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There is no energy crisis, only a crisis of ignorance.
— R. Buckminster Fuller

On ne révolutionne pas en révolutionnant. On révolutionne en solutionnant.

— Le Corbusier
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Abstract

Urban areas represent an ever increasing challenge in terms of energy use and environmental
impact associated with it. Projections from the United Nation expect this number to reach
66% by 2050. In Europe 40% of the final energy consumption and 36% of the emissions
of greenhouse gases are caused by buildings. The building sector is also one of the area
where there is a great potential of reduction of the greenhouse gases emissions and of the
dependence on fossil fuels. Among the measures that can help realise this potential, efficient
energy conversion technologies supplying thermal energy services could play an important
role.

The present thesis aims at demonstrating the potential of a new type of district network,
capable of delivering indistinctly cooling and heating services using a two-pipe network and
in which the transfer of energy across the network is done by exploiting the evaporation/con-
densation of a refrigerant.

The main research question that this thesis attempts to answer is the following:

Is it possible to build and operate safe, reliable, energy efficient and economically profitable
district heating and cooling networks that use a refrigerant as a transfer fluid?

The demonstration follows three axes, the first being a thermoeconomic analysis. This analysis
focuses on a test case area in Geneva’s city centre where 5 variants of refrigerant based district
heating and cooling networks, one cold water network and the mix of conversion technologies
currently in use are compared on the basis of their energy and exergy performances and on
the economic profitability. Considerations on economic uncertainty, safety and technical
issues are also included in the analysis. The key findings are:

* All the variants of network can potentially reduce the final energy consumption of over
80% as compared to the current situation.

 All the variants of network have rather similar exergy efficiencies comprised between
39.5% and 45%.

* The most profitable variant uses CO; as a transfer fluid and an open cycle CO, heat
pump at the central plant. It costs initially between 27 and 35 mio €, reaches break-even
in 4 to 6 years and the net present value after 40 years is comprised between 40 and 80
mio €.
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Abstract

* A cold water network is the second best option, although more expensive initially
and thus less profitable, it has several advantages in terms of safety and availability of
components.

¢ The CO, variants exhibit a much better compactness than the cold water network.

The second axis is the design, construction and testing of a lab scale refrigerant network.
First a description of the design process and of the test facility is provided. It is followed by a
presentation of the results of the test campaign. The tests aimed at demonstrating the practical
feasibility of the concept, mostly by assessing the controllability of the network. Overall the
good behaviour of the test facility and its ability to be smoothly and automatically controlled
could be demonstrated, which further improved confidence in the practicality of the concept.

The third axis is the development of dynamic models of simulation. These models are de-
scribed in the present manuscript. They include, heat exchangers, pipes, pumps and valves. A
short comparison between experimental and simulation results is also provided. The compar-
ison between experiment and simulation showed that at their current stage of development
the models cannot simulate accurately enough a refrigerant based network. There are also
issues in terms of numerical stability.

Key words: district heating and cooling, urban energy system, refrigerant, heat pump, ther-
moeconomic analysis, experimental facility, dynamic models of simulation
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Résumé

Les villes représentent un défi toujours plus grand en matiére d’énergie et d'impact environ-
nemental. Les nations unies prévoient que d’ici 2050 deux tiers de la population mondiale
vivra dans les villes. En outre, actuellement en Europe le secteur du batiment engendre 40%
de la consommation d’énergie finale et 36% des émissions de gaz a effet de serre. Il s’avere que
ce secteur représente un potentiel important en matiere de réduction des émissions de gaz a
effet de serre et par la méme de réduction de la dépendance aux énergies fossiles. Parmi les
mesures pouvant contribuer a réaliser ce potentiel, les technologies efficaces de conversion
d’énergie assurant les services énergétiques de chauffage et de refroidissement pourraient
jouer un role prépondérant.

La these présentée ici, vise a démontrer le potentiel d'un nouveau type de réseau de distribu-
tion de chaleur et de froid a distance, ne nécessitant que deux conduites et dont la particularité
est d’utiliser I'évaporation/la condensation d’un fluide frigorigéne pour assurer les transferts
d’énergie a travers le réseau.

La question a laquelle cette thése tente de répondre est la suivante :

Est-il possible de construire et opérer des réseaux de chaleur et de froid a distance basés sur
l'utilisation d'un réfrigérant, d’'une facon stire, fiable, efficiente et économique ?

La démonstration proposée dans cette thése suit trois axes principaux, le premier étant une
analyse thermoéconomique sur un quartier test du centre de Genéve, o1 5 variantes de réseaux
aréfrigérants, un réseau a eau froide et le mix de systemes de conversion actuellement utilisés
sont comparés sur la base de leur performance énergétique et exergétique, ainsi que sur leur
profitabilité économique. Des considérations de nature technique, mais aussi concernant la
sécurité et les incertitudes économiques sont aussi prises en compte. Les résultats principaux
sont :

* Toutes les variantes de réseau proposées permettraient une économie d’énergie finale
supérieure a 80%.

* Ces variantes de réseaux ont des rendements exergétiques compris entre 39.5% et 45%.

* Lavariante la plus prometteuse utilise le CO, comme fluide de transfert et une pompe
a chaleur au CO;, a la centrale du réseau. Elle cofite initialement entre 27 et 35 mio. €,
le point de début de rentabilité économique est situé entre 4 et 6 ans apres la mise en
service et la valeur actuelle nette apres 40 ans est comprise entre 40 et 80 mio. €.



Abstract

e Unréseau a eau froide et la seconde meilleure option qui, bien que plus chére, présente
des avantages en termes de sécurité et de disponibilité des composants.

e Unréseau CO; est beaucoup plus compact qu'un réseau a eau froide.

Le second axe concerne la conception, la réalisation et I'expérimentation d'un réseau a réfri-
gérant a échelle réduite. Tout d’abord une description est faite du processus de conception
de 'installation d’essai et de ces caractéristiques principales. Les résultats des essais sont
ensuite discutés. Ces essais se sont focalisés sur la démonstration de la faisabilité du concept,
principalement en ce qui concerne son contrdle automatique. Les essais ont montré le bon
comportement de I'installation et ont validé le concept de controle automatique et ont donc
permis de renforcer la confiance dans les aspects pratiques du concept de réseau CO,.

Le troisieme axe consiste en la réalisation de modeéles de simulation dynamiques. Ces modeles
quiincluent des échangeurs de chaleur, des tuyaux, des pompes et des vannes sont décrits dans
ce manuscrit. Une comparaison sommaire entre les résultats expérimentaux et de simulation
est aussi fournie. La comparaison entre la simulation et les résultats expérimentaux ont mis
en évidence que les modéles, dans leur états actuels ne permettent pas de rendre compte
du fonctionnement d’'un réseau a réfrigérant de facon adéquate. En outre des problemes de
stabilité numérique sont survenus.

Mots clefs : chauffage et refroidissement a distance, systemes énergétiques urbains, réfrigé-

rant, pompe a chaleur, analyse thermo-économique, installation expérimentale, modeles de
simulation dynamique.
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Nomenclature

Latin letters

ATyin Minimum approach of temperature difference [K]
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M Mass [kg]
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Q Heat energy []]

s Specific entropy [J kg™! K71
T Temperature [°C]
Ty Ambient temperature [°C]

U Internal energy (Chapter 3) [J]

U Overall heat transfer coefficient [W m™2 K™!]
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() Area enhancement factor (Chapter 3) [-]
[0) Diameter [m]
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T Inflation rate [-]
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Indices

a Ambient

AC  Air conditioning

air  Cooling air for chillers

booster booster pump/compressor

c Cold stream (Chapter 3)

c,out Evaporator - chilled water outlet
CDC Cooling of data centres

cond Condensation

condensate condensate extraction pump
connect Connections: Network main line - users
cp Central plant

cycle Thermodynamic cycle

DHW Domestic hot water

dissip Heat dissipation

ERA Energy reference area

evap Evaporation

f Heating oil

H Space heating

h Hot stream (Chapter 3)
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lake Lake water

lig  Liquid

max Maximum

MDAC Mechanical draught air cooler
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tot  Total
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w Water
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Superscripts
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LMTD Logarithmic mean temperature difference
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Conventions
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Introduction

Urban areas represent an ever increasing challenge in terms of energy use and environmental
impact associated with it. According to the World Bank [1], the share of the world population
living in urban areas rose steadily from 34% to 53% over the period 1961-2013, and projections
from the United Nation expect this number to reach 66% by 2050. In Switzerland the current
figure is 73%, which is on parity with the value in Europe. According to URBACT [2] the
building sector in the European Union accounts for 40% of the final energy consumption and
36% of the emissions of greenhouse gases. It also considers that energy efficiency in buildings
located in urban areas represents one of the greatest potential to cut down greenhouse gases
emissions and reduce the impact of the European society on the climate. According to the
Swiss Federal Office for Energy [3], the final energy consumption associated to thermal energy
services in the sectors of households, services, industries are 87.6%, 71.5% and 68% respectively.
Therefore, in order to realize the potential of energy savings in urban areas, it appears crucial to
develop efficient energy conversion technologies dedicated to the thermal services. Obviously,
other measures have to be taken jointly in order to reach the full potential of savings in the
urban building sector. Measures such as the improvement on the envelope of buildings, the
management of solar and internal gains or a better integration of electrical and thermal energy
services.

