain a steady state. Unfortunately, the seal of the shaft broke in March which
stopped the experiments during a few months. As a result this report will not

present the operating parameters leading to a steady state but the performances of
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the components during the test runs done. The analysis of a set of data collected

on 27th February will be conducted in the following part of the report.

6.2 Numerical

The numerical modelling of the ACHP was done thanks to Dymola (Dynamic Mod-
elling Library, version 2022, Dassault systems) using Modelica langage. Modelica
is an open object oriented Equation based programming language for modelling of
complex physical systems including electrical, mechanical and thermophysical sub-
components. The structure is object oriented and allows reuse of developed com-
ponents, such as compressors, heat exchangers or valves. The model was done using
two commercial Modelica libraries : TIL-suite 3.10.0 and TILMedia 3.10.0 provided
by TLK-Thermo GmbH. The objective of the simulation is to model the ”Osenbriick
4.0 Heat pump” facility of NTNU as precisely as possible and define the optimal
operating parameters. Dymola has a graphical interface and a programming inter-
face, allowing users to either arrange components and input parameters visually or
to alter the programming code directly.

As explained in section 2, the objective of the numerical simulation is to be able
to predict the behavior of the experimental cycle and to get comparable results.
As a result, the parameters chosen for the numerical modeling must be as close as
possible to the actual operating variables.

The simulated cycle is for the most part the one shown on Figure 4. A few assump-

tions were made to simplify the simulation :

e The pressure drop created by frictions in the pipes and components and the

heat losses to the surroundings are neglected.

e Upstream of the absorber, the mixing of the lean solution from the THX and

the vapor from the compressor is assumed adiabatic.

e The liquid and vapor phases are assumed at thermodynamic equilibrium in

the liquid-vapor separator.
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e As the high-pressure receiver does not contribute thermodynamically to the

system, it was neglected due to the lack of a relevant model in TIL library.

The components of the cycle and their settings were defined as following :

6.2.1 Compressor

Model : Efficiency based compressor model (VLEFIuids components)

Volumetric efficiency : 0.6

Isentropic efficiency : 0.6

In the model with intercooling, a proportionnal-integral controller is used to set the

intermediate pressure. In that case, the intermediate pressure p;,; is defined as :

Pint = \/PLP " PHP (10)

with ppp the low pressure and pgyp the high pressure.

6.2.2 Heat exchangers

Determination of the heat transfer coefficients

An important parameter of the heat exchangers is the heat transfer coefficient
«. This coefficient is dependant on multiple parameters and has to be calculated

for the absorber, the desorber and the IHX on both sides.
Single phase heat transfer

In case of a single phase heat transfer, Martin’s correlation [25] (1996) can be
used. Martin found a semi-empirical correlation based on an analogy to friction.

The Moody friction factor is calculated thanks to Equation (11)

1 _ cos(yp) N 1 — cos(p) (1)
§ \/0.18tan(<,0) + 0.36sin(p) + Cogﬁ V3.8810

36



In Equation (11), ¢ is the corrugation inclination angle (¢ = 90° — (). Further,
& and & ¢ are the friction factors for straight longitudinal flow (¢ = 0°) and wavy
longitudinal flow (¢ = 90°) respectively. The value of these friction factors depend
on the flow. If the flow is laminar (Re/¢ < 2000) : & and &1 can be found by
Equation (12) and (13).

64

So="p" (12)

597¢
= —r ) 1
&10 o + 3.85 (13)

If the flow is turbulent (Re/¢ > 2000) : & and ;¢ can be found by Equation
(14) and (15).

& = (1.81ogy, % —1.5)72 (14)
39
1.0 = W (15)

Then the Nusselt number of the flow is determined thanks to Equation (16).

Nu=&-0.122- Pri/d . (Lysge . (B2 gy (o) 0 (16)
o ¥

Where 7 is the dynamic viscosity of the flow and 7, is evaluated at the ex-
changer surface temperature. Pr is the Prandtl number derived from the specific
heat cp, the viscosity 1 and the thermal conductivity A. The Reynolds number is
calculated thanks to the mass flux G and the hydraulic diamater assumed to be two
times the depth of the plate : Dh=2b.

The cross sectional area used for the mass flux is calculated as Across = Nch-W -b

with Nch=Nplates-1 (number of channels) and W the width of the plates.
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Finally, Equation (17) gives the relation between the Nusselt number and the

heat transfer coefficient.

(17)

Desorption

Taboas et al. investigated the thermal characteristics of a two-phase ammonia-
water mixture in plate heat exchanger during desorption [26] (2012). They derived a
correlation based on a transition criterion to assess wether the desorption is domin-
ated by nucleate or convective flow boiling. The criterion is based on the calculation
of vapour and liquid velocities in the mixture that are calculated like in Equation

(18) and (19).

G(1 —
Usp = (pl %) (18)
G-q
Ugy = 19
sv = (19)

with q, the quality of the mixture and p, the density for vapor (subscript v)
and liquid (subscript 1).

ugy < 111.88ugy, + 11.848 [m/s] (20)

If the inequality (21) is satisfied, then :

ugy < 111.88ugy, + 11.848[m/s] (21)

a = 5Bo"" - q (22)
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1"

q

Bo=a"m

(23)

With q” , the heat flux of the exchanger and Bo, the boiling number. Here, oy,

is the liquid only heat transfer coefficient calculated with Martin “s correlation.

