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RESUME

Le réseau thermique au COy (CO2TN) est une architecture a ’échelle du batiment dans
laquelle une boucle de CO5 a un seul tuyau fournit une source/puits commun a un ensemble
de pompes a chaleur locales (LHP) desservant plusieurs zones. En faisant circuler le CO5 dans
un état pres de la saturation, le réseau peut offrir a 'ensemble des LHPs une température
de source quasi-uniforme, tout en permettant des échanges d’énergie entre zones. Toutefois,
une évaluation crédible des performances et une supervision exploitable requiérent : (i) des
modeles validés expérimentalement, fiables en régimes sous-critique et transcritique, et (ii)
des stratégies de supervision coordonnant les décisions au niveau réseau (pression de boucle
et fonctionnement de I'unité de circulation) avec I’activation des zones, tout en respectant

les contraintes de faisabilité et les limites d’exploitation des équipements.

Cette these répond a ces exigences au travers de quatre objectifs : développer un modele
numérique du CO,TN et de ses principaux composants, valider expérimentalement le modele
aux échelles composant et systeme, formuler des stratégies de supervision visant a réduire la
consommation électrique sous contraintes d’exploitation, et évaluer annuellement les perfor-

mances dans un batiment multi-zones représentatif.

Premiérement, un modele stationnaire du CO;TN est développé et implémenté dans TRNSY'S
a I’aide de TYPES dédiés pour I'unité de circulation, les échangeurs de chaleur et les interfaces
de couplage avec les LHP. Le modele est validé a partir de mesures issues d'un prototype
de CO5TN. Au niveau composant, le modele de compresseur reproduit le débit massique
de CO4 avec une erreur absolue moyenne en pourcentage (MAPE) de 7.24% (écart maximal
14%) et la puissance du compresseur avec une MAPE de 0.96% (écart maximal de 2%). Pour
les échangeurs a plaques eau—COy fonctionnant en régions surchauffée ou supercritique, le
refroidisseur de gaz présente une MAPE de 1.37% (écart maximal de 3%) et le désurchauffeur
une MAPE de 8.36% (écart maximal 9%). En régime sous-critique, le modele d’évaporateur
atteint une MAPE de 8.10% (écart maximal de 12%) et le modele de condenseur une MAPE
de 4.05% (écart maximal de 5.5%). L’échangeur interne (CO5~CO,) est validé en comparant
les flux de chaleur coté aspiration et coté refoulement, ce qui conduit a une MAPE de 9.45%
et a une erreur maximale de 11%, tout en respectant la surchauffe d’aspiration visée. Au
niveau systéme, le modele prédit la puissance totale avec des erreurs relatives comprises entre
1.45% et 7.89% et la capacité en chauffage et refroidissement avec des erreurs comprises entre
4.48% et 7.80%, et avec un écart maximal de 16.9% sur le COP pour les cas de validation.

La validation quantifie également la pénalité de performance associée aux pertes de charge
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du prototype : la suppression des pertes de charge mesurées augmente le COP du systeme
de 21% en mode refroidissement, de 7% en mode chauffage et de 20% en mode équilibré, ce

qui met en évidence la réduction des pertes de charge comme un enjeu de conception.

Deuxiemement, le modele validé est utilisé pour formuler et comparer deux stratégies de
commande congues via la génération hors ligne de cartes et une consultation en ligne. La
stratégie a débit massique minimal (MM) impose un fonctionnement strictement diphasique
de la boucle et sélectionne le plus faible débit de circulation de CO, satisfaisant la faisabilité
pour chaque pression de boucle candidate. La stratégie & température bornée (TB) relache
I'exigence de diphasique strict et contraint plutot les températures de boucle dans une bande
de +10 K autour de la saturation, autorisant des excursions monophasique bornées tout
en maintenant une bande de température serrée du cété source des LHP. La co-simulation
annuelle TRNSYS-MATLAB pour un immeuble de bureaux a cinq zones & Montréal montre
que la méthode TB améliore systématiquement les performances saisonniéres par rapport a
la méthode MM. Le COP moyen du systéme augmente de 3.07 (MM) a 3.75 (TB), le COP
médian augmente de 2.95 a 4.27, et la fraction de pas de temps avec COPy,, > 4 passe de
8% a 55%. Sur I'année complete, le facteur de performance saisonnier global augmente de
SPFysann = 2.98 (MM) & SPFg s ann = 3.65 (TB). Le gain de performance est maximal
durant les périodes dominées par le refroidissement en régime transcritique, ou la méthode
TB réduit a la fois le débit massique de CO4 et le rapport de pression du compresseur de

circulation.

Globalement, cette these fournit : (i) une plateforme de modélisation validée du CO,TN,
adaptée a la simulation annuelle des batiments et aux études de commande, et (ii) des
stratégies de commande supervisoire visant un fonctionnement efficace du systeme, et (iii) des
éléments montrant que la commande a température bornée peut surpasser un fonctionnement
strictement diphasique a débit massique minimal en élargissant la région de fonctionnement

faisable a haut rendement sous des charges multi-zones réalistes.
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ABSTRACT

The COy thermal network (CO;TN) is a building-scale thermal system in which a single-
pipe CO, loop supplies a shared source/sink to an array of packaged local heat pumps
(LHPs) serving multiple zones. By circulating COy mainly in the two phase region, the
network can provide a nearly uniform source temperature to all LHPs while allowing energy
exchange between zones. However, performance assessment and practical control require (i)
experimentally validated models that remain reliable across different operating conditions,
and (ii) supervisory strategies that coordinate network-level decisions (loop pressure and
circulation-unit operation) with zone-level activation while respecting feasibility constraints

and equipment envelopes.

This thesis addresses these requirements through four objectives: development of a numerical
model of the CO,TN and its key components, experimental validation at component and
system levels, formulation of supervisory strategies to control and optimize performance
under operational constraints, and annual performance evaluation in a representative multi-

zone building.

First, a steady-state, COo TN model is developed and implemented in TRNSYS using ded-
icated component TYPES for the circulation unit, heat exchangers, and LHP coupling in-
terfaces. The model is validated using measurements from a CO,TN prototype. At the
component level, the compressor model reproduces the COy mass flow rate with a mean
absolute percentage error (MAPE) of 7.24% (maximum deviation of 14%) and compressor
power with a MAPE of 0.96% (maximum deviation of 2%). For water-to-CO, plate heat ex-
changers operating in superheated or supercritical regions, the gas cooler achieves a MAPE
of 1.37% (maximum deviation of 3%) and the desuperheater a MAPE of 8.36% (maximum
deviation of 9%). For subcritical operation, the evaporator model yields a MAPE of 8.10%
(maximum deviation of 12%) and the condenser model a MAPE of 4.05% (maximum devia-
tion of 5.5%). The internal heat exchanger (CO5—CQOy) is validated by comparing suction-side
and discharge-side heat-transfer rates, resulting in a MAPE of 9.45% and a maximum error
of 11%, while consistently meeting the target suction superheat. At the system level, the
model predicts total power with relative errors between 1.45% and 7.89% and heating/cooling
capacity with errors between 4.48% and 7.80%, with a maximum COP deviation of 16.9%
across the validation cases. The validation also quantifies the performance penalty asso-
ciated with prototype pressure drops: removing measured pressure losses increases system
COP by 21% in cooling mode, 7% in heating mode, and 20% in balanced mode, highlighting
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pressure-drop reduction as a primary design lever.

Second, the validated model is used to formulate and compare two supervisory control
strategies designed for execution through offline map generation and online lookup. The
minimum-mass-flow (MM) strategy enforces strictly two-phase loop operation and selects the
smallest COs circulation rate that satisfies feasibility for each candidate loop pressure. The
temperature-bounded (TB) strategy relaxes strict two-phase operation and instead constrains
loop temperatures within a 10 K band around saturation, permitting bounded single-phase
excursions while maintaining a tight temperature band for the LHP source side. Annual
TRNSYS-MATLAB co-simulation for a five-zone office building in Montréal shows that the
TB method systematically improves seasonal performance relative to the MM method. The
mean system COP increases from 3.07 (MM) to 3.75 (TB), the median increases from 2.95
to 4.27, and the fraction of time steps with COPg,, > 4 rises from 8% to 55%. Over the
full year, the overall seasonal performance factor increases from SPF;,; 4nn = 2.98 (MM) to
SPFsys ann = 3.65 (TB). The performance advantage is largest during cooling-dominant, tran-
scritical operation, where the TB method reduces both CO, mass flow rate and circulation-

compressor pressure ratio.

Overall, this thesis provides (i) an experimentally validated CO;TN model for annual building
simulation and supervisory studies, (ii) supervisory control strategies to operate the system
efficiently, and (iii) evidence that temperature-bounded supervision can outperform strictly
two phase, minimum-mass-flow operation by expanding the feasible high-efficiency operating

region under realistic multi-zone loads.
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CHAPTER 1 INTRODUCTION

Buildings account for roughly one-third of global energy use and about one-quarter of CO,
emissions, making the sector a central lever for decarbonization [1,2]. In cold and mixed
climates, the demand is dominated by thermal end uses, especially space heating and domestic
hot water. In Canada, these services represent about 63% and 18% of residential energy use,
respectively [3]. As jurisdictions pursue deep decarbonization, electrification of these end
uses—primarily through high efficiency heat pumps—has become a major pathway, although
performance and design constraints in cold climates remain important considerations [2].
At the same time, widespread electrification can amplify winter peak demand and, in some
regions, shift electricity systems from summer- to winter-peaking, increasing the value of
flexibility and coordinated operation [1]. This context has motivated growing interest in
thermal network concepts (e.g. low-temperature ambient temperature loops) that enable
energy sharing between simultaneous heating and cooling demands and facilitate integration
of renewable and waste heat sources [4,5]. Efficient integration and supervisory control of
heat pumps in multi-zone buildings is therefore a key challenge for meeting climate targets

at reasonable cost while managing peak electrical demand.

Common multi-zone HVAC architectures include hydronic water-loop heat pump (WLHP)
systems and variable refrigerant flow (VRF) systems. In WLHP systems, decentralized water-
to-air or water-to-water heat pumps are connected to a common water loop that is typically
maintained within a moderate temperature range by a boiler and a chiller. This arrange-
ment offers individual zone control and can recover heat between zones when heating and
cooling demands occur at the same time. It is especially well suited to larger buildings with
diversified core and perimeter loads, and it can also be combined with thermal storage or
geothermal sources. VRF systems provide another important reference for multi-zone condi-
tioning. These systems are direct expansion multi zone systems in which one or more outdoor
units are connected through refrigerant piping to multiple indoor fan coil units distributed
across the building. Their main feature is that the refrigerant flow rate is adjusted to match
the thermal demand of the connected zones. In practice, this is achieved by combining
variable-speed compressor operation in the outdoor unit with electronic expansion valves at
the indoor units, allowing each zone to be regulated individually through a common control
network. Because refrigerant is delivered directly to the terminal units, VRF systems offer
compact distribution, good zoning flexibility, and effective part-load capacity modulation.
In buildings with diverse loads, some VRF configurations can also transfer heat between

zones through heat recovery operation. However, that capability generally requires addi-



tional refrigerant routing components and more involved control than standard heating-only

or cooling-only operation.