Among the technologies particularly suited to supply thermal energy services to urban areas,
district heating and cooling networks are well placed.

Historical development and current trends in district energy networks

The oldest known use of water to deliver heat via network dates back to 1334 in Chaudes-
Aigues, France. Geothermal spring water was brought to houses via a network of wooden
pipes, the local lord charged users with a fee for the concession [4]. Over the centuries the
system evolved and expanded providing heat for the buildings, workshop and mills of the town.
Operation ceased in 2009 when it was decided to use the geothermal water in a hydrothermal
therapy centre.

The first district heating as it is understood today started operation in 1877 in New-York,
distributing steam to the customers, where it was condensed and then brought back to the
central plant to be re-vaporized in a boiler.
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In 2011, countries members of Euroheat and power [5] had over 482’000 km of district heating
in operation, 2/3 of which for Russia and China only, they provided 3’276 TWh of heat for the
final users. The share of the population connected to district heating networks in all these
countries is in average 28.6%. Two major technological shifts have occurred over the twentieth
century with regard to the technology of district heating. The first shift concerns the supply
temperature that gradually decreased as new networks were being built. Networks built in the
early 1900’s typically distribute steam at about 300°C, while those built between 1930 and 1970
rely on superheated water supplied at more than 120°C and more recent networks operate
with water at 80°C. The trend toward lower supply temperatures continues as networks at
50°C are considered for the supply of energy efficient building areas [6, 7, 8]. For instance,
since 1985 space heating is delivered to the campus of EPFL by two networks, one with a supply
temperature of 65°C (at Ta = -10°C) feeding the oldest buildings and one at 50°C for the newer
constructions. The second shift concerns the conversion technologies used in these networks.
Initially, fossil fuelled heat-only producing boilers were the only technology, but over the years,
and especially after the oil crises of 1973 and 1979, steam cycle based cogeneration plants
became widespread. In 2011 and for the OECD countries the share of district heat provided by
cogeneration plants reached 79% [9]. One also has to mention the successful integration in
district heating of biomass or municipal solid wastes fired boilers/CHP plants, of gas turbines
either in single or combined cycles, of electric or absorption heat pumps and of solar thermal
collectors [10, 11, 12, 13, 14].

Since the 1980’s, district cooling networks have also been in use [15], they consist in distribut-
ing cold water to the customers through a network of pipes, either in a closed or open loop.
The cold water can be directly pumped from a river, a lake or a sea and sent trough the network
or it can also be used in a heat exchanger at the central plant to cool down the water from the
network. Finally, if the water from the source is not cold enough, centralized water cooled
chillers are used. Where both district heating and cooling networks coexist, heat pumps at the
central plant are sometimes used to provide both services simultaneously [15]. Another trend
of development is the use of a single network to provide heating and cooling services. It has
been proposed to use a district heating network to deliver heat to the hot side of absorption
chillers installed at the users end, allowing the delivery of cooling services which reduce the
relative thermal loss during the hot season. The use, at the user’s end, of absorption heat
pumps and/or small cogeneration units based on ORCs is also a mean to increase the energy
efficiency when an existing high temperature district heating networks is used to provide heat
to modern buildings equipped with low temperature hydronic loops [16, 17]. In some cold
water networks, essentially built for cooling purposes, decentralized electric heat pumps are
sometimes used to deliver heating services [15]. The major interest of using decentralized heat
pumps is to supply heat at a temperature adapted to each user, thus reducing the electricity
consumption when the stock of buildings is heterogeneous as compared to a centralized
solution with a single supply temperature fixed by the most demanding consumer. There is
a maximum limit to the use of decentralized heat pumps in networks where the users are
connected in series (no return line) to avoid freezing in the pipes. For a network with the
users connected between a supply and a return line, there is no such limit, the maximum
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amount of decentralized heat pumping being mostly linked to the maximum flowrate and the
supply temperature. For instance, at the time of writing, a 28 MW district heating network
relying on a cold water loop feeding decentralized heat pumps started operating in 2015 in “La
Tour-de-Peilz” (Switzerland) [18]. Over the last decade, concepts of enhanced networks have
been proposed. They are able to supply heating and cooling at temperatures adapted to each
building. They also allow the recovery of waste heat emitted by cooling users for valorisation
at the heating users. These concepts operate at similar temperatures, between 5°C and 15°C,
allowing the use of direct cooling for most of the cooling services and provide heat via the
extensive use of decentralized heat pumps. Furthermore they all use a small or no temperature
difference between the two pipes they rely on. The main topological difference that can be
identified is the use of water vs. refrigerant fluids as heat transfer media. The water based
advanced district energy networks seem to have appeared in Switzerland over the last 5 years,
in the German speaking part they are referred to as “Anergienetze”. To the author’s knowledge,
three such networks are in operation [19, 20, 21], the largest one, on the campus of ETHZ —
Honggerberg, is part of a set of measures that allows the campus to reach the per capita targets
of 2 kW average primary energy consumption and 1 ton/year emission of CO, equivalent
[19]. Refrigerant based district energy networks are still at the research stage, they rely on the
latent heat of evaporation/condensation of a refrigerant to collect and transfer heat across
the network [22, 23, 24, 25, 26]. Until recently, the focus was exclusively on the use of CO; as
arefrigerant, as it is the only non toxic, non flammable one among the natural refrigerants
available [27]. However COs still presents some challenges and the recent appearance of HFO
refrigerants made the question of the choice of the heat transfer media worth reinvestigating
[28].

Scope of the thesis and organisation of the manuscript

This thesis is part of a research project, cofunded by the Swiss Commission for Technology and
Innovation, the engineering firm Amstein & Walthert and Geneva’s utility company, SIG. The
goal was to pursue the research on district heating and cooling networks that use refrigerants as
heat transfer media with a strong focus on application. The research question that motivated
this work can be summed up as follows:

Is it possible to build and operate safe, reliable, energy efficient and economically profitable
district heating and cooling networks that use a refrigerant as a transfer fluid?

It resulted in three following major topics, a thorough thermoeconomic analysis, the de-
velopment/testing of a lab scale network and the development of a dynamic model of the
technology. These three topics constitute the three chapters of the present manuscript.

Chapter 1: Thermoeconomic analysis In this analysis, a test case urban area is described
and the models predicting the heat and cooling demand are presented. Then models
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of seven different energy conversion technologies are described. These technologies
comprise the conversion technologies currently used in the area, 5 versions of refrigerant
based networks and a cold water network. These technologies are each considered for
the supply of the thermal energy services to the test case area. The analysis compares
the technologies with the following criteria:

e Energy performance

e Exergy performance

e Initial investment required

* Profitability based on the net present value

* Robustness regarding uncertain economic conditions

* Technology and safety related considerations

Chapter 2: Experimental facility In this chapter, first the design requirements of the test
facility are described, then a description of the test facility is provided and finally the
results of the various tests are presented.

Chapter 3: Dynamic Modelling and Simulation In this last chapter, a description of the dy-
namic models developed for the heat exchangers and network pipes is first provided.
Then the models of pump and valves are shortly described, and finally two examples
of results are provided. This includes a succinct comparison between the dynamic
simulation and the experimental tests.