If the inequality (21) is not satisfied, then :

a =max(F - a,, 580" - qy,) (24)
3 1
F=(+-2 4 )02 25
( X Xt2t> (25)
Mvor = qi09, Puvos
Xy = (MyorZ"Dyoo(Lr 26
w= o (=00 (26)

Where F is the Chisholm “s two-phase enhancement factor and Xy, is the Lockhartt-

Martinelli factor.
Absorption

To calculate the heat transfer coefficient of the ammonia-water mixture in the
absorber, the Silver/Bell-Ghaly method can be used [27] (1947), [28] (1972). This
method states that the heat transfer coefficient can be derived from the vapor and
condensate layer heat transfer coefficients and a correcting factor called Z as in

Equation (27).

1z
—(— - 27
a=(—+) (27)
Nuy, = 4.188Re%* - Pr//? (28)

Where a,, is the vapor only heat transfer coefficient calculated from Martin s
correlation. g, is the condensate layer heat transfer coefficient corrected for two-
phase flow effects.

The Z factor is calculated from Equation (29).
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Z:q-cp’v-%

(29)

Where q is the vapor mass fraction, c,, is the specific heat of the vapor phase

and dT/dh is the gradient of the equilibrium absorption curve.
Calculation of the heat transfer coefficients

Table 3 is a summary of the method used to calculate the heat transfer coeffi-

cients for each exchanger.

Water side Mixture side

Taboas et al. (2012) and Martin
(1996) for the liquid phase
Bell (1972) and Silver (1947) with

Desorber || Martin (1996)

Absorber || Martin (1996) Martin (1996) for vapor phase
heat transfer
Rich solution Lean solution
[HX Martin(1996) Martin (1996)

Table 3: Summary of the methods used to determine the heat transfer coefficients

Table 4 is a summary of the calculated values for the heat transfer coefficients.

Water side Mixture side
Desorber || a = 925 Wm 2K a = 2740 Wm™2K
Absorber || o = 886 Wm 2K a = 1030 Wm—2K

Rich solution Lean solution
[HX a = 1300 Wm™2K a = 1240 Wm™2K

Table 4: Summary of the heat transfer coefficient values

Absorber, desorber and IHX

Model : Plate vle fluid liquid parallel flow HX (VLEFIluidLiquid) for the ab-

sorber and desorber.
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Model : Plate vle fluid fluid parallel flow HX (VLEFluidFluid) for the IHX.
The characteristics of the heat exchangers are as defined in Table 2.

In each heat exchanger, a constant value of « is considered for the heat transfer
coefficient and the pressure drop are neglected. As mentionned in table 4, the heat
transfer coefficients are not the same on the water side and on the mixture side. In
the cycle, two absorbers and two desorbers are placed in series and their thermal

and geometric characteristics are considered exactly the same.

Ezpansion valve

Model : Orifice valve
The effective flow area of the valve is defined by input. This means that a PI
controller is used in order to regulate the effective flow area of the valve depending
on the downstream pressure. This is made to stabilize the low pressure in the cycle.
The characteristics of the PI controller such as the proportionnal gain K and the

time constant Ti have to be set afterward so it converges.
Liquid-vapor separator

Model : Separator (TIL VLEfluid)
The volume of the separator is set to a value between 0.001 and 0.1 m? and is the
real value of the facility. This leads to the same steady state. The initial filling level
is set to 0.5.

Solution pump
Model : Simple pump (TIL VLEfluid)

The preset variable of the solution pump is the mass flow. This means that the
mass flow through the pump is constant at all time. The pump efficiency is set to

0.4.
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6.2.3 Initial conditions

The initial conditions of the cycle have to be set precisely in the software. The cal-
culations on Dymola are very sensitive about the initial state. Here is the procedure

that was used to set these initial conditions :

e Set the ammonia-water ratio of the cycle.

e Choose the low pressure and the high pressure levels. Set the sink and absorber
inlet and outlet temperature. Set the sink mass flow and calculate the heating

capacity of the sink given in Equation (30) :

Qsink - msink * CPeau * ATsmk (30)

Where Qginr (W) is the heat load of the sink, and ATy, is the temperature

difference between the outlet and the inlet of the sink.

e Thanks to the ammonia-water ratio, the temperature and the pressure level,
the enthalpies can be calculated at the inlet and outlet of the absorber thanks
to REFPROP. Thus, the mass flow rate of the rich solution can be derived

from Equation (31) :

Qsink

inlet,abs — houtlet,abs

mrich = h <31>

e In the desorber, the source inlet and outlet temperature are also set as well
as the mass flow rate. Thus, the cooling capacity is calculated with the same

Equation than (30). The outlet temperature of the desorber is also set.

e As the pressure, the temperature and the composition of the mixture are
known in the liquid-vapor separator, it is possible to calculate the quality
thanks to REFPROP. The circulation ratio is derived from the quality based

on Equation (32) :

CR=1- Qseparator (32)
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e As a result, the lean solution mass flow rate can be calculated from Equation

(1) and the mass flows are knows at all points in the cycle.

e The pressure, temperature and ratio are known at all points in the cycle and
the associated enthalpies can be derived from it with REFPROP. Thus, all the
characteristics can be put in the components settings. For the heat exchangers,

the initialization is based upon a linear enthalpy distribution.

e After the compressor speed is set, the displacement can be derived from Equa-

tion (33) :

_ Vs

d
N

(33)

Where V, (m?.s7!) is the stroke volume from the compressor derived from

Equation (7) and N is the speed of the compressor (Hz). d is the displacement

of the compressor in m?>.

6.2.4 Cycle simulation

no THX, THX, intercooling ...