Beyond efficiency and system integration, refrigerant choice has also become an important
part of HVAC system design. International policy has increased pressure to reduce the use
of high-global-warming-potential refrigerants, most notably through the Montréal Protocol
framework [6] and its Kigali Amendment [7], which introduced a global phasedown of HFCs.
In this context, natural refrigerants have received growing attention. Among them, carbon
dioxide (CO9, R-744) is attractive because it is non-flammable and has a global warming
potential of 1. Transcritical CO5 heat pumps have been widely studied for domestic hot water
and space heating applications. However, most of these works have focused on stand alone
units or relatively small systems. FExtending COs technology to large multi-zone thermal
networks therefore raises additional questions related to system architecture, modelling, and

supervisory control.

1.1 COs-based thermal network

Several authors have investigated COs-based thermal networks in which two phase CO, is
used to transport energy between a central plant and distributed local units. In these con-
cepts, the network does not act as a conventional sensible heat water loop. Instead, it uses
the phase change of CO, to transfer thermal energy at low temperature, while local devices
provide the temperature lift or temperature reduction required by the end users. This archi-
tecture combines a shared thermal carrier with decentralized conditioning, which makes it rel-
evant to applications where heat recovery, load diversity, and integration of low-temperature
sources are important. Early work on this idea was developed mainly at district scale and
showed that CO, can provide high volumetric energy transport capacity, reduced circulation
effort, and effective coupling with distributed energy conversion technologies compared with

conventional water-based distribution [8—11].

The building-scale COy thermal network (CO,TN) extends this idea to a single building
and is therefore a distinct concept. In the proposed configuration, near-saturated two phase
COy circulates through a single-pipe loop that connects multiple local heat pumps in series
distributed throughout the building. The concept is patented by Eslami Nejad et al. [12] and
further described in a study by Eslami Nejad and Bastani [13] as a thermal energy system

that distributes and recovers energy through a common two phase refrigerant loop.

As shown in Fig. 1.1, the system includes a central circulation mechanism implemented as a

reversible vapor compression cycle (RVCC). The role of the RVCC is to circulate two phase



CO; through the main loop and deliver it at the required mass flow rate and vapor quality
to serve the local heat pumps. Because the loop operates mainly in two phase region, its
pressure largely determines its temperature level, which provides a nearly uniform source
temperature for the connected units. The vapor compression based circulation system also
enables integration of external balancing stations operating at different temperature levels,
such as ground heat exchangers, air-source units, solar thermal collectors, or thermal storage.
Furthermore, the concept is intended to operate the CO4 loop near room temperature, which
helps minimize heat losses from the distribution loop and, in indoor applications, can avoid

the need for pipe insulation [12,13].
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Figure 1.1 CO,TN concept [13]

In this architecture, the CO, loop acts as a common source and sink for the local heat
pumps, while each local heat pump serves the heating or cooling demand of its own thermal
zone. Because the same CO, stream flows through the local units, heat exchanged at one
unit affects the thermodynamic state entering the next one. As a result, the refrigerant
enthalpy and vapor quality evolve along the loop, even though the loop temperature remains
approximately uniform over most operating conditions. This sequential interaction allows
heat rejected by units operating in cooling mode to be used directly by units operating in

heating mode through the same loop, thereby supporting inter-zone heat recovery.



1.2 Modelling and control challenges

Realizing the full potential of CO5TN system requires a detailed understanding of its behavior
under realistic operating conditions and over extended time periods. This, in turn, raises

important modelling and control challenges.

On the modelling side, a reliable model is needed to quantify the efficiency of the CO;TN un-
der realistic operating conditions, support the development of supervisory control strategies,
and eventually provide a basis for component sizing and system design. This modelling prob-
lem has two levels: component-level modelling and system-level modelling. At the component
level, the main elements of the system must be represented with sufficient fidelity, including
the circulation unit and the main heat exchangers such as the gas cooler (GC), evaporator
(EVAP), condenser (COND), internal heat exchanger (IHE), and desuperheater (DSPHTR),
as well as the distributed local heat pumps (LHP). Thermodynamically, the system can oper-
ate in either subcritical or transcritical regimes. The model must therefore capture the strong
property variations of COy near the critical point, the transition in transcritical operation,
and the effects of varying mass flow rate and pressure. Heat exchangers that may operate
in supercritical, superheated, two phase, or subcooled regimes are particularly sensitive to
modelling assumptions and to the choice of heat transfer correlations. Beyond individual
components, the full CO,TN must also be represented at the system level. This requires
connecting the component models into a complete network model that captures the inter-
actions between the building loads, the LHPs, the COs loop, and the circulation unit, and
coupling that network to building-zone models subjected to weather-driven loads and occu-
pancy schedules. Such integrated simulation is necessary to predict seasonal performance and
to evaluate how supervisory strategies affect annual efficiency. These modelling requirements
motivate the first part of this thesis, which develops a comprehensive CO,TN model and

validates it against experimental data.

On the control side, the efficiency of the CO;TN depends strongly on a small set of network-
level operating variables that affect all active LHPs simultaneously. In particular, the loop
pressure determines the saturation temperature of the common CO, loop and therefore the
source conditions seen by the LHPs, while the circulation unit operation affects refrigerant
flow and the overall thermodynamic state of the network. For a given set of zone heating and
cooling demands, these variables must be selected so that the system operates efficiently while
respecting pressure, temperature, and equipment limits. The supervisory control problem is
therefore to determine the network operating conditions that maximize overall system per-
formance, typically expressed through system COP, under coupled and nonlinear interactions

between the local units and the shared loop.



1.3 Problem statement and thesis context

The CO,TN is a promising architecture for multi-zone buildings, but its adoption and credible
assessment require modelling tools and supervisory control methods that remain undeveloped.
In particular, the limited body of published work to date highlights several gaps that motivate

the present thesis:

o Validated modelling for annual simulation: There is a lack of fully validated
CO2TN models that represent the circulation unit, LHPs, and heat exchangers with

sufficient fidelity to capture the transcritical operation.

e Supervisory control under constraints: Reported control approaches often rely
on simplified assumptions or address only a subset of the available degrees of free-
dom. Therefore, the definition of appropriate decision variables and supervisory control

strategies for such a system remains largely unexplored and is addressed in this thesis.
In this context, the overarching research question addressed in this thesis is:

How can a single-pipe, two phase COy thermal network serving multiple local heat
pumps be modelled and controlled to provide efficient building heating and cooling

under realistic operating conditions and constraints?

This thesis adopts a paper-based format and is built around two peer-reviewed journal arti-
cles. The first article develops a modular numerical model of a single-pipe COsTN connected
to local heat pumps and validates component- and system-level performance against experi-
mental data from a prototype installation [14]. The second article uses the validated model
as a platform to develop and evaluate two supervisory control strategies for a five-zone office

building.

The detailed research objectives and the structure of the thesis are presented in Chapter 3.



CHAPTER 2 LITERATURE REVIEW

This chapter reviews building-scale thermal networks and multi-zone heat pump architec-
tures, with emphasis on COs-based secondary loops and the single-pipe CO5 thermal net-
work (CO2TN) coupled to local heat pumps (LHPs). It begins by positioning CO, thermal
networks within the broader transition toward low-GWP working fluids and by summarizing
district- and building-scale CO4 distribution approaches. It then surveys CO, thermal net-
work concepts and prior COTN studies, followed by modeling and co-simulation approaches
used to evaluate component interactions and annual performance. Finally, control strategies
are reviewed at both device and supervisory levels, leading to the research gaps that frame

the contributions developed in the subsequent chapters.

2.1 COs-based thermal network

The ongoing transition away from high global warming potential (GWP) fluorinated refrig-
erants has intensified research and deployment of low-GWP alternatives in heating, cooling,
and refrigeration systems. A central driver is the global phase-down of hydrofluorocarbons
(HFCs) under the Montréal Protocol, which introduces a long-term reduction schedule for
HFC production and consumption. These policy signals also have a measurable climate
motivation, as assessments of the Montréal Protocol indicates that strong compliance can

substantially reduce projected warming attributable to future HFC emissions [15].

Within the set of low-GWP options, carbon dioxide (CO,, R744) is frequently classified as a
natural refrigerant with zero ozone depletion potential (ODP) and a GWP of 1 by definition.
In addition, COs is non-flammable and is listed in the highest safety group (A1) in standard
refrigerant safety classifications, although it must be treated as a simple asphyxiant at ele-
vated concentrations [16,17]. From a thermophysical perspective, CO, also has high vapor
density and favorable transport properties relative to many conventional refrigerants, which
can translate into high volumetric capacity and compact components in vapor compression
systems [17]. The renewed interest in COq can be traced to the modern re-introduction of
COg refrigeration concepts in the 1990s and the subsequent body of work that established

transcritical cycle fundamentals, component requirements, and control sensitivities [18,19].

At the same time, CO, imposes distinct thermodynamic and engineering constraints that
strongly influence system design. Because the critical temperature of COs is near typical

ambient conditions, heat rejection processes in air-conditioning and heat pump applications



often occur in a supercritical regime, where supercritical CO, rejects heat via a gas cooler
rather than condensed at a fixed saturation temperature. The critical temperature and
pressure, together with the resulting high operating pressures, require dedicated high pressure

components and careful attention to pressure control, pressure drops, and safety devices [17].

While the preceding body of work primarily concerns stand-alone COy devices, building-
and district-scale performance depends not only on the vapor compression unit but also
on how thermal energy is distributed among multiple users and how sources and sinks are
coordinated. Thermal networks address this system-level requirement by circulating a heat
carrier fluid through a piping network that links multiple loads and multiple interface devices.
At both building and district scales, such networks can enable heat exchange between users
with simultaneous heating and cooling demands and can facilitate integration of heat sources
and sinks such as ambient air, ground, or waste heat [4,20,21]. For multi-zone buildings,
these network interactions affect seasonal efficiency, peak electrical demand, and operational
stability, which motivates studying distribution architecture rather than treating the heat

pump as an isolated component.

COs can enter a thermal network architecture in two distinct ways: (i) as the refrigerant
confined within local vapor compression devices that exchange with a secondary loop heat
carrier, or (ii) as the circulating fluid of the network itself. The second option is of particular
interest when CO, circulates near saturation, because two phase transport can provide a
near constant temperature associated with saturation pressure and can reduce the systematic
temperature drift along the flow direction that is typical of sensible heat secondary loops.
Building on this idea, a single-pipe COy thermal network has been proposed in which a
two phase COs line connects multiple local heat pumps in series and allows heat recovery
between zones through the loop [12]. The remainder of this section reviews COs-based
thermal networks at (i) the district scale and (ii) the building scale, and then focuses on the

single-pipe COy thermal network (CO2TN) concept that underpins this thesis.

2.1.1 CO,-based district thermal networks

District-scale COy thermal networks have been proposed as an alternative to conventional
water-based district heating and cooling networks in order to (i) reduce distribution pumping
requirements through the favorable transport properties of CO5 and (ii) enable heat exchange
at nearly uniform temperature when the distribution loop operates close to saturation. A
common feature of many concepts is the use of two distribution lines that carry CO;y in
different phases (typically saturated vapor in one line and saturated liquid in the other).