1] Thermoeconomic analysis

1.1 Introduction

Globally, energy systems, as the rest of man-made constructions, are part of a very intricate,
highly non linear socio-economic system, subject to physical and environmental constraints.
The dynamics of these systems and of their coupling with the rest of the socio-economic
system and its environment is also very complex, in the sense that some of the time constants
might well be in the order of a few seconds, as for instance blackout events in the electric grid,
to at least centuries when it comes to the climatic response to the increase in concentration of
greenhouse gases in the atmosphere. In particular, energy systems are part of what can be
considered the heavy infrastructure of the socio-economic system. They are crucial to the rest
and are to be taken very seriously as their effects can be very far reaching and might last over
very long periods of time.

When a new energy system is to be envisaged, either as an entirely new piece of infrastructure
or as a retrofit/extension, a methodology to compare the various options is required. First,
amethodology and a set of metrics should be defined and applied to the various proposed
technologies. Special care must be taken in order to keep the comparison unbiased. Second,
an assessment of the response of the proposed technologies to changing framework conditions
should be carried out to check how the proposed technologies cope with variations that can
be treated in a probabilistically sound way. As said earlier, the variety of the implications,
influential factors and impacts of energy systems are very diverse and when it comes to
compare several options a wise choice of metrics is a key element to obtain meaningful results.
Aslong as the process is to be of a scientific kind, ethical integrity should prevail and provide a
certain confidence in the pertinence of the analysis. However the aforementioned variety of
factors at play in energy systems makes it virtually impossible to cover the entire picture, or
at least within the time for one person to do a PhD. In the present study, whenever it was felt
necessary, the limitations of the approach used are discussed. Some of the elements at play in
energy systems are listed in Table 1.1. Some metrics that can be used to assess these elements
are also mentioned.
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In the perspective of developing the technology of district energy networks based on refrig-

erants the following research questions were formulated and constitute the backbone of the

present thermoeconomic analysis:

* What are the typical characteristics of the thermal energy needs in urban areas?

* How does the energy conversion technology currently in place perform?

* What are the possible working fluid for a refrigerant based network?

e How would such networks perform in these urban areas?

* How would they perform relatively to each other?

e How would the closest competing technology perform?

* How would performances be affected by the uncertainties associated to the framework

conditions?

Table 1.1 — Typical influential factors that can be included in an energy systems analysis

Factor Metrics

Energy performance Final energy consumption
1st law efficiency
2nd law efficiency

Economic performance Net present value
Payback time

Capital expenditure

Environmental impact

Life cycle analysis
Embodied energy
Extended exergy analysis

Safety and security Probabilistic risk assessment
Security of supply
Technology readiness Technology readiness level

Social impact

Of the factors mentioned in Table 1.1 only, the energy performance and the economic per-

formance have been quantitatively kept in the analysis. The "safety and security" criterion

was taken into account only qualitatively and mostly to narrow down the number of possible

working fluids.

The following criteria have been dropped out of the analysis:

Environmental impact It was dropped out of the current study based on intuition and on

the finding from former studies [22, 23]. These studies showed that a district heating

and cooling network solely relying on heat pumping to provide heating and mostly
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on free cooling to provide the cooling services, would lead to much lower final energy
consumption and emission of greenhouse gases. However, a rigorous environmental
impact assessment should be done for the proposed technology. The life cycle assess-
ment (LCA) based method from Gerber could be used [29] as well as the extended exergy
analysis as defined by Rocco et al. in [30].

Technology readiness The technology readiness of the proposed technology was at the be-
ginning of this work, in 2010, at TRL 1! to TRL 2 ? according to [31]. The main goal of
the present thesis was to advance in the development from the early conceptual stage
to a stage corresponding roughly to TRL 5%. The next step then would be the design and
construction of an engineering scale pilot network. In the present thermoeconomic
analysis the several variants of refrigerant based network that will be presented are
similar enough, to be considered at a same level of development, hence their technol-
ogy readiness level will not be useful to discriminate between the different variants of
network. However, the level of readiness of the closest competing technology is much
higher since several commercial networks exist already. This will be retained in the
analysis of the results.

Social impact The social impact of the various technologies that will be presented in this

study has been neglected. The social impact of the proposed networks could take
various forms, such as modifications in the housing prices, improvement of the air
quality and subsequent positive effects on the population health, influences on the
local HVAC equipments installers and retailers. It could also encompass the study of the
public acceptance of refrigerant based networks. How are they perceived? How could
the perception be positively changed? Which business/sales model would lead to the
widest social acceptance? How should these models be changed if refrigerant based
networks were to be installed in an other region/country?
All these questions are worth investigating. However the competences required to treat
them are not those of an engineering PhD student. Furthermore the author believes
that the energy and economic potential of district energy networks using refrigerants
should be assessed in priority, as these two aspects are sufficient to determine whether
there is an interest in pursuing with the development of the technology. If the energy
and economic perspectives are promising, then the environmental and social impacts
should be integrated in the design process of the technology.

1.2 Urban area studied

Since the two industrial partners involved in the project are both located in Geneva, Switzer-
land, the test case area was logically chosen within this city. The area of "Rues Basses" was
chosen at an early stage of the project. Initially it was viewed as a good potential candidate for

ITRL 1: Basic principles observed and reported.
2TRL 2: Technology concept and/or application formulated.
3TRL 5: Laboratory/bench scale, similar system validation in relevant environment
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a first implementation of a full scale pilot network. However a study, carried out by one of the
industrial partners, the engineering company Amstein & Walthert, showed later on that some
practical considerations made it a poor choice:

* The area is large in terms of size and energy demand for a first full scale prototype. The
risk involved was deemed as being too important.

* The potential customers are too numerous and some key ones are likely not to accept
relying on an untested technology (banks, insurance and international trading firms).

¢ A large number of public transportation lines pass through these streets and their
rerouteing during the construction period would be very difficult.

e Initially it was assumed that an existing utility tunnel passing below the streets could be
used but is much too deep in the ground to be of any interest.

Nevertheless, the thermoeconomic analysis was done using this area as a test case, since data
such as the energy reference area (ERA) and the types of buildings had been made available at
an early stage by Geneva’s cantonal office for energy [32].

The area is located on the South bank of Lake Geneva at its outlet where the water flows into
the Rhone river. It is approximately 900 m long and 200 m wide. The buildings in the area have
mixed affectations, comprising in term of energy reference area (ERA) 23% of commercial
surface, 60% of office and 17% of residential. The total ERA of the test case area is 687’843 m?2.
The population density in this area varies from 1’600 inhabitants km~2 at the north-western
end to around 3’200 inhabitants km™~2 at the south-west. This is a low value as compared to
some areas of Geneva in excess of 25’000 inhabitants km™2. It is caused by the large share of
commercial and office buildings in the area.

Fig. 1.1 shows a map of the area studied. The area was divided in 32 groups of buildings for

which the six following possible types were considered:

e Commercial - Shop

e Commercial - Restaurant

Office - Individual offices

¢ Office - Open space offices

¢ Residential - built before 1990
¢ Residential - built after 1990

Table 1.2 shows the ERA for the groups of buildings depicted in Fig. 1.1. It shows also the
repartition between the six possible affectation considered in this study.

8
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Figure 1.1 — Map of the test case area of "Rues Basses" showing the subdivision used for the
various groups of buildings.

1.3 Thermal energy needs

As the urban area considered encompasses a relatively broad mix of buildings affectations,
the thermal energy services required are similarly broad. For the present study it has been
decided to consider the following ones.

* Space heating

* Air conditioning

* Hot water preparation

 Refrigeration (for commercial use)

e Cooling of data centres.
For each of the six categories of buildings affectation, the yearly energy required for a given
service was computed using the Swiss standards of 1988 [33] and the literature [34]. It is worth
noticing that the buildings in the area considered are in general relatively old. It is the reason

why the Swiss standards of 1988 was used, rather than the latest version of 2009. The results
are shown in Table 1.3.

In order to evaluate the daily energy requirements, while taking into account the effect of
the varying atmospheric temperature on space heating and air conditioning demands, the
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Table 1.2 — Energy Reference Area (ERA) in the various zones and per type of buildings affecta-
tion considered for the test case area "Rues Basses."