The COP of the cycle is calculated thanks to Equation (34) :

Qsink
Wcomp + Wpump

coP = (34)

Where Wiomp (kW) is the shaft power of the compressor and Wy, (kW) is

the shaft power of the solution pump.
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Outlet

Outlet
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@ Intercooling
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Liquid injection

Inlet Inlet

Figure 15: Compressor Conﬁguratjon Figure 16: Compressor configuration

with intercooling with direct injection

7 Results

All the indices of this section are based on the number given of figure 17.

7.1 Experimental

Here are the parameters of the test :

e Global ammonia-water ratio : 50/50
e Sink mass flow : 0.5 kg/s
e Source mass flow : 0.5 kg/s
All the other variables measured will be averaged on a time period of one minute
as the regime is not perfectly stable.
The following table presents the pressure and temperature state in the cycle :

Three flow meters are placed in the cycle in order to measure the mass flow

rate at different positions as shown on Figure 18.
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Figure 17: Cycle with reference state point numbers
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Figure 18: Flow meters of the experimental cycle
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State point Temperature (°C) || Pressure (bar)
Suction compressor 68.8 7.6
Discharge compressor 103.1 16.9
Injection line 70.6 7.9
Outlet THX lean solution || 82.0 16.9
Inlet absorber 98.5 16.8
Outlet absorber 88.4 16.7
Inlet valve 81.1 16.9
Inlet desorber 68.3 7.8
Outlet desorber 71.5 7.6
Inlet sink 83.7 1
Outlet sink 97.9 1
Inlet source 77.1 1
Outlet source 68.6 1

Table 5: Temperatures and pressures in the cycle during the test

e FM1 = 0.27 kg/s : mass flow rate of the rich solution out of the internal

heat exchanger.

e FM2 = 0.17 kg/s : mass flow rate of the lean solution out of the internal

heat exchanger.

e FM3 = 0.075 kg/s : mass flow rate of the injected solution into the com-

pressor.

Hence, using (1) :

_ FM2

CR= FM1

— 0.63 (35)

The theoretical limit value of the coefficient of performance is given by CO Prorens

Thus, using Equation (5) :
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Eog,mean,sink =90.6 (36)

ﬂog,mean,source =72.8 (37>

Also, using Equation (4) :

COPropen. = 5.1 (38)

7.1.1 Compressor

As the lean solution is injected into the compressor, the inlet and outlet mass flow

rates are different :

Compressoripet, fiow = FM1 — FM2 — FM3 = 0.024 kg/s (39)

Compressorpyiet, fiow = FM1 — FM2 = 0.1 kg/s (40)

Using equation (7), the volumetric efficiency is given by :

V.
N\ — in 41
7 (41)
Compressorpe; flow " Vinlet
N = ’ (42)

Vs
where v is the compressor inlet mass density.

Using the software REFPROP for the thermodynamic calculations and assum-
ing an ammonia-water ratio of 98/2 at the inlet of the compressor :

Vintet = 0.21 m3/kg
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The compressor has a stroke volume of 139 m3/h at a speed of 1410 rpm
according to the manufacturer.
Finally :

0.024 - 0.13
— Y 013 43
139/3600 (43)

The volumetric efficiency is very low. This is expectable as the injected mass

flow rate is more than 3 times bigger than the inlet mass flow rate of the compressor.

7.1.2 Absorber

In this subsection, a performance analysis of the absorber is conducted using the
effectiveness NTU-method. This method is a way to evaluate the performance of a
heat exchanger thanks to the ratio between the actual heat exchange that takes place

and the maximum achievable heat transfer possible at the temperature involved.

The heating capacity of the sink can be calculated from the enthalpy difference
between the inlet and the outlet of the sink. It can also be calculated on the mixture
side as the heat received is equal to the heat transfered when the steady state is

reached.

Using REFPROP :
Rintet sink = 351.2 kJ/kg
Routiet,sink = 410.1 kJ/kg
Poutiet,absorber = 337,3 kJ/kg
Rintetabsorber = 527,2 kJ /kg

The heating capacity is calculated as following :

Qsink = mwater : (houtlet,sink - hinlet,sink) =294 kW (44>

In the steady state, this value should be equal to :

Qsinkz,mizture,side = mmiwture ' (hinlet,absorber - houtlet,absorber) =51.3 kW (45)

The fact that these two values are different shows that the steady state has not
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been reached. All the heat provided by the mixture is not transfered to the water

on the sink side.

The maximum heat transfer is given by :

Qmaz = Opmz‘n : (ﬂnlet,sink - T7) (46)

Where Cppmin = min |Cpuater - Muwater, CPmicture * Mmizture|
CPwater - Muater = 4.20-0.5 = 2.1 kW/K

COmizture * Muizture = 4.8 - 0.27 = 1.29 kW/K

CPmin = 1.29 EW/K

The cycle points are numbered on Figure 17.

Tintet,sink = 83.7 °C

T7; =98.5 °C

Qmam =19.1 kW (47)

- Qsink

€absorber =
Qmam

As the efficiency would be superior to 1, it makes no sense to calculate it. A

test run in the steady state would make possible to calculate the efficiency.