End users interface with the network through heat exchangers and/or local heat pumps that



adjust the delivered temperature to the required heating or cooling level.

Weber and Favrat [9] proposed a subcritical two pipe CO, district energy system that is
particularly relevant to the present thesis because it uses CO5 as a shared distribution fluid
between a central plant and multiple users. The main idea is to replace conventional water-
based heating and cooling networks with a refrigerant network composed of one liquid line
and one vapor line. This arrangement aims to reduce pipe space requirements and to lower
exergy losses associated with large temperature differences in water networks. To preserve
the latent-heat benefit of CO4 while avoiding transcritical operation, the network is operated
below the critical point at an intermediate temperature level. The authors indicate an average
pressure corresponding to a saturation temperature in the range of about 12 to 18 °C. As
shown in Fig. 2.1, the proposed system includes a central heating/cooling plant, a two pipe
CO4 network, and several possible user-side conversion processes. For heating and domestic
hot water, the authors consider two options. In the open CO, heat pump mode, vapor COq
taken from the vapor line is compressed to the temperature level required by the building,
rejects heat to the building heating or hot water network, and is then expanded and separated,
with the liquid phase returned to the liquid line. In the closed loop option, the CO, network
acts as the source side of a conventional local heat pump, which is considered more suitable
when the required heating temperature glide is small. For cooling, liquid CO, is drawn from
the liquid line, evaporates in a building-side heat exchanger while absorbing heat from the
building, and returns to the vapor line. Because the liquid line is kept at a slightly higher
pressure than the vapor line, this cooling process can take place without a dedicated local
pump. The paper also shows that the roles of the two lines are not fixed in the same way
as supply and return pipes in conventional water networks. Their functions depend on the
district-wide balance between heating and cooling demands. When heating and hot water
demands dominate, the vapor line acts as the supply line and the liquid line as the return line,
so the central plant evaporates CO, and sends vapor to the users. When cooling demands
dominate, the liquid line becomes the supply line and the vapor line becomes the return line,
so the plant condenses CO5 and sends liquid to the users. The central plant is therefore the
main balancing element of the network. The authors further note that, when available, lake
water, river water, or wastewater can serve as a plant-side heat source in heating mode or a
heat sink in cooling mode. Additional options such as geothermal borehole or unglazed solar
collectors are presented as ways to support this balance: in winter they can help generate
additional vapor COs for heating and hot water, while in summer they can help condense
vapor COy to provide enough liquid for daytime cooling. The concept is evaluated against
a conventional water-based district energy system in a small virtual district using a quasi-

steady multi-period model. In that comparison, the reference system uses separate hot- and



cold-water networks, whereas the CO, case assumes closed loop heat pumps at the consumers’
place for heating and domestic hot water. Under these assumptions, the COs system gave
smaller pipe dimensions, lower annualized pipe costs, slightly higher exergy efficiency, and

lower annual operating cost than the water-based reference.
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Figure 2.1 Schematic representation of the CO5 based district energy system [9]

Henchoz et al. [10] extended the concept to a techno-economic case study for an urban district
in Geneva (Rues Basses) and evaluated both performance and profitability under practical
design constraints. The authors design the CO4 network at a saturation temperature of 15°C
with an imposed pressure drop of 1 bar, and they introduce explicit distribution constraints
on maximum fluid velocity (5 m/s for liquid and 20 m/s for gas) to size the two pipes. Under
these constraints, the required pipe diameters are reported as 265 mm for the liquid line and
330 mm for the vapor line, and the mass flow rate required at peak conditions is on the order of
74 kg/s. Using an hourly simulation framework for the district loads and plant operation, the
authors report an annual electricity consumption of 10,968 MWh for the CO,-based system,
with a peak electric demand of 5.98 MW. They further quantify the electricity-use breakdown
(38.2% for heating, 34.4% for cooling, and 27.4% for distribution/compression) and show that
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pumping losses remain a small fraction of the annual electricity use (about 1.6%). In addition
to the performance assessment, the paper provides an investment analysis and reports a short
payback (about 5.5 years), highlighting that economic outcomes are sensitive to local energy
prices and to the availability of an effective environmental sink/source for network heat

exchange.

More recently, Fiaschi et al. [22] investigated a COq-based district heating concept in which
the distribution network is coupled to a geothermal resource and local heat pumps at the
user substations lift the temperature to the required heating level. The authors compare a
conventional water-based district heating layout to a CO5 network in which the grid operates
near CO, saturation and heating delivery relies on latent-heat transport, while the substation
heat pumps use regenerative COy cycles with high discharge pressures (up to 300 bar) to
achieve the required temperature lift. The study performs a combined thermodynamic and
economic optimization and shows that the design optimum is governed by a trade-off between
(i) higher heat pump COP at the surface plant and (ii) geothermal drilling and heat-extraction
costs. For the Gavorrano (Italy) case study considered, the authors report an illustrative
reduction of the levelized cost of heat from about 0.21 to 0.16 €/kWh when moving from the
water-based to the COsy-based configuration, together with a reduction of the optimal drilling
depth from 5 to 4 km under their assumptions. They also show that the economic optimum
can correspond to a moderate COP (around 3) rather than the maximum achievable COP,
because pushing COP higher requires increased heat extraction from the geothermal source

and thus higher drilling costs.

Taken together, district-scale studies show that CO, distribution near saturation can reduce
the temperature drop associated with sensible-heat transport and can potentially reduce
distribution pumping requirements, while enabling heat-pump-based conversion at the user
interface. At the same time, these studies identify constraints that become increasingly im-
portant as the network footprint grows, including refrigerant charge management, pressure
control over long pipe runs, phase management (separation and the avoidance of uncontrolled
two phase flow), and safety provisions for a refrigerant loop that spans public and occupied
spaces. These considerations motivate interest in building-scale CO, thermal networks, where
distribution lengths are shorter, interfaces can be standardized, and refrigerant-based com-

ponents can be concentrated in controlled mechanical spaces.

2.1.2 COj-based building thermal networks

Following the concept introduction of COs-based building thermal networks, Bastani and

Eslami-Nejad [23] performed an initial feasibility study of the COyTN using a quasi-steady
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hourly simulation driven by zone-load profiles for three Canadian locations: Montréal, Van-
couver, and Whitehorse. As shown in Fig. 2.2, the model represents the system with a
variable-speed compressor, three heat exchangers, three expansion valves, a receiver, auxil-
iary heater and cooler devices, and n connected local heat pumps (LHPs). The component
models are intentionally simplified. The compressor is represented by volumetric and isen-
tropic efficiency relations derived from manufacturer data at 60 Hz and corrected for other
operating speeds through a frequency-ratio relation over an assumed speed range of 0 to
70 Hz. The heat exchangers are modeled with e-NTU relations and assumed adiabatic, the
expansion valves are assumed isenthalpic, and the receiver pressure is imposed through a
setpoint equivalent to the desired saturated temperature in the two phase distribution loop.
The model further assumes that the system is appropriately sized and uses outdoor air as the
balancing source in the case study. Under these assumptions, the authors reported a strong
climate dependence of annual performance. Vancouver, which has the mildest climate among
the three cities, gave the highest annual seasonal performance factor, reported as 3.85, which
is 20% and 25% higher than the values obtained for Montréal and Whitehorse, respectively.
The study also showed that performance improves during periods with simultaneous heating
and cooling, because heat rejected by one zone can be recovered by another through the
common loop. In the shoulder season, this internal recovery reduces the net energy that

must be added to or removed from the network and leads to reported COP values up to 6.
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However, the conclusions of this study remain limited for several reasons. First, the sys-
tem operation is governed by prescribed operating logic rather than by a control strategy.
Although the model includes a variable-speed compressor and three expansion valves, the
operating pressures are imposed through selected operating rules and receiver setpoints. Sec-
ond, the component models rely on several simplifying assumptions. The heat exchangers
are modeled with simplified e-NTU relations, assumed adiabatic, and combined with isen-
thalpic expansion valves. These assumptions are acceptable for an initial feasibility study,
but they do not fully capture COy behavior in operating regions where the thermophysi-
cal properties vary strongly with pressure and temperature. The compressor model is also
simplified, since volumetric and isentropic efficiencies are obtained from manufacturer-based
relations as functions of pressure ratio and then corrected for speed. In addition, the local
heat pumps are represented as ideal low-lift units with a fixed COP of 10. As a result, the
study cannot quantify how terminal capacity, efficiency, and electricity use vary with source
condition, sink condition, and temperature lift. Third, the building representation remains
simplified, since the model is driven by prescribed hourly zone-load profiles rather than being
coupled to a dynamic building model. As a result, the analysis does not explicitly account
for the transient response of zones and the effect of different thermal capacitances. Fourth,
the paper does not report an experimental validation of either the component models or
the overall system model, which limits confidence in the numerical predictions. The results
are further influenced by the imposed boundary conditions. Whenever outdoor air cannot
provide the required heating or cooling effect, the model restores the energy balance with an
auxiliary boiler of 90% efficiency or an auxiliary cooler with COP = 1. Since the system is
also assumed to be appropriately sized, the predicted seasonal performance becomes strongly

dependent on the assumed auxiliary characteristics and on the climate data.

This early work is therefore best viewed as a first climate-sensitivity and feasibility study. Its
main contribution was to show that the single-pipe CO;TN concept is especially promising
in buildings and climates with frequent simultaneous heating and cooling. At the same time,
it left several essential developments for later work, including detailed component modeling,

experimental validation, and control.

Bastani and Gholamrezaie [24] presented a pilot-scale COy thermal network (CO2TN) pro-
totype at CanmetENERGY—Varennes' to demonstrate physical feasibility and to quantify
system behavior under controlled multi-unit operating conditions. The experimental installa-
tion is shown in Fig. 2.3, and the corresponding process-flow diagram (PFD) with state-point

definitions is shown in Fig. 2.4. The test bench consists of: (i) a reversible COy vapor com-

!This work was carried out during the author’s Ph.D. internship at CanmetENERGY as part of the effort
to establish an experimental platform for the COsTN concept.
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pression cycle (RVCC) that circulates CO5 and sets the loop pressure levels; (ii) a secondary
water—-30% glycol loop that acts as the heat source/sink for the RVCC and whose temper-
ature is stabilized by a balancing unit (i.e. a constant-temperature bath); and (iii) a zone
section comprising three demonstrated zones equipped with LHPs (one CO,-to-water LHP
and two COs-to-air LHPs) connected in series to the CO5 loop. The PFD defines CO, state
points along the refrigerant line and water—glycol state points along the secondary loop, pro-
viding a consistent reference for reporting operating regimes, control actions, and measured

performance.
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Figure 2.3 Experimental setup from [24]: (a) circulation mechanism and balancing unit; (b)
COs loop and local heat pumps (LHPs)

The prototype uses a single stainless-steel CO4 loop (inner diameter 0.013 m) designed for
pressures up to 14 MPa. This pressure envelope enables subcritical operation in the distribu-
tion loop while allowing transcritical operation in the high-pressure section when required. A
variable-speed, semi-hermetic reciprocating compressor provides the circulation driving force,
with frequency modulation between 30 and 60 Hz. Downstream of compression, the discharge
stream is routed through a desuperheater (HX1) to control discharge-line temperature, and
an internal heat exchanger (HX2) is used to manage suction superheat and support receiver
liquid handling. Excess heat is rejected to the secondary loop through the gas cooler (HX4)
when the net effect of the connected local units is heat injection into the CO, loop. High-
side pressure is controlled by EV1: when EV1 is fully open, the discharge side operates close
to receiver/loop pressure (enabling subcritical operation), whereas transcritical operation is

obtained by modulating EV1 to increase the discharge pressure above the loop pressure.