Commerical Offices Residential
Zone | Shops Restaurants | Individual | Open space | post-1990 | pre-1990
1 2’030 226 4’209 4’209 148 590
2 913 101 3’549 3’549 0 0
3 2’655 295 6’551 6’551 428 1’714
4 1’144 127 2’739 2’739 0 0
A 5 2’269 252 3’543 3’543 0 0
6 2’083 231 2’065 2’065 1’429 5'715
7 1’659 184 5’529 5’529 0 0
8 1’351 150 5'804 5804 0 0
9 3’446 383 8’244 8’244 799 3’197
10 | 1077 120 2’350 2’350 736 2’944
1 4’113 457 18’713 18’713 0 0
2 3'173 353 16’470 16’470 0 0
3 7015 779 10’337 10’337 0 0
4 34’358 | 3’818 1’454 1’454 0 0
5 3’436 382 6’827 6827 136 544
6 3’820 424 7’565 7’565 195 781
B |7 3’368 374 7781 7’781 225 902
8 4’163 463 5’203 5’203 1’122 4’489
9 9’281 1’031 13’809 13809 3’708 14’834
10 | 3’807 423 9’094 9’094 578 2’313
11 | 3’293 366 5’628 5’628 2’035 8142
12 | 5’781 642 22’481 22’481 1’227 4’907
13 | 1’706 190 4’968 4’968 1’075 4’298
1 4’222 469 948 948 2277 9’107
2 7’838 871 5’806 5’806 581 2’323
3 4’541 505 0 0 2’605 10’422
4 5’095 566 8’580 8’580 0 0
C|5 5’086 565 1’860 1’860 759 3’035
6 1’562 174 445 445 578 2’312
7 2’229 248 5’408 5’408 1’151 4’603
8 3’615 402 1’458 1’458 1’210 4’840
9 2’156 240 6’797 6’797 464 1’857
All 142’283 | 15’809 206’208 206’208 23’467 93’868
Total: 687'843 m?

following equation was used:

UA

QERA = m : (Tservice - Ta) dz (1.1)

10
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In the case of space heating, Qpra is the yearly space heating demand per m? of Energy
Reference Area - ERA. It is derived from statistics and it aggregates the effect of the various heat
sources (solar and internal heat gains) and heat sinks (thermal losses through the envelope
and preheating of the air renewal.) In this study it was assumed that an equivalent loss
coefficient - UA/ERA - could be used, linking linearly the flow of thermal energy to the
temperature difference between the room and the outside air only. This is also known as an
energy-signature model [35]. The integral can be replaced by the yearly heating, respectively
cooling degree-days. Hence the coefficient of loss becomes:

UA 1000 Qggra
ERA 24 YDD

(1.2)

The value of the coefficient of loss for the six buildings affectations is shown on Table 1.3. The
annual value for Geneva is 2937 degree-days in heating. This value is obtained using a base
temperature of 20°C and considering that space heating systems are shutdown whenever
the average daily atmospheric temperature exceeds 12°C. An identical method is used to
evaluate the loss coefficient applicable to air conditioning. In that case, the annual value is
384 cooling degree-days. It assumes a base temperature of 18°C and the method used is the
UKMO method [36]. It has to be mentioned that in Switzerland and unlike for heating, no
national standard defines how to compute cooling degree-days. The values for the various
loss coefficients found are shown in Table 1.3.

Table 1.3 - Yearly energy requirement per m%R , and thermal loss coefficients for the six
different types of building considered

Offices Offices Resid. Resid.

Unit Sh Rest.
s op Tes indiv. openS. >1990 <1990

Space heating [KkWhm=2yr~!] 1246 66 55 55 375  70.6
Heating loss coef WK ! m™2 1.768 0.936 0.78 0.78 0.532  1.001
Air conditioning [kWhm™2yr~!] 70 - 72 45 - -
Cooling loss coef. WK !'m™] 7.605 - 7.822 4889 - -

Hot water prep. [kWhm™2yrl] 74 66 - - 12.5 21.4
Refrigeration [kWhm=2yr~!] 30 10 - - - -

Data centres cooling [kWh m2 yr‘l] - - 8 45 - -

The total thermal energy required annually is 102’572 MWh. 51.8% of which are for heating
and 48.2% for cooling. Fig. 1.2 shows the energy required for each service throughout the year
on a daily basis. The heating peak occurs in February at a load of 19.23 MW, the ratio between
maximum and minimum heating requirement is 38.9. The minimum heating demand occurs
in summer when the only heat demand is for hot water preparation. The cooling peak occurs
in August at aload of 33.0 MW and the ratio between maximum and minimum cooling demand
is 18.9. Space heating is required for the totality of the 687’843 m? of ERA, it represents a load

11
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Energy demand per service
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Figure 1.2 — Daily demand of the various thermal energy services considered in the test area of
"Rues Basses"

0f 18.74 MW at design conditions (T, = —7°C). The capacity required for the preparation of
domestic hot water is 0.50 MW. Since air conditioning equipment is forbidden in residential
building in Geneva, the air conditioning area is reduced from the initial 687’843 m? of ERA
to 570’800 m?, and leads to a required cooling capacity of 44.44 MW at design conditions
(T, = 30°C). The required cooling capacity for refrigeration and the cooling of data centres is
0.50 MW (143.1 tons) and 1.24 MW (353.8 tons) respectively. Obviously, it can be concluded
that the dominant services are space heating and air conditioning. To clearly illustrate the
relative importance of the various services, the load curve is shown at Fig.1.3, where negative
heating loads have positive values and cooling loads negative ones. In this particular figure the
cooling load curves have been flipped from left to right to express the fact that in general peak
heating demand and peak cooling demand are not simultaneous. However some comments
are required on that matter.

Under the hypothesis made, the preparation of domestic hot water, refrigeration and the
cooling of data centres are simultaneous all over the year. On daily averaged basis it is true,
on an intraday level however, domestic hot water is typically prepared over periods of 3 to

12
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6 hours, consequently the required heating load is 2 to 4 times the daily average. Regarding
refrigeration, even though the demand is relatively constant, the type of technology used for
the compressors can introduce fairly large intra-day fluctuations, especially if operated in
"on/off" mode. For economic reasons it is not interesting to operate a data centre at part load
but it is likely that they exhibit variations in computation load that affect their cooling demand.
All these factors have been neglected in the present study. For what concerns the services of
space heating and air conditioning, very little simultaneity occurs between these two services.
It can be seen at Fig.1.2 that only during the last two weeks of March and on one day at the
end of September that such a situation happens. It is in part due to the difference between
the two different methods used to compute degree-days as the method used for cooling [36]
takes into account the min and max values of the ambient temperature, while the method
used for the heating degree-days doesn't. It is also worth mentioning that depending on the
building’s orientation and if they have large and unshaded windows, heating is sometimes
still required for the rooms facing North while the ones facing South need air conditioning to
avoid overheating.

The quasi absence of simultaneity between air conditioning and space heating, combined with
neglecting the load variations for the services of domestic hot water preparation, refrigeration
and cooling of data centres, renders the representation shown at Fig. 1.3 a fair approximation.
It also has the merit to be a didactic way to represent the demand and is widely used in the
HVAC community. However, it should be kept in mind that such a representation makes sense
only if the time varying cooling and heating services are almost exclusively non simultaneous.

Regarding the distribution of the loads, Fig. 1.3 shows some differences between space
heating and air conditioning. For space heating the sudden jump is due to the fact that
in the heating degree-days method used it is assumed that no heating is needed when the
outside temperature exceeds 12°C. For air conditioning instead, there is no jump in demand
since the daily maximum outside air temperature has to exceed the base temperature used
(Tpase = 18°C) to start having a non-zero value. For outside air temperatures higher than 18°C,
the function is continuous with respect to the min, max and average outside air temperature.
Had the method used for cooling [36] also been used for heating4, the jump in demand would
have disappeared. However, it would also have led to an additional heat demand during
periods when the outside temperature exceeds 12°C, ultimately adding roughly 18% to the
annual space heating demand. In the present study it was assumed that the buildings are well
managed and therefore space heating systems are fully shut down according to the standards,
hence justifying the choice of the heating degree-days method used. Note that the demand
predicted for T, < 12°C would show in average a difference of 2.1% only, which indicates that
the two methods are fairly equivalent.

It is important to note the difference in equivalent full load operating hours between the
services of space heating and air conditioning. Indeed space heating occurs over a period
more than twice as long as air conditioning. Moreover, there are 28 days during which space
heating exceeds 75% of the maximum predicted load, while in the case of air conditioning

4 Assuming that the base temperature of 20°C used for space heating in Switzerland is kept.
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the figure is only 8. The sharp peak characterising cooling is significant, particularly when it
comes to the sizing of equipment and as a result it tends to affect negatively the economic
performance of the system.