7.1.3 Desorber

The cooling capacity of the desorber can be calculated the same way using the source
inlet and outlet enthalpies. Using REFPROP :

hmlet,somce = 322.7 k:J/kg

houtlet,source = 287.4 k:J/kg

houtlet,desorber =430 kJ / kg
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hinlet,desorber = 486 kj/kg
The cooling capacity is calculated as following :

Qsource = mwater : (hinlet - houtlet) = 17.64 kW (49>

The same way, the heat transfer provided by the mixture is given by :

Qsourae,mixture,side - mmimture ' (houtlet,desorber - hmlet,desorbe'r) =151 kW (50)

Here, as the heat transfer received by the mixture is almost equal to the one
transfered from the source (86%), the steady state is almost reached. The calculation

of the efficiency might be more accurate. The maximum heat transfer is given by :

Qumaz = CPmin * Mumizture * (Tintet,source — T0) (51)
Where Cpmin = min |Cpuwater - Muwaters CPmizture * Momizture|
CPuwater - Myater = 4.19-0.5 =2.1 kEW/K
COmizture - Mumizture = 4.6 - 0.27 = 1.24 kW/K
CPmin = 1.24 kEW/K
The cycle points are numbered on Figure 4.
Tintet source = 77.1 °C

Ty =683 °C

Qmax =123 kW (52)
€absorber = %Ource (53)

Once again, this efficiency would be superior to 1. The conclusion is the same

than for the absorber.
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7.1.4 General performance of the cycle

During the test, the compressor has a shaft work of Wy, = 11.8 kW and the
pump consumes a power of Wy, = 0.7 kW . Also, Qgini = 29.4 kW as calculated

previously.

Using Equation (34), the COP can be calculated :

29.4
P=—_""-"" -9 4
co 11.8 +0.7 3 (54)
Thus, thanks to Equation (6),
coP 235

orenz — = = 0.46 55
" COPLorenz 5.1 ( )

Nevertheless, as mentionned before, the heat load calculated is not from a
steady state which means its value is not accurate. Usually a COP is calculated in

the steady state. That is why the value found has to be considered carefully.

7.2 Numerical

7.2.1 Dymola simulation

7.2.1.1 Cycle without injection and internal heat exchanger

This paragraph is based on the cycle shown on Figure 27.
Temperature, pressure and mass flow in the cycle

The most simple simulation has been done without the IHX and the injection
line. This means that refering to Figure 17, point 5 = point 5b = point 5i and point
2/2b/2i. Besides, point 6 = point 5 and point 9 = point 8.

The initial conditions of the cycle were determined thanks to the procedure

described in section 4. The simulation converges toward a steady state which is
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reached after around 150 seconds.

Table 6 presents the results of the simulation.

State point Mass flow rate || Water mass frac- || Temperature Pressure
(kg/s) tion (°C) (bar)

1 0.138 0.35 59.1 )

2 0.061 0.02 59.1 )

3 0.061 0.02 250.2 21

4 0.077 0.62 59.1 )

) 0.077 0.62 59.8 21

7 0.138 0.35 114 21

8 0.138 0.35 82.4 21
10 0.138 0.35 39 )

11 0.5 1 65 1

12 0.5 1 45.7 1

13 0.5 1 65 1

14 0.5 1 97.2 1

Table 6: Simulation results of the cycle without injection nor THX

Performance of the cycle

The characteristics of the cycle when the steady state is reached are as following

e Rich solution water ratio : 0.35
e Lean solution water ratio : 0.62
® Qapsorber,1 : 32.6 kW
® Qapsorber2 : 34.9 kW

i Qsink = QAbsorber,l + QAbsorber,Q . 67.5 kW

b QDesorber,l : 21.1 kW
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b QDesorber,Q : 19.1 kW

Qsource = QDesm"ber,l + QDesorber,Q 0 40.2 kW

e Compressor speed : 50 Hz

Weomp © 23.1 KW

Wpump © 0.37 kW

Circulation ratio : 56 %

The COP can be derived from Equation (34) :

67.5
p=—""___9
COP = osiroar 258 (56)

7.2.1.2 Cycle without injection and with internal heat exchanger

This paragraph is based on the cycle shown on Figure 28.
Temperature, pressure and mass flow in the cycle

Running the simulation with the internal heat exchanger added let us evaluate

the contribution of it.

The same parameters than previously are applied to the simulation which runs
with the cycle shown on Figure 4. The simulation converges toward the steady state

after around 200 seconds.

As there is no injection line, refering to Figure 17, point 5 = point 5b = point

51 and point 2/2b/2i.
Table 7 presents the results of the simulation.
Performance of the cycle

The characteristics of the cycle when the steady state is reached are as following
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State point Mass flow rate || Water mass frac- || Temperature Pressure
(kg/s) tion (°C) (bar)

1 0.138 0.35 57.8 5

2 0.062 0.02 57.8 5

3 0.062 0.02 284 27

4 0.077 0.61 57.7 5

5 0.077 0.61 58.8 27

6 0.077 0.61 67.7 27

7 0.139 0.35 1259 27

8 0.139 0.35 87.6 27

9 0.139 0.35 69.9 27
10 0.139 0.35 27.1 5

11 0.5 1 65 1

12 0.5 1 29.7 1

13 0.5 1 65 1

14 0.5 1 115 1

Table 7: Simulation results of the cycle without injection and with the IHX

e Rich solution water ratio : 0.35

e Lcan solution water ratio : 0.61

d QAbsorber,l

d QAbsorber,Q :

: 59.7 kW

47.0 kW

o Qsink = Qavsorber1 + Qavsorvera : 106.7 kW

b QDesorber,l 0 27.6 kW

hd QDesorber,Q 0 46.0 kW

b Qsource = QDesorber,l + QDesorber,2 0 73.6 kW

[ ] QIHX : 3.2 kW
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e Compressor speed : 50 Hz