Downstream of EV1, COy enters the distribution loop that connects the LHPs in series
(Fig. 2.4). The distribution loop is designed to operate below the critical pressure so that COq

can circulate near saturation (two phase or near-saturated conditions) at the receiver pressure.
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Figure 2.4 Test bench process flow diagram from [24]

CO, exiting the last LHP returns to the receiver, which functions as a phase separator that
separates liquid and vapor. Receiver pressure is regulated by a flash-gas valve (EV3). Liquid
from the receiver is expanded by EV2 and directed to the evaporator heat exchanger (HX5),
and EV2 is modulated to satisfy compressor suction superheat requirements. Together,
the receiver separation and the coordinated control of EV2 (superheat) and EV3 (receiver
pressure) define the boundary conditions of the two phase section and therefore strongly

influence whether the loop remains near saturation under varying load combinations.

The balancing unit is implemented using a secondary loop filled with water and 30% glycol
connected to a constant-temperature bath. This loop imposes repeatable boundary con-
ditions and compensates the net thermal imbalance of the RVCC, allowing the prototype
to emulate heating-dominant and cooling-dominant conditions without reliance on actual
outdoor equipment. When the connected LHPs inject net heat into the COs loop, the bal-
ancing unit removes this surplus primarily through HX4 (and through the discharge-side

heat exchanger as required). When the connected units extract net heat from the loop,
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HX5 transfers heat from the water—glycol loop to the CO;y loop to compensate the deficit.
This configuration is useful for systematically exploring operating points because it decouples
the imposed zone-load combinations from weather variability and isolates the network-level

thermodynamic interactions.

Three commercially available LHPs were integrated and modified to exchange heat with CO,
on the source side. HP1 is a COs-to-water unit intended to represent hydronic terminals;
it was originally an air-to-water unit using R134a and was retrofitted with a brazed-plate
COg heat exchanger (HX7). HP2 and HP3 are CO,-to-air units intended to represent space-
conditioning terminals; they were originally R410A water-to-air units and their water-side
heat exchangers were replaced by pipe-in-pipe CO5-t0-R410A heat exchangers (HX8 and
HX9). This approach preserves the native load-side heat exchangers and control logic of
the commercial units while enabling controlled coupling to a CO, distribution loop, which is

appropriate for isolating source-side and network-level behavior.

The main component specifications reported for the test bench are summarized in Table 2.1.
These specifications define the feasible operating envelope (pressure limits and valve ratings),
the expected approach temperatures and pressure drops across heat exchangers (heat-transfer
areas and geometries), and the controllability of discharge and receiver pressures via EV1-
EV3 and compressor speed. The prototype is also instrumented to measure temperature,
pressure, mass flow rates, and electrical power; the paper reports calculated uncertainties
on the order of £2.6% for heat-transfer rate and +2.7% for COP, supporting the use of the

dataset for model calibration and validation in subsequent studies.

In summary, prior work established the CO;TN concept, identified potential energy bene-
fits, and demonstrated prototype feasibility. Nevertheless, the literature at the start of this
Ph.D. lacked (i) detailed, experimentally validated dynamic models suitable for annual co-
simulation with buildings, and (ii) practical supervisory control strategies that coordinate
loop pressure, mass flow, and compressor operating points across changing zone activity and
boundary conditions. The remainder of this chapter therefore reviews modeling approaches
for transcritical COy systems and thermal networks, followed by control strategies at both

device and supervisory levels, to position the contributions of this thesis.

2.2 Modeling

Modeling of refrigeration systems and thermal networks is commonly approached in a mod-
ular way because these systems are composed of several strongly coupled components, each

governed by different thermodynamic processes. Compressors determine refrigerant mass
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Table 2.1 CO,TN prototype main components specifications [24]

Component Specification

Compressor Semi-hermetic reciprocating; variable capacity; 8.90 kW nominal
cooling capacity at 30 Hz.

COg receiver Volume: 2.3 x 1072 m?; design pressure: 9.0 MPa

Electronic expansion valves

EV1 Discharge pressure control valve; design pressure: 14.0 MPa

EV2 Suction superheat control valve; design pressure: 14.0 MPa

EV3 Flash-gas (receiver pressure) valve; design pressure: 14.0 MPa

CO; heat exchangers

HX1 CO» to water brazed-plate HX; heat-transfer area: 0.43 m?

HX2 CO5 to COy brazed-plate HX; heat-transfer area: 0.46 m?

HX3 CO3 to COy brazed-plate HX; heat-transfer area: 0.18 m?

HX4 CO; to water brazed-plate HX; heat-transfer area: 0.47 m?

HX5 water to COs brazed-plate HX; heat-transfer area: 0.54 m?

HX6 water to water brazed-plate HX; heat-transfer area: 0.30 m?

HX7 CO> to R134a brazed-plate HX; heat-transfer area: 0.20 m?

HXS8 CO2 to R410A pipe-in-pipe HX; length: 3.18 m; COy side ID/OD:
0.015/0.016 m; R410A side ID/OD: 0.021/0.022 m

HX9 CO; to R410A pipe-in-pipe HX; length: 3.18 m; CO2 side ID/OD:

0.015/0.016 m; R410A side ID/OD: 0.021/0.022 m

flow rate, power consumption, and discharge conditions; heat exchangers govern heat trans-
fer, pressure drop, and outlet states; and receivers, separators, or distribution lines define
inventory and pressure levels. Since the outlet state of one component becomes the inlet
condition of the next, system behavior emerges from the interaction of these component

models.

A modular formulation is especially useful for studying refrigeration cycles and shared ther-
mal networks because it allows each component to be modeled at an appropriate level of
fidelity and then coupled into a closed system solver. This approach facilitates calibration
and validation at the component level, and makes it possible to replace or refine individual
submodels without reformulating the whole system. It is therefore widely used in simulation
studies of heat pumps, refrigeration cycles, and networked thermal systems, particularly when
the objective is to evaluate performance over broad operating envelopes or under changing

boundary conditions.

The need for such a structure becomes stronger in transcritical COy systems, where ther-

mophysical properties vary sharply near the critical region and simplified whole-system rep-
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resentations can become inaccurate or numerically fragile. In these systems, predictive per-
formance depends mainly on how well the compressor and heat-exchanger models reproduce
off-design behavior, since these components largely determine refrigerant mass flow rate, heat
transfer, pressure levels, and outlet states. For this reason, the literature commonly reviews
modeling approaches first at the component level and then considers how these submodels

are assembled into a complete system representation.

At the component level, the modeling objective is to relate boundary conditions and con-
trol inputs to quantities such as exchanged heat rate, pressure drop, power consumption,
and outlet state, while maintaining numerical robustness over a wide operating range. In
practice, model selection balances three competing requirements: accuracy, generality, and
computational cost (compatible with annual simulation and control co-simulation). The fol-
lowing subsections therefore review the main modeling approaches for compressors and plate
heat exchangers, which are the two component classes most often identified as critical to the

accuracy of transcritical CO, heat pump simulations.

2.2.1 Compressor modeling

In vapor compression heat pump models, the compressor submodel provides the refrigerant
mass flow rate i, the compressor electrical power Wcomp, and the discharge state (e.g. Ty
or hg;s) that couples directly to downstream heat exchanger models. This role is important
in transcritical CO5 heat pumps because the compressor operates over a wide envelope, cycle
performance is sensitive to suction density and pressure ratio, and compressor model errors

can affect the capacity, power demand, and optimal high-side pressure [25,26].

Compressor models are commonly classified into three broad categories: black-box, gray-box,
and white-box models [27]. In this classification, black-box models represent input—output
relations without explicitly resolving the underlying physical processes, gray-box models com-
bine fitted relations with simplified physical structure, and white-box models aim to describe

the internal processes entirely from first principles [27].

In general, model complexity and computational cost increase as the representation moves
from black-box to white-box formulations. More detailed models can better represent inter-
nal compressor processes, but they require more information, more parameters, and higher
computational cost. The appropriate model should therefore be selected according to the
objective of the study. When the objective is compressor design, diagnostics, or analysis of
internal loss mechanisms, higher fidelity gray-box or white-box formulations may be justi-
fied. By contrast, in vapor compression cycle simulations especially in system level studies

of transcritical COy heat pumps where the main focus is the overall cycle rather than the



18

compressor itself, black-box compressor models are used more often because they retain the

key input—output behavior at much lower computational cost [27].

For positive-displacement compressors, the most widely used black-box form is the stan-
dardized temperature indexed map in CAN/ANSI/AHRI Standard 540 [28]. For operating
conditions that can be represented with meaningful saturation (dew-point) temperatures,
each compressor output X (typically 2 or Wcomp, each with its own coefficient set) is written

as a bi-cubic polynomial in the suction and discharge saturation temperatures T and T},

X = Cl,n + CZ,nTs + C3,an + C4,nT52 + C5,nTsTd + CY(S,njjd2

(2.1)
+ Cr T2 + Cg T2 Ty + Co T T3 + Cro T

where the subscript n denotes the modulation step when multiple steps are provided. AHRI
540 specifies a single coefficient set for fixed-displacement compressors and multiple coeffi-
cient sets for modulating compressors. Since each set contains ten coefficients, at least ten
test points are required to identify the map for one modulation step. A recent review and
comparison by Hjortland and Crawford [29] notes that using only the minimum number of
points makes the fitted map sensitive to measurement noise and reduces prediction quality
at conditions not used in fitting, therefore, more than the minimum number of points is com-
monly used in practice. This is consistent with the manufacturer survey findings reported
in the AHRI-sponsored work by Aute et al. [30], where most manufacturers reported using

more than fourteen test points when developing maps.

For continuous variable-speed compressors, fitting many separate ten coefficient maps across
speed can be inconvenient. As an alternative, Guo et al. [31] proposed an extended 20

coefficient regression that includes compressor rotational frequency S (Hz) directly as follows:

X =co+ Ty + coTy+ c3S + caT? 4 T3 + c6S* + T, Ty
+ cgTsS + cgTyS + cloTj + chi’ + 1983 + clngTd
+ e T2S + 1T Ts 4 1613 S + 17T S? + c18TyS?
+ c10TsTyS

(2.2)

This model has twenty coefficients for each output and therefore requires at least twenty test
points, with additional points used to reduce sensitivity to noise and to improve prediction

at unseen conditions.