Averification of the model used to compute the various thermal energy demand of the building
was carried out. Geneva’s cantonal authorities have made mandatory for heated buildings
owners to compute the annual consumption of final energy agents for space heating and
domestic hot water preparation normalized to 1 m? of ERA. The indicator is called heat
expense index (HEID)®. For each of the 32 zones an equivalent HEI was computed using the
model described above. In the area considered, the services of space heating and domestic
hot water preparation are provided almost exclusively by combustion boilers. In that case
the HEI is basically the energy content of the combustion agents consumed annually over a
given zone divided by its ERA. A correction was necessary as the HEI available from Geneva’s
database is for the year 2014 and the models presented here use the reference year 2012. The
correction consists in in dividing the heating oil consumption for space heating by the ratio of
the yearly degree days for 2012 and 2014 respectively. Note that the definition of the degree
days used by the cantonal authorities differs from [37] the one used in this study. The result
is visible at Fig.1.4. It is clear from the figure that the model used in this study almost always
underestimates the HEI and as a consequence the overall heat demand in the test case area.
The distribution of the actual HEI also spans over a larger scale than the one resulting from
the model which lead to the conclusion that the heterogeneity between the various zones is
greater in reality than what the model predicts. Since the present comparison was only made
at the very end of the thesis it was not possible to redo all the analysis with more accurate
thermal loss predictions.

1.4 Conversion technologies: An energy comparison

This section deals with the definition of the models used to evaluate the energy performance
of the various energy conversion technologies compared within the framework of the present
study.

The various conversion technologies are all considered as a replacement for the currently
used technologies over the entire urban area of "Rues Basses" described previously. Many
conversion technologies could have been included in the comparison, however for time
reasons only the following ones have been studied:

Currently used technology In order to characterize the current situation in the area of "Rues
Basses", a model of the energy conversion technology currently in operation was defined.
It assumes that the entire heat demand of space heating and domestic hot water is
provided by decentralized boilers fuelled with light heating oil. It also assumes that
all the cooling needs are satisfied through, air cooled, electrically driven compression

5In french: Indice de dépense de chaleur - IDC
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Heating and cooling load curve
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Figure 1.3 — Load curve for the various services in the test area of "Rues Basses". The cooling
parts have been flipped from left to right in order to emphasize that space heating and air
conditioning are in general not simultaneous.

chillers.

Refrigerant based networks As they represented the main focus of the present research study,
several variants of district energy network using refrigerants as a transfer fluid have
been proposed. All of them rely on a two-pipes network capable of satisfying the heating
needs through a combination of centralized and decentralized heat pumps and the
cooling needs mostly via free cooling but not exclusively. All these variants exploit the
latent heat of vaporisation of a refrigerant fluid to transfer heat across the network.

Water based network The only water network studied is of a very similar type to the refriger-
ant based ones. It also uses two pipes, a combination of centralized and decentralized
heat pumps for heating and free cooling for most of the cooling. The major difference is
in the use of the sensible heat of water instead of the latent heat. This particular type
of water network is often referred to as an anergy network. It was decided to limit the
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Figure 1.4 — Comparison of the real heat expense index obtained from Geneva’s authorities
[38] with the one computed using the model of buildings and boilers described in this study.
Insert: histogramm of the ratio of the HEI modeled over actual

study on water based networks only to the anergy network since it is likely to be a very -
if not the most - serious competitor to refrigerant based networks.

Obviously there is a very wide range of possible energy conversion technologies that could
supply the thermal services to an urban area. However the scope of this study was to inves-
tigate in detail the concept of refrigerant based networks, hence the comparison with other
technologies was limited to two benchmarks, one representing the current situation in the
area of "Rues Basses" and the other representing what is believed to be the closest competitor.

1.4.1 Currently used technology

As said earlier the heat demand is considered to be exclusively satisfied using oil fuelled
boilers. Air cooled, electrically driven vapour compression chillers are assumed to provide all
the cooling services.

Regarding boilers this early hypothesis was proven relatively inaccurate since a new database
of the existing heating equipment [38] shows that the share of heating oil boilers in the test
case area represents only 51.4% of the total installed capacity. The two other technologies are
natural gas boilers that account for 39.9% and bi-fucel boilers® that represent the last 8.7%. A
map of the boiler capacity installed per zone and boiler type in the "Rues Basses" area can
be seen at Fig.1.5. Note that in spite of the extensive used of natural gas in the area of "Rues
Basses", the model of conversion technology developed in the present study considers only
oil fueled boilers. It was estimated that the imprecision caused by not considering natural gas

6Normally fuelled on natural gas except during peak demand where they switch to oil instead
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would not significantly affect the evaluation of the energy performance. However, it leads to
overestimating total costs and greenhouse gas emissions. There isn't any equivalent database
for the cooling equipment and thus it is not possible to proceed to a similar verification.

QOil fueled boilers: 33. 7MW
Natural gas fueled boilers: 26.2 MW
Dual-fuel boilers: 5.7 MW

Figure 1.5 — Installed capacity for the various boiler types in the 32 zones of the test case area.
The values correspond to the sum of the burners capacity and are expressed in kW.

The boilers are considered to operate following a pulse width modulation by alternating

between full load and idle periods of variable duration. The design atmospheric temperature
was set to -7 °C [34]. The part load energy efficiency of the boilers is computed as follows:

(1.3)

Where the parameter €,, is the first law efficiency [39] at nominal load and the parameter A is
the residual consumption at idling condition, as a fraction of the delivered nominal load. The
independent variable y is the load factor’. In the present work the value of the load factor is
obtained by the ratio of the actual heat rate demand on a given day to the nominal heat rate
capacity of the boiler.

The value chosen for €, corresponds to the legal limit of 7% of flue gas losses ® imposed by
the Swiss Federal Ordinance on Air Pollution Control (OAPC) [40] to which the radiation and
convection losses are added. For these losses the value chosen is 0.9% and is typical of a 500
kW pulse width modulating oil fuelled boiler?[41]. The value used for A is assumed to be
equal to the radiation and convection losses, and so the same value of 0.9% was used.

“Fraction of time during which the boiler operates at full load
8for boilers equipped with forced draught burners with single-stage operation
9the average nominal combustion heat rate of the boilers in this study is 646 kW
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The performance of the vapour compression chillers is approximated using ideal Carnot heat
pump cycles multiplied by a constant exergy efficiency. Since air-cooling is considered, the
parasitic power consumption of the fans was accounted for. Hence, the electric power required
is computed as follows:

E= Ecycle+EMDAC (1.4)

With the first term on the right hand side given by:

(1.5)

. ) T, T,
Ecycle _ Qevup h,out (1 _ c,out)

Tc,out Th,out

Where Qe,,up is the cooling load, 1 the exergy efficiency, T}, ., the absolute temperature of
the cooling water at the condenser outlet and T, the absolute temperature of the chilled
water at the evaporator outlet. These two temperatures are computed through:

Th,out: Ta+ATgir + ATmin (1.6)

Teout = Tservice (1.7)

The second term on the right hand side of eq. (1.4) corresponds to the electric power consumed
by the fans for the air-cooling of the condenser. It is given by the following equation [42]:

0.605 (Qevap + EcyCle)
(ATgir + ATmin) 9%

Eyvpac = (1.8)

In the expressions (1.6), (1.7) and (1.8), AT,;, is the temperature increase in the cooling air
passing through the air cooler, AT},;, is the minimum approach temperature difference in
the air cooler. In the present study it has been assumed that the chillers themselves are cooled
through a water loop linking the chiller with the air cooler. Obviously, the loop represents an
inefficiency as the condenser pressure is necessarily higher than in the case of a condenser
that is directly air cooled. This choice is motivated by the tendency from the authorities to
favour indirect systems as they have a reduced inventory of refrigerant and a reduced exposed
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length of refrigerant pipes. The aim being to limit the leaks in the environment of substances
having a high global warming potential (GWP).