Weomp : 27.9 kKW

Wpump © 0.50 kW

Circulation ratio : 56 %

The COP can be derived from Equation (34) :

106.5

p—_—"°
co 276+ 0.5

= 3.79 (57)

7.2.1.3 Cycle with the injection line

This paragraph is based on the cycle shown on Figure 29.
Temperature, pressure and mass flow in the cycle

The cycle is run with the injection done as shown on Figure 19. It is not possible
to inject the solution directly into the compressor as shown on Figure 16 because the
component does not allow it on Dymola. It would have been possible to simulate
the cycle as shown on Figure 15 in which the lean solution is not mixed directly and
the heat transfers trough an exchanger. Neverteless, in the actual facility of NTNU,
the injected lean solution is mixed with the vapor in the compressor so it is more
accurate to model it like on Figure 19. Instead, the compressor is split into two
differents components. The intermediate pressure is set to the geometric mean of
the high pressure and the low pressure as in Equation (10) thanks to a PI controller.
Between the two compressors, the lean solution in mixed with the ammonia vapor

in order to lower its temperature.

The same parameters than previously are applied to the simulation which runs
with the cycle shown on Figure 17. The simulation converges toward the steady

state after around 300 seconds.

Table 8 presents the results of the simulation.
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Outlet

Compressor 2
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Lean solution Intercooling
Compressor 1
4
|
Inlet

Figure 19: Injection of lean solution between the two compressor stages

Performance of the cycle

The characteristics of the cycle when the steady state is reached are as following

Rich solution water ratio : 0.35

Lean solution water ratio : 0.61

Q Absorber,1 @ 99.3 kW

Q Absorber,2  46.3 kW

Qsink = Q Absorber,1 T QAbsorber,2 © 105.6 kW
QDesorber1 : 27.7T kW

@ Desorber,2 © 46.0 kW

Qsource - QDesorber,l + QDesorber,Q 2 73.7 kW

QIHX : 3.2 kW
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State point Mass flow rate || Water mass frac- || Temperature Pressure
(kg/s) tion (°C) (bar)

1 0.138 0.35 57.8 5

2 0.061 0.02 57.8 5

2b 0.061 0.02 167 11.8

2i 0.070 0.09 99.9 11.8

3 0.070 0.09 165 26.9

4 0.077 0.61 57.8 5

5 0.077 0.61 58.8 26.9

5b 0.069 0.61 58.8 26.9

di 0.008 0.61 58.8 26.9

6 0.069 0.61 68.8 26.9

7 0.138 0.35 125,2 26.9

8 0.138 0.35 74.5 26.9

9 0.138 0.35 69.9 26.9

10 0.138 0.35 27.1 5

11 0.5 1 65 1

12 0.5 1 29.7 1

13 0.5 1 65 1

14 0.5 1 115.2 1

Table 8: Simulation results of the cycle with the injection line

e Low pressure compressor speed : 50 Hz

Weompiiow © 12.9 kKW

Wcomp,high . 14.0 kW

b Wshaft,total 0 26.9 kW

Wump : 0.51 kKW

High pressure compressor speed : 100 Hz
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e Circulation ratio : 56 %

e Injection ratio (according to Equation (58)) : 13.5 %

L minject@d
Tinjection mcomp7inlet (58)
The COP can be derived from (34) :
105.6
COP=———=2385 59
26.9 + 0.51 (59)

Effects of the injection ratio

In this model, the injection line is used to reduce the discharge temperature of
the compressor. As explained in section 6, the maximum discharge temperature of
the compressor indicated by the manufacturer is 180 °C in the facility. Figure (20)
shows the discharge temperature with respect to the injection ratio. By varying the
opening of the valve of the injection line, the injection ratio is changed on the range
[0 - 0.4]. The discharge temperature gets lower than 180 °C from an injection ratio
of 11.6 %. Then, from an injection ratio of around 18 %, the discharge temperature

stabilizes at about 138 °C.

300
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Figure 20: Discharge temperature of the compressor with respect to the injection

ratio
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Figure 21 shows the dependence between the COP and the injection ratio.
When the injection ratio increases, the heat load decreases and the total shaft power
of the compressor and the pump also decreases. As a result, the COP slightly
increases with the injection ratio but this is not significant. An increase from 10 %

to 30 % of the injection ratio leads to a growth of the COP of + 1 %.

3,92
3,9 &
3,88 &

3,86 e ®

COoP

3,84 o
3,82

38
378 | @

3,76
0 0,1 0,2 0,3 0,4 0,5

Injection ratio

Figure 21: COP of the cycle with respect to the injection ratio

Effects of the sink outlet temperature

By varying the sink mass flow rate, is is possible to influence the sink outlet
temperature and see its impact on the other parameters of the cycle. Figure 22
shows the dependence between the sink water mass flow rate and the sink outlet
temperature. When the mass flow rate is 0.35 kg/s, the sink outlet temperature
is 138 °C and when the mass flow rate is 0.8 kg/s, the outlet temperature goes
down to 95.5 °C. The dependance between the mass flow rate and the outlet sink
temperature is almost linear on this range of value. As expected, the outlet tem-
perature decreases when the sink mass flow rate increases. On Figure 23, The COP
is plot with respect to the temperature lift. For the simulations, the source inlet
temperature remains constant at 65 °C and the temperature lift is defined as the
temperature difference between the sink outlet temperature and the source inlet
temperature. The COP decreases with the temperature lift varying from 4,47 at a
temperature lift of 30 K to 3,2 at at a temperature lift of 73 K (-28 %). The shaft

power of the compressor increases faster than the heat load when the temperature
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lift goes up leading to a COP diminution. At the same time, the sink heat load
increases when the temperature lift increases as shown on Figure 24. The heat load

rises from 102.5 kW at a temperature lift of 30 K to 108.6 kW at 73 K (+ 6 %).