A second practical issue with AHRI-style maps is that they are generated under standardized
suction conditions, typically constant suction superheat or constant suction temperature. In

a system simulation, the suction state varies with heat exchanger performance and control,
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so map outputs are often corrected before they are used in the cycle solver. Hjortland and
Crawford [29] summarize the commonly used correction proposed by Dabiri and Rice [32],
which adjusts the mapped mass flow rate using the ratio of actual suction density to the map

suction density as follows:

Mot 1y gy (2251 (2.3

Mmap Pmap
where 71,4, is the mass flow rate predicted by the map at the rating convention, py,,, is the
suction density at the map suction condition, pg,. is the actual suction density in the system
simulation, and Fy is a volumetric efficiency correction factor. Under the assumption that
isentropic efficiency is not a function of suction superheat, Dabiri and Rice also propose a

compatible correction for compressor power as follows:

WCOT’I" _ mCOT’I" Ahisen,cm“r

Wmap mmap Ahisen,map

(2.4)

where Wmap is the mapped power, WCOM is the corrected power, and Abh,,., is the specific

isentropic compression work evaluated at the actual and map suction states [32].

An example of AHRI-style mapping in a variable speed heat pump model is given by Viviescas
and Bernier [33]. They use an AHRI-like regression for r and Wcomp and include compressor
speed explicitly. They also apply the suction state correction when suction conditions deviate
from the map convention and show that omitting the correction increases the mass flow error
in their validation [33]. This example illustrates the usual role of AHRI maps in system
models: they are convenient interpolators inside the calibrated domain, but they are used

together with correction relations when suction conditions do not follow the rating convention.

A complementary perspective is provided by Sanchez et al. [34], who evaluate a standard ten
coefficient polynomial form against transcritical CO, data and then modify the regression
when deviations are observed. They write the standard form for an output X as a polynomial

in evaporating temperature T,, and discharge pressure P,

X = Ay + AgT., + AsPys + AJT2 + As(To Pais) + AsPa,

(2.5)
+ A7T2, + As(T2, Puis) + Ao(Phi Tey) + Ao Py,

and they report larger deviations for mass flow prediction in their data set. They then replace

T,, by suction pressure Py, and include suction temperature Tj,., which yields a reduced
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nine coefficient regression,

X = Ay + AsPyye + AsPyis + A4P32uc + As(PsucPuais) + Aﬁpjis

(2.6)
+ A7Tsuc + ASTSQuc + AQ(PdisPsucTsuc)

which improves agreement with their measurements [34]. For transcritical COs, this type of
pressure based description is often preferred because high side heat rejection occurs in a gas
cooler and there is no unique condensing temperature. A temperature indexed map therefore
requires a choice of surrogate high side temperature, and the fitted coefficients depend on
that choice.

Overall, AHRI-style polynomial maps remain convenient when operation stays within a well
sampled calibration domain and when the saturation temperature representation is mean-
ingful [28,30]. For transcritical CO5 operation, pressure based correlations are often used
because there is no unique condensing temperature on the high side and because pressure

variables match discharge pressure control [34-36].

2.2.2 Plate heat exchanger modeling

Plate heat exchangers (PHEs), especially brazed plate heat exchangers, are widely used in
CO3 heat pumps because they provide high heat transfer performance within a compact foot-
print. Their corrugated chevron plates promote strong mixing and thin thermal boundary
layers, which is attractive for both sensible heat exchange and phase-change duties. In CO,
applications, however, the same compact exchanger can be required to operate in funda-
mentally different thermodynamic regimes, ranging from supercritical single-phase cooling to
subcritical condensation and evaporation. This operating diversity is central to the modeling
problem, because the CO, thermophysical properties can change rapidly near the critical
region and because phase-change segments may appear or disappear as operating conditions
shift. Consequently, a model structure and correlation set that is adequate in one regime
may become inaccurate or numerically fragile in another, and it is often necessary to select
modeling formulations that remain valid as the heat exchanger crosses the critical point or
transitions into and out of the two phase dome. This requirement is particularly important
for CO4 because its critical point is at T, = 31.1°C and P.. = 7.38 MPa, so transcritical gas
cooler operation occurs in a supercritical region where thermophysical properties can vary

sharply over a narrow temperature change.

Figure 2.5 illustrates this behavior for CO5 at 8, 9, and 10 MPa. For a given supercritical

pressure, the pseudo-critical temperature (7),.) is defined here as the temperature at which
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the specific heat reaches a maximum. As shown in the figure, this temperature increases
with pressure over the range considered. In the vicinity of the pseudo-critical tempera-
ture, density and dynamic viscosity decrease sharply, the specific heat exhibits a peak, and
thermal conductivity also varies noticeably. The modeling implication is that even a small
local temperature change can strongly modify the refrigerant side heat capacity rate, heat
transfer coefficient, and pressure drop. As a result, simplified constant property or single
U A representations may become inaccurate when a COy heat exchanger operates near the

pseudo-critical region, especially in transcritical gas coolers.

The literature commonly organizes PHE and heat-exchanger models into three families that

trade fidelity for computational cost as follows [37]:

e Lumped-parameter models
o Moving-boundary models

o Finite-volume models

At the simplest end, lumped-parameter models represent the exchanger by a single overall
conductance, typically through a constant U A paired with an logarithmic mean temperature
difference (LMTD) or e-NTU relation. This choice remains common in building energy and
system simulations because it is numerically robust, fast, and easy to calibrate to steady
state data or manufacturer ratings [37]. When the heat exchanger operates in a narrow
regime and the temperature profiles remain “well behaved” (for example, as an evaporator,
or condenser), a tuned lumped model can reproduce heat transfer with acceptable accuracy
for annual performance studies. The main limitation is that a single calibrated U A represents
an effective (lumped) behavior of the exchanger at the calibration point. Because it treats the
heat exchanger as a single averaged element, this approach cannot capture variations in local
heat transfer and thermophysical properties along the flow path. Therefore, its accuracy may
degrade when operating conditions depart from the calibration range. In COs heat pump
applications this matters most when the exchanger spans regions with strongly changing heat
capacity rate on the refrigerant side, because the local temperature glide and pinch behavior
are no longer captured by a single average conductance. In supercritical cooling, for instance,
the pseudo-critical peak in ¢, reshapes the temperature profile and shifts where most of the
heat is rejected, so a constant-UA model may match total heat transfer at one condition
yet drift in outlet temperature prediction as conditions change. A common “middle ground”
reported in practice is to retain the lumped structure but introduce regime-aware averaging
(different effective U A values for distinct operating modes) or a small number of serial lumps,

which preserves speed while reducing the bias associated with a single global average [38].
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Moving-boundary (MB) models add the missing structure of lumped U A approaches by treat-
ing each thermodynamic region as a separate control volume whose length (or heat-transfer
area fraction) varies with operating condition. In subcritical condensers and evaporators,
the natural decomposition into superheated, two phase, and subcooled zones makes MB for-
mulations especially attractive: within each zone, property variations are typically smoother
than across the full exchanger, while the moving interfaces capture how the available area
reallocates between zones as load and inlet conditions vary. This region-based view is also
consistent with experimental CO, plate exchanger studies. For example, Hayes et al. [39]
analyze COy condensation in a chevron plate heat exchanger by explicitly separating the
exchanger into superheated-vapor, saturated two phase, and subcooled-liquid sections, and
by allocating area based on regime-specific heat-transfer balances. This type of analysis
aligns directly with the MB assumption that region boundaries move as operating conditions
change, and it supports MB modeling as a physically meaningful reduced-order representation
for subcritical COy PHE duties. For system-level vapor compression modeling, MB models
are therefore widely used as a control-oriented and annual-simulation-capable compromise,
offering substantially lower computational cost than fine discretization while retaining zone
migration and phase-change structure [40]. The main limitations are numerical. As oper-
ating conditions change, one or more regions can shrink to nearly zero length or reappear,
so the model must switch between different region configurations. Without robust switching
logic, this can lead to oscillations or convergence difficulties. In addition, the standard MB
partitioning is defined by phase boundaries and does not apply directly to supercritical gas
coolers, where high-pressure CO, remains single phase and no phase boundary exists. A large
body of work has therefore focused on making MB models robust across arbitrary region con-
figurations and pinch behavior, and on extending the MB idea to supercritical gas coolers
by redefining “regions” within the supercritical domain using criteria related to the pseudo-
critical neighborhood and local heat-capacity-rate behavior rather than phase [41-43]. These
developments clarify the best-use region of MB models: they are most transparent and reli-
able for subcritical heat exchangers that pass through superheated, two phase, and subcooled
regions, and they remain a strong compromise for system simulation and supervisory-control
evaluation when the study requires outlet states that respond correctly to zone migration

but cannot justify a fully discretized model at every time step.

Finite-volume (FV) models provide the most general 1-D framework used in heat pump
simulations. By discretizing the flow direction, they evaluate properties locally and apply
region-appropriate closure relations cell-by-cell, which allows them to represent sharp gra-
dients, internal pinch points, and non-uniform temperature glide without imposing a fixed

region structure a priori. This capability is particularly valuable for supercritical CO, gas
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coolers where steep property variations near the pseudo-critical region can localize heat trans-
fer into a relatively small portion of the exchanger and strongly influence outlet temperatures
and optimal high-side operating conditions [44,45]. In the PHE context, FV ideas appear
either as true cell-by-cell solvers or as “sliced” formulations that decouple channels by assum-
ing locally constant wall temperature per slice and iterating the slices to convergence. Such
approaches can handle generalized flow configurations and phase change, which is important
when the same PHE family is used as condenser, evaporator, or gas cooler under different
operating modes [46]. The critical review point for FV models is that their apparent fidelity
depends on two external factors: (i) the suitability of the selected heat-transfer correlations
for the specific PHE geometry and for COs in the relevant regimes, and (ii) the discretization
strategy (number of cells and how property evaluation is performed). Correlation perfor-
mance scatter has been repeatedly documented in plate exchangers, with accuracy that can
vary markedly across datasets and conditions; this is why many authors recommend cor-
relation screening against plate exchanger databases and, when possible, calibration to the

targeted exchanger family [47,48].

In the CO;TN context of this thesis, the modeling choice can therefore be justified by
matching each exchanger’s dominant thermodynamic pattern to the simplest formulation
that remains region-consistent. When an exchanger operates predominantly in a single,
relatively narrow regime, a calibrated lumped UA or effectiveness-based model can be ad-
equate and keeps the annual simulations lightweight. When subcritical operation induces
a clear superheated/two phase/subcooled sequence, an MB model provides a natural way
to represent zone migration with modest computational cost and good interpretability for
control studies. When transcritical operation near the pseudo-critical region is central to the
results—especially when outlet temperature prediction affects supervisory decisions—FV dis-
cretization becomes the defensible choice, because it preserves the effect of sharp property
gradients on the temperature profile and avoids embedding that physics into a single fitted

average.

2.3 Control and supervision of CO, thermal networks

The supervisory problem has two coupled goals. The first goal is feasibility: the supervisor
must select operating conditions that satisfy equipment envelopes and feasibility constraints.
The second goal is performance: within the feasible region, the supervisor seeks operating
points that maximize a system metric such as COPj,, under changing boundary conditions
and LHP activation patterns. The remainder of this section reviews supervisory methods

used for constraint-rich vapor compression systems and shared-source plants.
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Supervisory coordination strategies for vapor compression systems can be organized into two
main categories: online optimal control and, offline optimal control. These categories differ
in how supervisory decision variables are generated and updated under changing operating
conditions. The following subsections review each category and summarize their main char-
acteristics, advantages, and limitations in the context of vapor compression and COs-based

systems.