A survey of a total of 1918 water cooled chillers certified by Eurovent [43] was carried out in
order to define a realistic value for the exergy efficiency 1 in eq. (1.4). A seasonal performance
indicator is defined in Europe as the European Seasonal Energy Efficiency Ratio or ESEER, it
is a weighted average of the coefficient of performance in cooling - COP,. - at the following
standardized measurement points:

* 100% cooling load, cold source 12/7°C, hot source 30/35°C, 3% of the time
* 75% cooling load, cold source 12/7°C, hot source 26/31°C, 33% of the time
* 50% cooling load, cold source 12/7°C, hot source 22/27°C, 41% of the time

* 25% cooling load, cold source 12/7°C, hot source 18/23°C, 23% of the time

An equivalent ideal ESEER under the same conditions was defined as follows:

ESEER;goq = 0.03

308.15 280.15 304.15 280.15
1 +0.33 1

280.15\  308.15 280.15\  304.15
300.15 (. 280.15 296.15 (  280.15

+0.41 1- +0.23 1- ~-13.92 (1.9)
280.15 " 300.15 280.15 " 296.15

The ratio between the actual ESEER and its ideal counterpart - ESEER; jeq; - Was then com-
puted for all the chillers surveyed, the results are shown at Fig. 1.6. The average value - 40.2% -
was used as the representative exergy efficiency for the chillers considered in this study.

The values used for the various parameters in eq. (1.3)-(1.8) are listed in Table 1.4.

Using the demand for the various services defined in the previous section and the model of
the current conversion technologies, the final energy consumption was computed on a daily
basis for each zone in the test case area.

The annual total amount is 66.42 GWh, 87.4% of which is heating oil and 12.6% electricity.
The maximum combustion heat rate of the boilers reaches 20.88 MW corresponding to the in-
stalled capacity. It is due to a 6 days cold snap in February 2012 during which the atmospheric
temperature plummeted below the sizing temperature of -7°C.

The annual share of electricity used in the water cooled chillers is 72.0% and the consumption
of the air coolers fans accounts for 28%. The maximum electric load occurs in August at
7.885 MW, which is significantly below the installed capacity of 12.81 MW suggesting that
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Table 1.4 — Numerical parameters used for the conventional energy conversion technologies
and temperature of the various cooling services.

Parameter Value

€n 92.1%

Ao 0.9%

n 40.2%

ATgir 12°C

ATmin 2.5°C

Energy Service Temperature
Air conditioning 18°C
Refrigeration 5°C

Cooling of data centres  28°C

the sizing criterion used - an atmospheric temperature of 30°C - is a bit excessive. The daily
consumption of heating oil, respectively electricity for the different services is shown on Fig.
1.7. The yearly energy efficiency in heating, for the considered area and the current energy
conversion technologies is 0.915. The yearly effectiveness in cooling is 5.90.

Similarly to what was done for the heating services needs in the test case area, a comparison
between the predicted installed capacity of boilers with the actual installed capacity given
at Fig. 1.5 was done. It shows an overcapacity of 44.9 MW, or an oversizing factor of 3.17.
Oversizing boilers in building applications is a common practice, as for that technology it does

80%

60% -

40% -

Seasonal Exergy Efficiency

20% ———— ——————T
1 10 100

Nominal Electric Power [kW]

Figure 1.6 — Seasonal exergy efficiency of certified chillers [43]. It is based on the european
seasonal energy efficiency ratio as defined in [44], the reference ideal process is defined in eq.
(1.9).
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not cause too much of a cost penalty. Note that, as shown for the heat expense index at Fig.
1.4, the prediction of the heat demand done by the model underestimates the real demand
by around 33%. Accounting for that, the boilers capacity installed in that area still excesses
around 2.4 times what is required. In reality it is likely that the combination of a low average
load factor due to the overcapacity and higher idling losses cause the annual efficiency to be
lower than the value of 0.915 found with the model of boiler. Regarding cooling equipments,
it is likely that the real installed capacity matches the real demand quite well, since cooling
systems can be installed only after the need for them has been demonstrated to the cantonal
authorities. As a consequence every system installed can be supposed to have been sized
reasonably well. However, even if the cooling systems are generally not oversized, a field
measurement campaign [45, 46] has shown that cooling effectiveness can reach a very low
value in poorly managed systems. As a result, the yearly effectiveness in cooling of 5.90 found
here is likely to be overestimated.

Heating oil and electricity consumption

600 T T T T T I I I T
[ Electricity server cooling
I Electricity refrigeration
B Heating oil hot water

500+ [ Heating oil space heating -
0 Electricity air conditioning

o
S
[«)

Annual heating oil cons. : 58.04 GWh
Annual electricity cons. : 8.38 GWh
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Figure 1.7 — Daily heating oil and electricity consumption of the currently used technologies
for the test case area of "Rues Basses"
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1.4.2 Refrigerant based networks

In this section the concept of a district energy network using a refrigerant as a transfer fluid
will be defined. Afterwards, a description of the models will be provided.

District heating and cooling networks have been used to deliver energy in urban areas for
many decades. Generally, these networks rely on centralized energy conversion technologies
supplying heating and/or cooling to the users through a water network. In most of the cases,
the supply temperature of these networks is selected, at best, according to the most demanding
consumer connected. Thus all the other users are supplied at a temperature beyond their
needs - often far beyond their needs. Furthermore, when heating and cooling have to be
supplied, two independent water loops are used. Finally, most of the time, heat discharged
by the cooling users in the district cooling network is not transferred to the district heating
network, and thus not recovered.

To overcome the shortcomings of the aforementioned district heating and cooling networks, a
new type of district energy network is being investigated. It is based on the use of a refrigerant
as a heat transfer fluid. The latent heat of vaporization is used, instead of the sensible heat, to
store and transfer heat across the network. The pressure of the network is selected such that
evaporation/condensation takes place at a desired temperature. That temperature should be
low enough to allow for free cooling to be used in most of the cooling applications. Wherever
free cooling can be applied the electricity consumption is drastically reduced even when
compared to compression chillers with the highest efficiency.

Even with a temperature of the network low enough to satisfy a large share of free cooling,
the network can still be used to deliver space heating and produce domestic hot water using
decentralized heat pumps installed at the user end. In those two cases the network is used
as a cold source. Generally speaking, the network in spite of being relatively cold remains a
fairly high temperature heat source for these heat pumps, resulting in an improved heating
capacity '° and a better COP},. Decentralized heat pumps also allow each heating user to be
supplied at the required temperature and not more. In the case of a very heterogeneous area,
populated with buildings having different temperatures of heat distribution, it represent a
serious advantage as each machine operates at the best possible ideal COPj,. In comparison,
a fully centralized solution will be constrained by the worst user in term of supply/return
temperature and as in this case all buildings are supplied at the same temperature, it results
that a centralized heat pump is forced to operate at the lowest possible ideal COPj,. Obviously,
the real COPy, is the parameter of interest and its value is strongly influenced by the exergy effi-
ciency of the machines. In practice large industrial heat pumps have 55 - 65% exergy efficiency
and residential machines have generally 45-50% efficiency. However some machines of the
latest generation reach almost 60% [47, 48]. It appears that using decentralized heat pumps to
supply heat at a temperature adapted to each user is advantageous from the efficiency point

10The higher density of the refrigerant at the compressor suction port causes a higher mass flowrate in the
whole circuit. Especially for scroll and screw compressors in which the suction volume flowrate is only marginally
influenced by the inlet and outlet thermodynamic states
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of view, if this temperature is in average lower than the supply temperature from a centralized
heat pump. To give an idea of how much lower the supply temperature needs to be to for
a decentralized solution to be worthwhile energetically, a rule of thumb is that the supply
temperature must be at least 1 - 1.5°Clower for every percentage points of exergy efficiency
decrease of the decentralized as compared to the centralized heat pump. As the efficiency gap
between centralized and decentralized heat pumps is closing, decentralized heat pumping
solutions are becoming more and more attractive.

The proposed network requires only two pipes. Cooling users discharge waste heat into the
network causing refrigerant drawn from the liquid pipe to evaporate. Heating users extract
heat from the network by condensing refrigerant from the vapour pipe. This process allows
the recovery of waste heat inside the network.