150
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120 L
110

100

Sink outlet temperature (°C)
®

90

80
0,3 0,4 0.5 0,6 0,7 0,8 0,9

Sink water mass flow rate (kg/s)
Figure 22: Outlet temperature of the sink with respect to its mass flow rate
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Figure 23: COP of the cycle with respect to the temperature lift

Figure 25 presents the discharge temperature and the discharge pressure with
respect to the temperature lift. Both parameters increase with the temperature lift.
The injection ratio was fixed at 13 % for all the simulations. When the sink outlet
temperature gets higher, the inlet temperature of the absorber on the refrigerant

side increases too and so are the discharge temperature and pressure.
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Figure 24: Heat load of the cycle with respect to the temperature lift
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Figure 25: Discharge pressure and temperature with respect to the temperature lift
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7.2.2 GHG analysis

The objective of this section is to evaluate the carbon emissions that could be avoided
thanks to the simulated ACHP. Two scenarios will be considered : the first one with
water being heated up from 65 °C to 95.5 °C and the second one with water being
superheated from 65 °C to 120 °C. The amount of water considered in each case
is 1 kg. In both scenarios, the equivalent carbon emission obtained with the heat
pump will be compared to those obtained with an electric heater and a gas-fired
boiler. Besides, a comparison will be conducted between the results obtained from
an electricity mix of the USA, Europe and Norway. Table 9 presents the carbon

equivalent emissions related to the electricity mix in the aforementioned location.

Producer CO2 [g/kWh] || Source

Natural gas (World, 2022) || 214 ADEME [29]
Electricity (US, 2022) 367 Ember-climate [30]
Electricity (Europe, 2022) || 298 Ember-climate[30]
Electricity (Norway, 2022) || 29 Ember-climate [30]

Table 9: Carbon intensity of the different hot water production modes

The following assumptions are made :

e Gas-fired boiler efficiency : 95 %

e Electric heater efficiency : 100 %

The energy necessary to heat up 1 kg of water is given by Equation (60).

E = (hsink,outlet - hsink,inlet) (60>

Scenario 1 : sink outlet temperature of 95.5 °C

e Injection ratio : 12.5 %
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Temperature lift : 30 K

Temperature sink inlet : 65 °C

Temperature sink outlet : 95.5 °C

COP : 4.47

E =400.2-272.2 =128 kJ

o Egaspoiter | i =135 kJ = 3.75.1072 kWh
b el,heater * 11§ = 128 = 35510_2 kWhel

o Excup: E/COP = 25 =28.6 kJy = 17.77.107% kWhy

Scenario 2 : sink outlet temperature of 120 °C

This sink outlet temperature is the highest reached by the cycle for an injection

ratio of 12.5 % and a dicharge temperature limited to 180 °C.

e Injection ratio : 12.5 %

Temperature lift : 55 K

Temperature sink inlet : 65 °C

Temperature sink outlet : 120 °C

COP: 3.71

In this scenario, the energy required to heat up 1 kg of water is : E = 2716.6-
272.2 = 2444.4 kJ

® Egaspoiter a2 — 2573 kJ = 0.71 kWh

L] el,heater - 24441 2444 4 kJel = 0.68 ]{?Whel

0 =

e Ejacpyp: E/COP = 2441 — 659 kJ, = 0.18 kWhy,

3.71

The following table presents the summary of the carbon equivalent emissions

for both scenario and for the electric mix associated to the different locations.
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Scenario

Emissions in Scenario 1

(65°C - 95 °C) [gCO2eq]

Emissions in Scenario 2

(65°C - 120 °C) [gCO2eq]

Electricity boiler

13 250
(US)
Electricity boiler

11 203
(Europe)
Electricity boiler

1 20
(Norway)
Gas-fired boiler

8 152
(World)
ACHP (US) 2.8 66
ACHP (Europe) || 2.3 54
ACHP (Norway) || 0.2 5

1 kg of water in different scenarios and locations

Table 10: Summary of the carbon emissions equivalent associated to the heating of
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7.3 Validation of the model

In order to validate the modeled Dymola cycle, the operating parameters of the
experimental set of data has been set into the software. The objective is to evaluate
the relevancy of the numerical model by comparing its performances to the actual

values.

Thus, the simulation of the system was run according to the boundaries values
presented in Table 5. The injection ratio was set to a reasonable value to make the

simulation work.

Table 11 presents a comparison of the main features of the cycle. The comments

on this table are in Section 8.