2.3.1 Online optimal control

Online optimal control refers to supervisory approaches in which the optimization problem
is solved during system operation using current measurements or estimated states. In the
transcritical COs literature, this category can be grouped into two main streams: online
model-based optimal control and online model-free optimal control. In the first stream, an
explicit steady-state or dynamic model is embedded in the optimizer to evaluate candidate
supervisory decisions under performance and feasibility constraints. In the second stream,
the supervisory input is adapted directly from measured performance without relying on a

calibrated plant model.

Within online model-based optimal control, one line of work focuses on optimization of
the current operating condition. In transcritical COq systems, this problem is most often
formulated as online determination of the optimal high-side or discharge pressure, since
system performance is highly sensitive to this variable. Cecchinato et al. [49] addressed
the optimal energy efficiency and high pressure problem in single stage transcritical CO,
vapor compression units and developed a real-time model-based optimization algorithm to
determine the optimal, or near-optimal, pressure from measured boundary conditions and a
model of system performance. More recently, Li et al. [50] presented model-based optimal-
control approaches for a water-to-water COs heat pump for domestic hot water use. Their
controller combines an optimization strategy with system models to identify optimal setpoints
for discharge pressure and gas cooler outlet water temperature, showing how online model-
based optimization can be extended beyond single-setpoint pressure tuning to coordinated

adjustment of multiple operating variables.

A second line of work adopts model predictive control (MPC). At each control update, MPC
uses a predictive model to estimate future system behavior over a finite horizon and then
solves an optimization problem to determine the control actions that optimize a chosen objec-
tive while satisfying constraints. Only the first control action is applied, and the optimization
is repeated at the next update using new measurements. Wang et al. [51] proposed MPC

for a transcritical CO, air-source heat pump water heater. They first built a high-fidelity
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physical model in Dymola, then identified a control-oriented dynamic model from the gen-
erated data, and finally designed the MPC to maximize COP under model equations and
operating constraints. Their work is particularly useful because it explicitly distinguishes
MPC from earlier online pressure optimization methods: instead of searching only for the
current optimal heat rejection pressure, the controller predicts future operating conditions

and computes the optimal manipulated inputs accordingly.

Subsequent studies extended MPC to other transcritical CO4 applications and control struc-
tures. Zhang et al. [52] developed an MPC strategy for a transcritical CO4 air conditioning
system used in railway vehicles. Their controller combines physical knowledge and data in
the predictive model and optimizes discharge pressure together with air-side actuation while
maintaining passenger comfort. Wang et al. [53] proposed a data-driven nonlinear MPC for
a transcritical CO5 cabin thermal management system in cooling mode, where the controller
simultaneously adjusts the compressor, throttle valve, and indoor fan to reduce power con-
sumption while satisfying comfort requirements. Cui et al. [54] further extended the MPC
framework to a transcritical COy heat pump water heater. In that work, the optimization
problem is complicated by the presence of an additional medium-pressure level and stronger
internal coupling among variables. To keep the online problem tractable, the authors first
identified a relation between the optimal medium pressure and the suction and discharge
pressures, then used this intrinsic relation to reduce the decision space before constructing
the MPC. Taken together, these studies show that MPC has become the common dynamic
realization of online model-based optimal control in transcritical COs systems, especially

when several actuators and operational constraints must be coordinated simultaneously.

Although directly analogous online optimal-control studies for CO5 thermal networks remain
limited, related work on shared-source refrigeration systems and thermal networks is still rel-
evant because it highlights the optimization structures that arise once several terminals share
common pressure or temperature levels. Hovgaard et al. [55,56] studied a multi-zone refrig-
eration system in which several cooling units share a common compressor and formulated a
supervisory MPC that allocates cooling capacity to the zones while selecting a common evap-
oration temperature. Their results show that even when the system dynamics and constraints
can be written in a convex form, the cost function may remain nonconvex because efficiency
depends on temperature. In thermal-network applications, Wirtz et al. [57] proposed a mixed-
integer linear program (MILP) for short term optimization of the network temperature in
fifth-generation district heating and cooling systems, while Quaggiotto et al. [58] formu-
lated district-heating operation as an MILP-based MPC problem solved in a rolling-horizon
scheme. Jansen et al. [59] further showed that when nonlinear network physics and discrete

equipment decisions must both be preserved, the predictive control problem naturally be-
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comes a mixed-integer nonlinear program (MINLP). These studies are not CO;TN studies,
but they are useful to position the supervisory complexity that can arise in shared-source and
networked thermal systems when discrete equipment states, staging decisions, and nonlin-
ear thermodynamics must be handled simultaneously. Alongside model-based methods, the
transcritical CO4 literature also contains a substantial stream of online model-free optimal
control, most commonly through extremum seeking control (ESC). In these approaches, the
controller does not rely on a calibrated plant model; instead, it uses measured performance
to adapt a supervisory input toward the operating point that optimizes a chosen index. Hu
et al. [60] introduced ESC for an air-source transcritical COy heat pump water heater to
maximize COP in real time by regulating the discharge-pressure setpoint. Their study used
a dynamic Modelica model to evaluate the controller under fixed and varying operating con-
ditions and showed that the method can search for and track the optimum without requiring
an explicit system model. Cui et al. [61] later provided an experimental investigation of ESC
on a transcritical COs heat pump water heater. Their results demonstrated repeatable con-
vergence of the controller under both fixed and varying inlet-water conditions and confirmed
experimentally that the discharge pressures identified by the ESC correspond to the optimal
operating points of the system. Rampazzo et al. [62] broadened the scope by investigating
ESC experimentally on both refrigeration and heat pump CO, units operating in transcritical
and subcritical conditions. They also compared ESC with a conventional optimal-pressure
correlation, showing the value of measurement-based adaptation when the optimum varies

with system configuration and operating conditions.

More recent work extends online model-free optimization from single-variable discharge-
pressure tuning to more complex transcritical COy architectures. Cui et al. [63] considered
a dedicated-mechanical-subcooling transcritical CO, heat pump water heater and proposed
a multi-input single-output ESC strategy developed from a validated Dymola model. Their
results showed better performance than standard solutions based on physical correlations,
under both fixed and variable ambient conditions. These studies show that model-free online
optimization remains attractive for transcritical CO5 systems as complexity increases, but
they also make its limitations more visible. In particular, the convergence speed, the need
for excitation and filtering, and the growing difficulty of tuning multi-variable ESC schemes
become more problematic as the number of manipulated variables increases and as feasibility

constraints become tighter.

Overall, the online optimal-control literature for transcritical COs systems spans online
model-based optimization of the current operating point, predictive dynamic optimization
through MPC, and model-free optimization through ESC. Model-based methods offer a

clearer framework for handling multiple actuators and explicit constraints, but they de-
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pend on the availability of reliable control-oriented models. Model-free methods avoid this
modeling burden and can adapt directly to changing operating conditions, but they face prac-
tical challenges in convergence, tuning, and constraint handling, especially in multi-variable

systems.

2.3.2 Offline optimal control

Offline optimal control refers to supervisory approaches in which the main optimization effort
is carried out before system operation and the resulting decision rule is evaluated online
without solving a new optimization problem at each control step. The offline rule may be
derived from a physical model, from experimental or simulated data, or from a combination
of both. In vapor compression and transcritical COs systems, this strategy is attractive
because it keeps online supervision simple, and fast while still embedding information from

optimization studies performed over the expected operating range.

In the literature, offline-executed supervisory rules usually appear in three main forms. The
first form is a fitted analytical map, such as an empirical correlation, polynomial regression,
or response-surface model, in which the desired setpoint is expressed as a function of a small
number of measured variables. The second form is a tabulated map, in which the operating
space is sampled offline and the best feasible setpoint is stored at each grid point for later
look up or interpolation. The third form is an explicit control law, in which the optimization
problem is solved offline over a prescribed operating region so that online implementation
reduces to evaluating a precomputed rule. Although these forms differ in how the rule
is represented, they share the same principle: the computationally expensive part of the
supervisory decision is shifted offline, and the online controller only evaluates the resulting

map.

A large portion of the transcritical CO5 control literature uses fitted maps to generate the
high side pressure setpoint from boundary conditions. Early studies relied mainly on thermo-
dynamic cycle simulations to identify the pressure that maximizes COP and then expressed
the optimum as a simple correlation. Kauf [64] used a simulation model to determine the
optimal high pressure as a function of gas cooler outlet temperature and reported that the
resulting control function keeps COP within 5.8% of the maximum over the tested condi-
tions. Liao et al. [65] similarly developed a cycle simulation model, showed that COP varies
nonmonotonically with heat rejection pressure, and derived a correlation for the optimal
pressure in terms of gas cooler outlet temperature, evaporation temperature, and compres-
sor performance. These studies established the basic offline-map idea for transcritical COq

control: the supervisor does not solve an optimization problem online, but instead evaluates
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a precomputed relation to generate the pressure setpoint.

Later work extended this approach from simulation-based correlations to experimentally
supported setpoint rules. Qi et al. [66] experimentally investigated the optimal heat rejection
pressure of a transcritical COy heat pump water heater and proposed a correlation intended
for direct use in control. Li et al. [67] also examined the optimal compressor discharge
pressure experimentally for an air-source transcritical COs heat pump, developed a fitted
correlation over a broader temperature range, and proposed a superheat-corrected control
strategy for practical implementation. These studies show that offline fitted maps are not
limited to purely theoretical cycle analyses, but can also be calibrated or corrected from

measured plant behavior.

A recurring issue in fitted high pressure correlations is robustness under changing boundary
conditions, especially near the critical region. Cecchinato et al. [68] evaluated several litera-
ture approximations for optimal heat rejection pressure and showed that their performance
depends strongly on the application and regulation structure. In particular, approximations
that remain acceptable in commercial refrigeration can become much less reliable in heat
pump water heater operation when the assumed relation between secondary side conditions
and gas cooler outlet temperature no longer holds. Shao et al. [69] addressed this issue
by developing constrained optimal pressure equations in which the high pressure is reduced
subject to an allowed COP loss. Taken together, these studies show that offline fitted maps
are useful only when their validity range is consistent with the intended control structure
and operating envelope, and that explicit constraint handling may be needed when feasible

operating regions are narrow.

Offline fitted maps have also been extended from low-dimensional correlations to higher-
dimensional surrogate models. Liang et al. [70] used response-surface methodology to analyze
the factors governing the optimal high pressure in transcritical CO, refrigeration and heat
pump water-heater applications. Their results showed that gas-cooler outlet temperature is
the dominant factor in refrigeration applications, whereas multiple variables contribute in
heat pump water heater operation. They also reported that adding variables to the fitted
map substantially reduced prediction error. This illustrates a common trade-off in offline
map design: a richer map can reduce bias, but it also increases data requirements and makes

the supervisory rule more sensitive to coverage of the offline dataset.