Obviously, the heat required by the heating users may, most of the time, not be strictly equal
to the waste heat discharged by the cooling users. Hence, a central plant is needed to balance
the overall network by taking or releasing heat into the environment, for instance a lake. A
schematic view of a refrigerant based network, is provided in Fig. 1.8. Note the presence of a
condenser-evaporator at the interface between the network and the decentralized heat pump.
Condenser-evaporators are necessary whenever a different refrigerant from that of the network
is used in decentralized heat pumps. If the refrigerant is the same but the decentralized heat
pumps are equipped with lubricated compressors, condenser-evaporators might be used to
isolate hydraulically the refrigerant circuit from the network, to ensure the proper lubrication
of the compressor and avoid contaminating the parts of the network that can be oil-free. In
order to avoid the presence of liquid in the vapour line of the network, the flow of refrigerant
entering the evaporators at the cooling users must be controlled such that the fluid is fully
evaporated and even slightly superheated. Similarly, the frequency of the circulation pumps
at the heating users must be controlled in order to avoid cavitation at their inlet by ensuring a
certain degree of subcooling on the condensing side of the condenser-evaporators. During
some transients, or if a valve is malfunctioning, one can expect some spillage of liquid into the
vapour line of the network. This issue could be remedied by installing liquid traps that would
collect the spilled liquid and where it could be sent back to the liquid line or vaporized. For
readability reasons these traps are not shown in Fig. 1.8. The concept, as initially imagined,
was described by Weber and Favrat in Refs. [23, 22, 49]. A list of possible energy services and
associated conversion technologies that can be included in a refrigerant based network was
done by Henchoz et al. in Ref. [24]. An initial thermoeconomic analysis of the concept of
a refrigerant network using CO; as a working fluid was done by Henchoz et al. in Ref. [25],
later it was largely refined and published in [26]. The methodology used in this last article is
very similar to the one followed in the present chapter. Finally a comparison of the energy
performance of two refrigerant based networks, CO, and HFO R1234yf, and one cold water
(anergy) network can be found in Ref. [28], these variants are very similar to the ones about to
be presented in this chapter.
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A Refrigerant in liquid state B
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Figure 1.8 — Schematic representation of a refrigerant based district energy network. Side A -
net cooling operation. Side B - net heating operation. Note: The refrigerant in the decentralized
heat pump and in the network are different.

Safety & environmental considerations and their impact on the potential fluids

Before going any further in the description of refrigerant based networks, it is wise to discuss
the question of the safety and environmental regulations to which these networks will have to
comply. In particular, how would these considerations impact the choice of the refrigerant?
It was decided to consider the question of safety and environmental regulations early in
the process, in order to narrow down the choice of possible refrigerant as much and as
quick as possible. A reverse approach might have been considered, such as carrying out a
thermoeconomic analysis of all the different topologies of network combined with all the
possible refrigerants, and then rule out the infeasible ones based on safety and environmental
considerations. However, the method of first ruling out and then do the thermoeconomic
analysis was preferred as it was clear from the beginning that the choice would ultimately
come down to only a handful of fluids.

Selecting an appropriate working fluid is a key factor in the development of energy efficient,
safe, environmentally sound and cost effective refrigeration, air conditioning and heat pump-
ing equipments. The Montreal protocol, regulating the phase-out of ozone depleting CFC and
HCFC refrigerants has been a major boost in the development of machines using HFCs.

More recently however, the global warming potential of refrigerants has become an issue
that led to a renewed interested towards natural fluids and the development of the new HFO
synthetic fluids [50, 51]. Recently, the trend of more restricting the use of HFC refrigerants
has gained momentum worldwide [52]. In Switzerland, a new federal ordinance sets very
stringent limits to the use of HFC refrigerants [27]. In essence only natural refrigerants and
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the new HFOs are allowed in installations with more than 600 kW of cooling/heating capacity.
For these fluids the only condition imposed by the new ordinance is that the installations
must fulfil the appropriate safety requirements, which in the perspective of a refrigerant based
district energy network, limits further the number of possible fluids. The proposed concept of
district energy networks would require large charges of refrigerants, typically ranging from
several tens of tons to a few hundred tons, they are also considered for densely populated
areas. Contrarily to industrial and large commercial refrigeration plants the environment
cannot be considered fully under control. Moreover, it can be assumed that the average person
present on site will not be aware of the existence of a refrigerant network. All these elements
render the criteria of non-toxicity and non-flammability sine qua non conditions for a fluid to
be accepted as potential candidate for use in a refrigerant based district energy network.
Currently, and under the aforementioned constraints, only CO2, and the two HFOs, R1234yf
and R1234ze, can be envisaged.

The thermodynamic and transport properties of these three fluids are listed in Table 1.5. The
values are computed for a temperature of 15°C which is representative of the temperature at
which a refrigerant based network would operate. A comparison of the parameters for network
branches that are 1 km long and that have a heating/cooling capacity of 1,10 and 30 MW is also
provided in Table 1.5. The sizing constraint chosen is a maximum tolerable drop in saturation
temperature of 1°C along the lines, which translates into a maximum pressure drop. The main
reason for this choice is to avoid generating a significant amount of two-phase flows in the
lines that could impede the operation or deteriorate some components of the network.
When comparing the size of the pipes for the three fluids, it appears clearly that CO, allows
for much smaller pipes for the three capacities considered. Two reasons explain this: First,
the density of the CO, in vapour state is more than 5 times greater than that of the two HFOs.
Second, the maximum tolerable pressure drop is 8, respectively 10 times higher than for the
two HFOs. Overall it results that the heat rate density11 for CO, is around 3.8 and 4.3 times
higher than for the R1234yf and R1234ze respectively. It is worth mentioning that although the
heat rate density changes significantly with respect to the branch capacity, the relative value
between the three different refrigerants remains almost constant.

Considering the applicable safety and environmental regulations as well as the global trend
towards more restrictions in the use of HFC refrigerants, it was consequently decided to limit
the case studies on refrigerant based networks using CO,, HFO R1234yf or HFO R1234ze as
heat transfer fluids.

CO-, based networks: Description of the models

This subsection provides the description of the set of technologies required and the associated
models needed to evaluate the performance of a CO; based district energy network.

Each branch of a CO, network consists of two lines, one containing CO» in a liquid state

UDefined as the branch capacity over the sum of the cross-sectional area of the vapour and of the liquid pipe
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Table 1.5 - Thermodynamic properties, transport properties and example of network branches
for the three possible refrigerants and with three different heat rate capacities

Thermodynamic properties at Ty = 15°C CO; (R744) R1234yf R1234ze
Saturation pressure [bar] 50.87 5.10 3.64
Reduced pressure [-] 0.689 0.15 0.1
Latent heat of evaporation [kJ kg‘ll 176.65 153.05 174.08
Liquid phase density k] m™3] 821.21 1127.2 1195.0
Vapour phase density (k] m™3] 160.73 28.27 19.36
Transport properties at Ty = 15°C
Sat. Liq. Dynamic viscosity INm?s™1]  74.43-107% 174.93-107¢ 224.48-1076
Thermal conductivity [Wm™'K™!] 91.86-107 66.73-10°  77.86-1073
Surface tension [NmA-1]  1.95-107°  7.40-10°  10.16-1073
Prandtl number [-] 2.76 3.53 3.89
Sat. Vap. Dynamic viscosity [Nm?s~1] 16.95-107% 11.81-10°%  11.81-107°
Thermal conductivity [Wm™'K™'] 27.96-107% 13.00-10%  12.76-1073
Prandtl number [-] 1.96 0.91 0.87
Conditions at Ty = 15°C for a 1 MW capacity pipeline (pipe rugosity: 0.3 mm, max. T, drop: 1°C.)
Pressure drop [barm~!]  1.21-107%  0.15-107% 0.12-1073
Refrigerant charge kg m™!] 9.90 18.13 18.71
Heat rate density IMWm™]  51.39 13.33 11.87
Liquid pipe Required diameter [mm] 93 137 136
Flow velocity (ms™!] 1.01 0.39 0.33
Vapour pipe Required diameter [mm] 127 277 298
Flow velocity (ms™] 2.78 3.84 4.26
Conditions at Ty = 15°C for a 10 MW capacity pipeline (pipe rugosity: 0.3 mm, max. T;,; drop: 1°C.)
Pressure drop [barm~!]  1.21-107%  0.15-107° 0.12-1073
Refrigerant charge [kgm™!] 43.82 106.26 108.17
Heat rate density (MW m’z] 89.19 23.04 20.50
Liquid pipe Required diameter [mm] 223 330 327
Flow velocity (ms™] 1.76 0.68 0.57
Vapour pipe Required diameter [mm] 305 666 717
Flow velocity (ms™] 4.82 6.64 7.35
Conditions at Ty = 15°C for a 30 MW capacity pipeline (pipe rugosity: 0.3 mm, max. T,; drop: 1°C.)
Pressure drop [barm™'] 1.21-107%®  0.15-1073 0.12-1073
Refrigerant charge kg m~] 101.18 245.97 250.89
Heat rate density MW rn"z] 116.00 29.79 26.52
Liquid pipe Required diameter [mm)] 339 502 498
Flow velocity (ms™] 2.29 0.88 0.74
Vapour pipe Required diameter [mm] 463 1015 1092
Flow velocity (ms~] 6.28 8.57 9.51
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and the other CO; in a vapour state. Both lines are operated very close to saturation and the
pressure is maintained at a level that enables the use of free cooling in most of the cooling
applications. As a consequence, the temperature of the network during "summer" operation
is simulatenously constrained by the temperature of the cold source, the lake water, and the
temperature of the coldest cooling service to be provided by free cooling, in this case the return
from air conditioning at 18°C. Consequently, the limits for the temperature of the network -
Ty - during summer operations are defined as follows:

TN,min,summer = Tlake + ATlake + ATmin,rw =10°C
TN,max,summer =Tac— ATy - ATmin,rw =12.5°C

(1.10)

The limit during winter operations is set by the temperature required for the free cooling of
data centres, and is defined as follows:

TN,max,winter =Tcpc— ATy - ATmin,rw =22.5°C (1.11)

Where Tsc and Tcpc are the temperatures for the services of air conditioning and the cooling
of data centres respectively. T,k is the temperature of the water from the lake. Note that
the water from the lake is assumed to be taken deep enough so that its temperature can be
considered constant throughout the year. AT} . is the minimum achievable temperature
rise for the water from the lake when passing through the heat exchanger at the central
plant. ATy,;p,rw is the minimum approach of temperature assumed for the heat exchangers
operating with refrigerant on one side and water on the other. The values used for these
parameters are detailed in Table. 1.8. Strictly speaking there is no constraint on the minimum
temperature of the network during winter operation. In this study however the same value
than T, min,summer Was used, as it appeared that a low temperature of the network in winter
is penalizing from an economic point of view. The optimal choice of the temperature of
the network for summer and winter operations will be discussed in another section using an
economic criterion. The bounds set in eq. (1.10) and eq. (1.11) will however remain applicable.
Consistently with these bounds, the pressure in the CO» network would have to be maintained
between 47 and 61 bar. Finally, the use of free cooling implies that the pressure in the liquid
line is maintained slightly above the one in the vapour line (1 bar), allowing the CO> to flow
naturally in the evaporators.

The decentralized conversion technologies chosen to supply the various energy services at the
user end are the following:
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* Heat exchangers for air conditioning and the cooling of data centres.

* CO3 vapour compression chillers for refrigeration. Liquid CO» is expanded from the
network to the required saturation temperature and evaporated; the vapour produced is
then compressed back to the network.

* Intermediate heat pumps for space heating and hot water preparation. (Heat from the
CO» condensation is transferred to the refrigerant through a condenser-evaporator.)

Free cooling substations

The free cooling substations did not require any particular model of technology. It is assumed
that the heat exchanger of a substation receives CO; in a saturated liquid state. The massflow
of water is assumed to be adapted such that the temperature of the water from the hydronics
is always constant in and out of the evaporator, and the massflow of CO, is assumed to be
adapted such that CO, leaves the evaporator in a superheated vapour state with ATsy = 2K.
The evaporator is also assumed to have negligible pressure drops and to be perfectly thermally
insulated from the ambient.

CO, vapour compression chillers for refrigeration

As refrigeration represents a small share of the total demand in the test case area considered,
it was chosen to model the CO, open cycle refrigeration plants using Carnot cycles corrected
of an energy efficiency. It is very similar than what was done for the compression chillers
in the model of the currently used mix of conversion technologies (see eq. 1.5) except that
the hot source temperature is the temperature of the network. Hence, T}, ,,; = Ty in eq. 1.5.
Obviously there is no air cooler and as consequently no parasitic power consumption to drive
the fans.

Decentralized heat pumps

A preliminary study has shown that decentralized heat pumps are the largest electricity con-
sumers of a CO;, based network [25], for that reason it was decided to improve the level of
detail in the model of these heat pumps. The computation of the electrical consumption of
the decentralized heat pumps is made with a model based on the real thermodynamic cycle,
namely a reverse Rankine cycle. A representation of the cycle considered is shown at Fig. 1.9.
Note that rigorously two different diagrams should have been used, one of the thermodynamic
cycle using a standard T-s diagram and one "pinch diagram" for representing the two heat
exchanges. For compactness reasons however, it was decided to represent the cycle and the
heat exchanges in a single T-s* diagram, were s* denotes that the entropy is different for the
different substances at play (here, CO2, water and R1234yf). Such a representation is also used
in [39].

Based on the new ordinance on refrigerants [53] the fluid chosen for the decentralized heat
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pumps is R1234yf, even if only about one third of the zones in the test case area need more
than 600 kW heating capacity.

Since the first law efficiency (COP},) of heat pumps depends strongly on the temperature level
at which they deliver heat and since the majority of buildings are equipped with a hydronic
distribution loop, it is necessary to consider a realistic heating curve. It was decided to use
one which results from an aggregation of data collected for many buildings in Geneva [34].
This heating curve is typical of hydronics equipped with wall mounted radiators, the most
widespread technology in Switzerland.

Ty[°Cl=55—1.47(T,+6) VT,<16.4°C (1.12)

The cycle is calculated for every day of the heating season (T, < 12°C). The temperature
supplied to the buildings follows the heating curve described by eq. (1.12). The temperature
at the cold source of the heat pump corresponds to the temperature of the network and can
vary between the bounds set in eq. (1.10) and eq. (1.11). The minimum approach temperature
difference, the temperature rise of the cooling water through the condenser, the superheat
of R1234yf at compressor inlet and the subcooling of the condensed CO, are all assumed
constant. Their value and the relations between these various temperatures are shown at Fig.
1.9.

Tevap = TN - A'Tmin,rr - A’TSH
_y A Tcond = TH+ AT min,rw
%‘ TCOZ,out =Ty - AT
— Tcond out TH - A’TW + A'Tminrw
R1234yf : :
— |
—_ s RI1234yf
/ .
/ !
ATECL i,
40 [ A *( :/ Imin,rw: 5K
ATy =10K
_mﬁfw_/.% /‘/ C02 \.\‘ ‘
20¢ 7 SRR S
e Vi y min,rr
Alse=2K )‘ N\ AT =2K
0 > s*

Figure 1.9 — CO, network: Representation of the decentralized heat pump cycles and how the
relevant temperatures are calculated.
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As the temperature of the hot source varies throughout the heating season, it was considered
necessary to have a realistic evaluation of the isentropic efficiency in the compression process
for all the operating points. Inspired by a commercially available water-water heat pump
[54] with a heating capacity of around 340 kW @ W15W55 that appeared to be the largest
machine for which cost information could be obtained. It was decided to consider twin screw
compressors for the model of the decentralized heat pumps. Obviously, this choice could be
made, because this particular machine has a capacity well within the range of what is required
in the test case area.

The efficiency of fixed built-in volume ratio compressors - to which twin screw compressors
belong to - varies rather strongly with the operating point. It is caused essentially by the
throttling loss due to the mismatch between the real and the built-in pressure ratio. Using
information from the selection software of a manufacturer of compressors [55] it was possible
to select a model of compressor that closely matched the one of the machine that inspired
the model [54]. The characteristics was implemented and integrated as part of the model,
thus allowing an accurate evaluation of the energy performance at all the required operating
points.

Note that the heat pump that inspired the model uses HFC R134a. However, as it was decided
to consider HFO R1234yf instead and that no commercial screw compressor designed for this
latter fluid could be found at the time, an approximation was made by selecting a compressor
model for HFC R134a. Since R1234yf was developed as a replacement for R134a, it can be
reasonably assumed that the performance in term of efficiency will not differ too significantly.
Standard test conditions and performance reports for compressors are defined in the European
standard EN 12900 [56], it includes polynomial fits giving massflow an<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>