Experimental cycle || Numerical cycle
Sink temperature glide 26.8 K 12 K
Sink temperature glide 8.5 K 8 k
Compressor discharge temperature || 103.1 °C 98 °C
Pressure ratio 2.2 2.2 bar
Compressor shaft 11.8 kW 5.2
Pump power 0.7 kW 4.3
Heat load 29.4 kW 23.7 kW
COP 2.35 2.49

Table 11: Comparison of the main features of the experimental cycle and the Dymola

model
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8 Discussion

Ezxperimental results

The analysis of the test made in the lab presented in section 7 presents numerous
problems. Due to the breakage of the compressor before the end of the experiments
in the facility, the data collected was not as relevant as expected. The steady-state
was not reached in the experimental data collected and all the values were averaged
which can lead to significant errors in the calculations. This leads to great errors in
the calculations of the cycle features. For example, the heat transfered in the sink
from the mixture is more than 1.7 times bigger than the heat load received by the
water. The same problem takes place in the heat source. Besides, the ammonia-
water ratio in the rich solution depends on the level in the high-pressure and in the
liquid-vapor separator. As the enthalpy calculations depend on the ammonia-water
ratio, if the levels are non-constant due to an unsteady state, the results might be
inaccurate. Another problem is that the injection ratio during the test was way too
high compared to its expected value. The mass flow rate injected was 0.075 kg/s
compared to 0.024 kg/s at the inlet of the compressor. This represents an injection
ratio of 300 % instead of a value that should be around 12.5 % according to both
literature [10] and the results from the numerical modeling. The effect of this in-
appropriate injection ratio is that the volumetric efficiency is 13 % which is very
low compared to values found in the literature that can go up to more than 95 %
[24]. To get better results, a series of test should be run in the steady-state and the

injection ratio should be set around 12.5 %.

Numerical modeling results

The objective of the numerical modeling was to implement a cycle that would
behave like the NTNU facility to be able to compare and predict the functioning of
the actual rig. The objective is also to find the optimal experimental parameters
numerically. It is easier and cheaper to run numerical simulations than actual tests

in the lab. At first, the most simple cycle was implemented with no internal heat
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exchanger and no injection line. This basic cycle has a COP of 2.88 and a discharge
temperature of the compressor of 250 °C. In order to increase the performance of
the cycle, a second one was implemented with an internal heat exchanger. This
second cycle has a COP of 3.79 which is 24 % higher than the previous one. This
shows that the IHX allows to increase the performance significantly. The discharge
temperature of the compressor is now of 284 °C. In order to model the lubrication
and cooling of the compressor, a last cycle was implemented. This last cycle is
the most complex and include an injection line. As it is not possible to model
the direct injection of solution in the compressor with Dymola, this cycle includes
a two-staged compressor and the lean solution from the pump is mixed with the
vapor at the intermediate pressure. With this cycle, the coefficient of performance
is increasing again to 3.85 (+1.5 %) compared to the one without the injection
line. The most important feature is that the compressor discharge temperature is
now down to reasonable values. Depending on the injection ratio, the discharge
temperature can be lowered down under 180 °C which is the maximal temperature

that the compressor can handle according to the manufacturer.
Comparison between the experimental cycle and the simulation

It can be observed in Table 11 that some of the parameters are very similar
between the experimentation and the numerical modeling. The sink temperature
glide, the pressure ratio and the heat load are alike in both cases. The mains differ-
ences stand in the sink temperature glide which is twice bigger for the experimental
cycle and the compressor and pump required power. In the case of the facility, the
compressor shaft power is 2.2 times bigger than in the simulation whereas the pump
power required is more than 6 times bigger in the simulation than in the experi-
ment. This is mainly because the quality at the outlet of the liquid-vapor separator
is significantly higher in the simulation than in the experiment. Although the COP
found for both cases are reasonably close to each other (+ 6 % in the numerical) The
model seem reasonable even though there are some noticeable differences. The res-
ults would probably more similar if the experimental was run with better operating

parameters and in a steady-state.

The differences between the numerical modeling and the experimental cycle
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could also be related to errors from the simulation.
Sources of error in the simulation

As explained in section 6, the pressure drops in the heat exchangers have been
neglected. The heat exchange between the pipes and the surrounding area has also
been neglected in the whole cycle. These two reasons partly explain the higher
COP found in the numerical model compared to the actual facility. Besides, the
mixings have been assumed adiabatic which is also a hypothesis that improves the
performance of the heat pump. Moreover, the high-pressure receiver has not been

modeled in the simulation.
Greenhouse gas emissions

Thanks to Table 10, it is possible to evaluate the quantity of CO2 equivalent
avoided with the ACHP on a certain period of time. To give an idea of the GHG
emissions at stake, let us consider an industrial scale heat pump with a heat load of
1000 kW and the same performance than the ACHP under scrutiny. Considering a
load factor of 40 % [31] throughout the year, the ACHP would be able to heat up
98.5 kT of water in Scenario 1 and and 5.2 kT in Scenario 2 per year. In scenario
1, this would results to up to 1260 TeqCO2 avoided compared to an electric boiler
used in the US (if the ACHP run with the Norwegian electricity mix is used). In
Scenario 2, the quantity of CO2 avoided can go up to 1274 TeqCO2 in the best case.
This represents CO2 emissions reduced by up to 98.5 % in the first scenario and up

to 98 % in the second scenario.
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9 Conclusion

In conclusion, the food industry is a major contributor to greenhouse gas emissions
and efforts to reduce these emissions must be a priority. Increasing energy efficiency
and reducing the use of fossil fuels are key strategies for achieving climate neutrality
in the food supply chain. High-temperature heat pumps, such as the ammonia-water
absorption-compression heat pump, are a promising technology for both heat recov-
ery and energy efficiency, and have the potential to be run with natural refrigerants
such as ammonia that have a low global warming potential. The ACHP system has
two main constraints concerning the efficiency and the heat sink temperature: the
compressor and the heat exchangers. Simulations using Dymola showed that it was
possible to reach COP up to 4.4 at a temperature lift of 30 K and up to 3.7 for a
temperature lift of 55 K heating up water to 115 °C. The optimal injection ratio
was found to be around 12 % when the lean solution is injected into the compressor.
The set of data collected on the NTNU facility was not concluding because the com-
pressor broke before proper results could be obtained. Although, promising results
were achieved with the simulation and it can help predict the behavior of the actual

cycle.
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10 Further work

On the basis of the work conducted in this master thesis, the following propositions

for further work are suggested :
Concerning the Dymola simulation :
e Perform the simulations with a cycle closer to the NTNU facility by using

direct injection in the compressor. The next version of Dymola might have

this component.

e Implement pressure drops in the heat exchangers to model more accurately

the friction effects.

e Run the simulation with non-constant heat transfer coefficient in the heat

exchangers.
e Implement a full control of the system on Dymola. More PI controller could

be added in order to modify the variables automatically.