Beyond analytical correlations and response surfaces, the literature also includes data-driven
fitted maps trained on offline datasets of optimal operating points. In these approaches, the
online controller still evaluates a precomputed map, but the functional relation is learned

from data rather than prescribed in advance. Yin et al. [71] generated a dataset of operating
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conditions and corresponding optimal discharge pressures and then used group method of
data handling (GMDH) for variable selection together with a PSO-BP neural network to
predict the optimal discharge pressure. In the companion experimental study, Song et al. [72]
implemented the learned mapping as a real-time setpoint generator on a subcooler-based
transcritical COy heat pump prototype and reported improved performance relative to a
baseline strategy. In this sense, data-driven maps are not a separate online-execution category
from model-based maps; rather, they are another way of constructing a fitted offline map. The
practical distinction is whether the final rule is obtained directly from a physical optimization

model or learned from a dataset of optimal operating points.

The same offline philosophy also appears in predictive-control theory through explicit MPC.
In explicit MPC, the constrained predictive-control problem is solved offline over a prescribed
operating region, and the resulting optimal control law is stored in a form that can be
evaluated directly online. Bemporad et al. [73] showed that, for MPC problems that can be
expressed in this framework, the explicit solution can be written in region-based form so that
online implementation reduces to simple function evaluation. Alessio and Bemporad [74]
further emphasized that explicit MPC is particularly attractive when online solvers are too
expensive or difficult to certify, although the number of operating regions and the memory
requirement can increase rapidly with model dimension, horizon length, and the number
of constraints. This line of work is more general than the transcritical CO5 high pressure
literature, but it provides the clearest theoretical example of offline optimal control in which
the optimization result itself, rather than a fitted approximation of it, is stored for online

use.

Overall, the main advantage of offline optimal control is that it shifts most of the computa-
tional burden to an offline stage, so that online supervision reduces to direct evaluation of a
precomputed rule. This feature underlies classical fitted optimal-pressure correlations [64,65],
experimentally calibrated setpoint maps [66,67], learned surrogate predictors [71,72], and
explicit predictive-control laws [73,74]. The main limitation is coverage: the offline rule
is reliable only within the range of operating conditions represented by the offline model,
dataset, or operating-region partition. In fitted maps, insufficient coverage or oversimpli-
fied variable selection can increase prediction bias, as reflected by the strong dependence of
optimal-pressure correlations on application and boundary-condition representation [68] and
by the error reduction obtained when additional variables were included in response-surface
models [70]. Learned surrogate maps are subject to the same requirement for representa-
tive training data [71]. Explicit MPC faces an analogous limitation in that the number of
regions and the associated memory requirement can grow rapidly with problem size and con-

straints [74]. Reported remedies therefore include higher-dimensional surrogate maps [70],
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constrained-map formulations [69], and hybrid implementations in which an offline pressure
map is corrected online using additional measured information such as superheat [67]. For
multi-terminal systems such as CO, thermal networks, the same issue is expected to become
more pronounced because the supervisory input space must also reflect changing terminal-

activation combinations in addition to external boundary conditions.

2.3.3 Summary

The supervisory literature reviewed above can be organized into two broad routes: online
optimal control and offline optimal control. Within online optimal control, the literature
includes both model-based approaches, such as current-operating-point optimization and
MPC, and model-free approaches, most commonly ESC. Within offline optimal control, the
literature includes fitted analytical maps, tabulated lookup maps, and explicit control laws
derived from offline optimization. Across these routes, the main trade-off is between online
adaptability and explicit constraint handling on the one hand, and computational simplicity

on the other.

For transcritical COy systems, online strategies are attractive because they can adapt set-
points to changing operating conditions and can, in principle, coordinate several manipulated
variables under constraints. However, the reviewed studies also show that these methods
usually require either a reliable control-oriented model or carefully tuned adaptation logic,
and their computational or implementation burden increases as the number of decision vari-
ables, constraints, and operating modes grows. These difficulties become more pronounced
in shared-source and networked systems, where supervisory decisions must remain feasible

across changing terminal combinations and coupled thermodynamic interactions.

2.4 Summary and research gaps

The literature reviewed in this chapter shows that COs-based thermal networks are a promis-
ing direction for multi-zone building applications because they can combine low-GWP oper-
ation, heat recovery between zones, and reduced temperature drift when CO, is distributed
near saturation. District-scale studies have demonstrated the thermodynamic and techno-
economic potential of refrigerant-based distribution, while early building-scale studies and
the pilot-scale prototype have established the basic feasibility of the single-pipe CO;TN
concept. The modeling literature also provides a broad set of methods for representing com-
pressors and heat exchangers in transcritical COy systems, and the control literature shows

that both online and offline optimization strategies can improve the operation of stand-alone
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transcritical COy heat pumps.

At the same time, the review reveals several gaps that are directly relevant to CO;TN de-

velopment:

o Existing CO>TN studies remain limited in number and scope. Early building-scale
assessments established feasibility and climate sensitivity, and the prototype study
demonstrated physical implementation, but the literature still lacks a comprehensive,
experimentally validated modeling framework that represents the coupled network and

terminal behavior across the full range of relevant operating modes.

» Integration between detailed CO5TN models and dynamic building simulations remains

limited, so that annual performance under realistic boundary conditions is not quanti-
fied.

o Most prior control strategies for COyTN focus on enforcing strictly two phase operation
at fixed loop pressure and do not fully exploit the potential of coordinated control of
compressor configuration, compressor speed, discharge and suction pressures, and loop

pressure.

These gaps motivate the main developments of this thesis: the construction of an experimen-
tally validated CO5TN model, its coupling to building-level performance assessment, and the
development of offline supervisory strategies that remain feasible, computationally tractable,
and suitable for annual simulation as well as real-time implementation. The next chapter

formulates the research objectives and presents the overall structure of the thesis.
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CHAPTER 3 OBJECTIVES AND THESIS STRUCTURE

3.1 Research objectives

The general objective of this thesis is to develop an experimentally validated, numerical
model of a single-pipe CO5 thermal network (CO;TN) coupled with local heat pumps, and
to use this model to design and assess supervisory control strategies for multi-zone building

applications. This objective is pursued through the following specific objectives:

1. Develop a component- and system-level numerical model of the CO,TN, including the
circulation unit, local heat pumps, and the main heat-exchange interfaces (gas cooler
and evaporator/condenser), with the required supporting components (e.g., internal

heat exchanger, desuperheater, and geothermal coupling).

2. Validate the component- and system-level performance of the CO;TN model using

measured data gathered from experiments conducted on the CO;TN prototype.

3. Formulate supervisory control strategies for the CO;TN to reduce overall electricity

consumption while respecting operational constraints.

4. Evaluate and compare the proposed supervisory strategies under representative annual

multi-zone building operation using the validated model.
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3.2 Thesis structure

This paper-based thesis consists of six chapters. Chapter 1 presents the context and mo-
tivation, introduces COs-based thermal networks and the CO;TN concept, and states the
research problem. Chapter 2 reviews relevant system architectures, modeling approaches,
and supervisory control methods for heat pumps and thermal networks, thereby establishing
the background for Objectives 1-4. Chapter 3 states the research objectives and explains
how the preliminary studies carried out during the Ph.D. led to the two journal articles that

form the core contributions of the thesis.

Chapter 4 reproduces Article 1 and focuses on model development and experimental valida-
tion of the CO,TN, thereby addressing Objectives 1 and 2. Chapter 5 reproduces Article 2
and builds on the validated model to formulate and compare supervisory strategies and to
assess their performance under annual building operation, thereby addressing Objectives 3
and 4. Finally, Chapter 6 synthesizes the main findings of Articles 1 and 2, discusses the

main implications and limitations, and proposes directions for future work.

3.2.1 Research path leading to the thesis articles

Before the two journal articles were completed, several conference papers were produced
during the Ph.D. They are presented here because they document the progression of the

research and show how the main questions of the thesis evolved.

The first preliminary study was reported in 15th ITR-Gustav Lorentzen conference on nat-
ural refrigerants in 2022 [75]. That paper presented a simplified heating-season analysis of
the CO,TN and introduced the first control strategy, referred to as the minimum-mass-flow
method. In that study, the auxiliary heater and cooler used in the earlier feasibility work of
Bastani and Eslami-Nejad [23] were removed, and the operating point of the circulation unit
was determined from the imposed loop condition and the combination of active local heat
pumps. For a prescribed loop pressure, the method selected the loop inlet condition and the
minimum CO, mass flow rate required to keep the loop within the two phase region while
satisfying the imposed loads. The paper also included an initial seasonal comparison with a
conventional water-loop heat pump system for the same building under simplified assump-
tions. This study established the first closed operating-point calculation for the CO,TN, but

it remained limited to heating-season operation and simplified, non-validated models.

A subsequent conference paper presented at eSim 2024 [76] marked an important intermedi-
ate step in the development of this thesis. The study was the first to formulate a detailed
semi-transient TRNSYS model of the CO;TN for office-building heating and cooling, with
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dedicated sub-models for the circulation system, outdoor unit, and local heat pump units. It
reports the first preliminary experimental validation of key component models and demon-
strated the applicability of the modeling framework through a multi-zone building case study.
In this sense, the eSim paper established the first integrated framework combining detailed
system representation, control implementation, and initial experimental corroboration. The
later journal article in Chapter 4 built directly on that foundation by extending the model
formulation and providing a more comprehensive experimental validation at both the com-

ponent and system levels.

The next step was reported in 16th [TR-Gustav Lorentzen conference on natural refrigerants
in 2024 [77], which shifted the focus toward supervisory control in transcritical cooling op-
eration. Through a parametric study of compressor discharge pressure, loop pressure, and
CO4 mass flow rate, that paper showed that the minimum-mass-flow assumption is not al-
ways performance-optimal. In particular, it showed that allowing a limited departure from
strictly two phase loop operation can improve overall system performance under some cool-
ing conditions. This result marked an important point in the control development of the
thesis and directly motivated the later formulation of the temperature-bounded supervisory
strategy presented in Article 2. The parametric cooling results reported in that conference
paper therefore serve as the preliminary basis for the control developments consolidated in
Chapter 5.

In parallel with the model development work, an additional study was carried out on the local
heat pumps and was later published in the conference paper included in the Appendix A.
That study showed that conventional local heat pumps are not the most suitable option for
the CO5TN and that low-lift heat pumps are better aligned with the CO3TN concept. This
finding influenced the configuration adopted in Article 2, where low-lift local heat pumps were
used to better explore the performance potential of the system. The detailed results of that
local-heat-pump study are kept in the appendix because they support the thesis storyline

but do not constitute one of its two main journal contributions.
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CHAPTER 4 ARTICLE 1: Modeling and experimental validation of a

single-pipe CO; thermal network connected to local heat pumps

Authors: Sepehr Gholamrezaie, Massimo Cimmino, Parham Eslami-Nejad
Journal: Applied Thermal Engineering
Date: Available online 22 September 2025

4.1 Abstract

This study develops a modular numerical model for a CO5 thermal network (CO,TN) that
connects local heat pumps (HPs) via a two-phase COs-loop, for building heating and cool-
ing and thermal energy recovery. Implemented in TRNSYS with newly developed TYPES,
the model is designed for flexibility, allowing the study of various system configurations and
integration into broader simulations with detailed building models. The model is experi-
mentally validated at both the component and system levels using a prototype setup. For
component-level validation, key components—including the CO, circulation compressor and
heat exchangers—are compared against experimental data, demonstrating a maximum devi-
ation of +15% across all components. System-level validation is conducted by assembling the
component models into a system resembling the experimental prototype and comparing the
system coefficient of performance (COP) across different operating modes, with a maximum
deviation of 16%.