Besides, in parallel a work can be conducted on the experimental rig with the

following objectives :

e Perform experiments with the HTHP cycle and try to reach the steady state.

e Run the cycle with the parameters found in the simulation and compare the

performances.
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11 Appendix

11.1  Facility

Figure 26 represents the process and instrumentation diagram of the facility.
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Figure 26: Process and instrumentation diagram of the main Osenbriick heat pump

loop. From Ahrens [10]
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11.2 Dymola simulations
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Figure 27: Dymola cycle without the IHX nor the injection line
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11.3 Safety measures

General considerations about Ammonia

Anhydrous ammonia is a pungent, colourless gas at room temperature. The

density of N Hj at normal temperature and pressure is 0,77. The human physiolo-

gical response to various concentrations of ammonia are listed in the following table

5 ppm Least perceptible odour

20-50 ppm Readily detectable odour

50-100 ppm No discomfort or impairment of health for prolonged exposure

150-200 ppm General discomfort and eye tearing ; no lasting effort on short exposure
400-700 ppm Severe irritation of eyes, ears, nose, and throat

1700 ppm Coughing, bronchial spasms

2000-3000 ppm Dangerous, less than half an hour exposure may be fatal

5000-10 000 ppm || Serious edema, strangulation, asphyxia, rapidly fatal

10 000 ppm Immediately fatal

Table 12: Physiological response of human body with respect to the ammonia con-

centration

At room temperature, the saturation pressure of ammonia is approximately 8

bar absolute. Therefore, the ammonia cylinders contain a saturated mixture of gas

and liquid under a pressure of 8 bar. For piping and equipment, the material to avoid

are copper, zinc and their alloys that can be corroded by ammonia in the presence

of water vapor. Iron and steel are not affected by ammonia. The main risk from

ammonia is exposure of operators to high concentrations exceeding 500 ppm that

can occur because of sealing failure between high pressure cylinder and injector or

because of a failure to follow the correct procedure while refilling the high pressure
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side. Ammonia is flammable in a range of concentration between 16% and 25% by
volume which is far above the toxicity limit. Therefore, no special considerations

are to be taken concerning unintended combustion of N Hj.

The experimental area have numerous sources of dangers which require specific

safety measures.
Flammable or reactive substances and gas

Flammable, reactive and pressurized substances or gases are in use in the fa-
cility. The maximum charge of ammonia water mixture in the rig is estimated to
be under 50 kg. Initially, a vacuuming process takes place to evacuate the test rig.
The risks of ammonia leakage are minimized thanks to a tight assembly of the sys-
tem and appropriate ventilation. An ammonia concentration sensor connected to
an alarm system is implemented as well as an ATEX-certified equipment for light.
Stored as a pressurized liquid, ammonia can evaporate as a colorless gas at atmo-
spheric pressure and a temperature of -32 °C. The following situations can lead to

an incidental release or personal injury :

Overfilling the tank

Weakened undercarriage structure

Faulty valves and deteriorated or out-of-date hoses

External overheating of the storage container

In order to avoid personal injury, goggles, rubber gloves and other chemical

resistant clothing are necessary when handling anhydrous ammonia.
Pressurized equipment

As there is pressurized equipment in use, the system must undergo pressure
tests in accordance with the norms and be documented properly under the safety
regulations. All components are pressure-tested for the given operating range. The
maximum operating pressure in the rig is fixed at 16 bar for the low-pressure side

and 40 bar for the high-pressure side.
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Effects on the environment

An environmental impact is expected from the facility which can take the form
of emissions, noise, temperature, vibration or smell. No emissions are expected
during normal operation but N Hjz smell can be expected in case of leakage. N Hj
can be detected by humans above concentration of 25 ppm. The standard regulations
indicate a risk of hazard level at concentrations above 500 ppm by volume on a 8-
hour time-weighted average and a high hazard level above 5 000 ppm within the
enclosure. Some recommendations are to be followed to avoid and handle ammonia
leakages. A fixed ammonia alarm with a main alarm level below 500 ppm should be
installed. Purging of N Hj3 lines should be conducted before disconnection to avoid
sudden releases of ammonia. This is achieved thanks to t sections on lines what will
be purging.

There are two main potential sources of noise : the screw compressor and the
motor. Equivalent products from other manufacturers indicate sound level up to
68 dB. Noise measurements can be performed during operation to determine the
eventual need of corrective measures. Concerning hot temperatures, the maximum
design temperatures is 180 °C. Hot pipes or components are insulated in order to
prevent burns. A safety ventilation system is installed to regulate the amount of
N Hj in the air. The control and operation are done mainly from outside the room
containing the rig. Noise protection shall be used when entering the room during

operation.
First aid

Eyes or skin exposed to anydrous ammonia should be washed with water im-
mediately and for at least 15 minutes. Contaminated clothing should be removed
quickly and carefully. Water must be available in the area of the rig for flushing the

eyes or skin in case of exposure.
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