4.2 Introduction

A thermal network refers to a system used to distribute a heat carrier fluid (HCF), such as
water or a refrigerant, through a network of pipes to deliver heating or cooling to various
spaces or processes. These networks can be employed in district heating and cooling systems
or on a smaller scale, such as within buildings [78]. Thermal networks enable the integration
of renewable energy sources, such as geothermal or solar thermal energy, and the recovery of
waste heat from one user to deliver it as useful heat to another [79]. However, controlling these
networks and managing piping complexity are significant challenges in their implementation.
The are two classes of approaches for implementing thermal networks: the secondary loop
method (indirect method) and the direct method. In the secondary loop method, end users
are connected to a low-temperature thermal network, and local heat pumps (HPs) deliver the

required thermal energy to each user. Conversely, in the direct method, the HCF directly
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provides the required thermal energy to end users, simplifying the system but potentially
limiting its flexibility.

One of the most widely used secondary loop building thermal network system is the water
loop heat pump (WLHP) system. In WLHP systems, a central loop circulates water within
a specific temperature range as the primary heat transfer medium. Local HPs throughout
the building provide zone-level heating and cooling by either absorbing or rejecting heat
to the central water loop. The design of WLHP systems can vary, as explored by Gagné-
Boisvert and Bernier [80], with two typical configurations being the single-pipe and two-pipe
systems. In single-pipe configurations, HP performance is affected by uneven fluid tempera-
ture distribution across the thermal network, leading to variations in performance between
HPs. To maintain system efficiency, water temperatures should ideally remain between 16°C
and 32°C [81]. In contrast, two-pipe configurations mitigate temperature fluctuations with
separate supply and return lines, though this increases piping costs. Pietsch [82] and Yuan
and Garbon [83] analyzed the effect of the water loop temperature on energy consumption,
proposing that there is an optimal water temperature range for the water loop system that
minimizes overall energy consumption depending on the scale and building layout. Lian [84]
demonstrated that optimizing the water temperature range could reduce HP electricity con-

sumption by up to 13%.

A widely used direct thermal network system is the variable refrigerant flow (VRF) system.
VRF systems provide direct space heating, cooling, or simultaneous heating and cooling
through the circulation of refrigerant. Mechanically, they achieve this by reversing the re-
frigerant flow via a four-way valve for heating or cooling modes and by incorporating a heat
recovery unit (HRU) to enable simultaneous heating and cooling. In VRF systems with an
HRU, 3-pipe or 4-pipe configurations are used to distribute refrigerant throughout the build-
ing in different states. High-pressure vapor refrigerant is supplied to indoor units operating
in heating mode, while low-pressure liquid refrigerant is directed to indoor units requiring
cooling. VRF systems adjust the mass flow rate and pressure to each indoor unit through
electronic expansion valves and variable-speed compressors. This system can offer up to
30% energy savings compared to conventional HVAC systems like constant air volume sys-
tems [85]. However, VRF systems come with several challenges, particularly in control and
piping complexity [86]. Heat-recovery VRF systems, while improving efficiency, add further
complexity with intricate piping networks and heat recovery units, raising the risk of refrig-
erant leaks [87]. Proper refrigerant charge management is crucial, as both undercharging
and overcharging can result in efficiency losses—up to 20% performance degradation with

improper charge levels [88].
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To achieve environmentally friendly space heating and cooling while leveraging the benefits
of thermal networks, natural refrigerants like COs—featuring a global warming potential of
1 and zero ozone depletion potential [16]—are promising for use in these systems. Henchoz
et al. [8], Weber and Favrat [9], and Henchoz [10] investigated COy-based district heat-
ing and cooling networks, showing that COy outperforms conventional water loop systems
by reducing exergy losses and requiring smaller pipe diameters. For instance, Weber and
Favrat [9] found that using CO; reduces pipe diameter by up to 30% and achieves better
exergy efficiency, while Henchoz [10] reported an 84.4% reduction in energy consumption
when transitioning from conventional heating oil boilers and air-cooled compression chillers
to a CO. district network in Geneva, Switzerland. More recently, Ungar et al. [11] showed
that converting a real district heating network in Italy from water to low-temperature CO,
increased electricity production by 39% compared to a conventional water loop system, due
not only to lower condenser temperatures in the Organic Rankine cycle, but also to reduced

pumping requirements and smaller pipe diameters.

As highlighted in the WLHP system, a single-pipe configuration simplifies the thermal net-
work but introduces challenges, such as temperature fluctuations at local HPs, which degrade
performance along the piping. In contrast, VRF systems, which use the direct flow of refrig-
erant for heating and cooling, do not face the issue of temperature fluctuations as in WLHP
systems. However, they encounter challenges related to more complex control strategies and
intricate piping networks. To overcome these issues and streamline refrigerant-based thermal
networks, Eslami-Nejad et al. [12] proposed a novel thermal management approach called
the COy thermal network (CO,TN), a secondary loop thermal network system that uses
CO4 as the HCF. In this design, a central loop circulates two-phase COy at near-ambient
temperature, acting as both a heat source and sink for local HPs that handle space heating
and cooling. The two-phase nature of the COs-loop ensures a stable source temperature,
which in turn maintains consistent efficiency and capacity for the local HPs. The single-pipe
design of the CO;TN also simplifies the piping network, offering a more compact solution
for thermal energy management in building applications. It also incorporates high thermal
energy density benefits of refrigerant HCFs offered by VRF systems. Bastani and Gholam-
rezaie [24] presented a prototype of the single-pipe COoTN and conducted experiments to
evaluate its performance in transcritical operation. Their results demonstrated the existence
of optimal control points for such a system, highlighting the need for a numerical model to

further analyze system efficiency under different conditions and scales.

To evaluate the efficiency and optimize the operation of complex thermal networks such
as CO5TN, component-by-component modeling is highly beneficial. It enables a detailed

understanding of the system’s performance under various conditions (e.g., different build-
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ing layouts, weather zones) and allows for assessing the impact of each component on the
overall system performance. Moreover, this approach facilitates the development of effective
control strategies to ensure the optimal operation of the system. Eslami-Nejad and Bas-
tani [13] presented a preliminary investigation demonstrating the potential of a COTN to
enhance building energy performance. Their approach was based on a simplified energy bal-
ance method, with assumptions such as constant performance of the COs circulation system.
Building on this, Bastani and Eslami-Nejad [23] developed a numerical model in Matlab
to simulate the system’s application in office buildings, using a quasi-steady-state approach
with hourly thermal load profiles and weather data. Heat exchanger models are overly sim-
plified, treating the gas cooler as a single node, despite the system operating near the critical
point, where rapid changes in CO, properties can lead to substantial calculation errors. Ad-
ditionally, the study neglects the possibility of subcritical operation, leaving this area open
for further investigation to develop a more realistic and accurate model for such systems.
To further simplify the calculations, they fixed the pressure of the outdoor unit meaning
the effect of outdoor temperature was not considered. Their work also lacks experimental

validation, undermining its reliability.

Due to the unique characteristics of the COy thermodynamic cycle and its properties, mod-
eling COs-based systems presents significant challenges. Rapid variations in thermophysical
properties, particularly near the pseudocritical line, necessitate the use of detailed models
to accurately capture system behavior during transitions between transcritical and subcrit-
ical operations [89,90]. Among the system components, compressors and heat exchangers
are particularly challenging to model due to their complex interactions and sensitivity to

changing operating conditions.

Compressors can be modeled at various levels of detail: black-box, gray-box, and white-box
models [27]. Black-box models represent only numerical relationships between inputs and
outputs without addressing physical phenomena. Gray-box models combine statistical rela-
tions with some fundamental equations to capture key physical processes. White-box models
rely solely on fundamental equations to comprehensively describe all processes. Gabel and
Bradshaw [91] evaluate the predictive accuracy of various compressor models under conditions
including extrapolation, modulation (variable speed), and variable superheat. They assess
the AHRI 540 standard, the most widely recognized black-box model with a 10-coefficient
map [28], and several gray-box models. These gray-box models are more computationally
efficient than white-box models, making them suitable for system simulations while offering
greater fidelity than black-box models. The gray-box models used for comparison include
those by Shao et al. [92], Popovic and Shapiro [93], and Winandy et al. [94]. Using de-

tailed experimental data from four compressor types and multiple refrigerants, each model
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was trained on a baseline dataset and tested across subsets under different conditions. The
gray-box models, particularly the Winandy et al. model, generally outperformed the AHRI
model in extrapolation, achieving error rates below 5% for scroll and spool compressors. The
AHRI model, while performing well within trained data, showed significant inaccuracies in
extrapolation, with errors reaching 6.78%. This study highlights the limitations of purely
empirical models like AHRI for dynamic conditions, suggesting that polynomial-based mod-
els trained on robust datasets are well-suited for stable conditions with lower computational
costs, while gray-box models provide better accuracy in transient scenarios. Viviescas and
Bernier [95] applied the AHRI model with a third-order polynomial and ten coefficients to
model their compressor, achieving validation results with deviations below 9% from experi-
mental data. In a follow-up study, they extended the AHRI 540 standard to variable-speed
compressors, incorporating manufacturer-specific data in a third-order polynomial with three
variables and 30 coefficients [33]. Their results indicated that adapting the AHRI model with

more coefficients results in higher accuracy.

Heat exchanger models can vary depending on the thermodynamic region and the process in
which they operate. A heat exchanger may operate above the critical point and function as
a gas cooler, which cools down a single-phase, supercritical refrigerant. Alternatively, it can
operate below the critical point, where cooling the refrigerant involves three thermodynamic
regions: the superheated region, the two-phase region, and the sub-cooled region, all under
the condenser model. When the system needs to absorb energy, the heat exchanger oper-
ates as an evaporator. The gas cooler model presents significant challenges as it operates
in the supercritical region, often near the critical point, where small changes in refrigerant
exit temperature can cause large enthalpy shifts [19]. Yin et al. [96] utilized a 1-D finite
element method to model a transcritical CO, gas cooler, achieving a prediction accuracy
for gas cooler capacity within £2% and pressure drop within the experimental error range.
The finite element method was selected specifically to manage the rapid variations in ther-
mophysical properties near the critical point, allowing precise optimization across multi-pass
and multi-slab configurations. Similarly, Sanchez et al. [97] developed and validated a 1-D
finite element model for a water-to-CO4 coaxial gas cooler, examining the effects of various
parameters on its thermal effectiveness. Their findings revealed that the ¢ — NTU method
consistently over-predicted thermal effectiveness, reinforcing the value of more detailed mod-
eling approaches. Cecchinato et al. [68] also adopted a finite volume model to determine
optimal heat rejection pressure in COs systems. Their results highlighted the sensitivity of
refrigerant outlet temperature to secondary fluid properties and heat exchanger geometry,
emphasizing that discretized models better capture these dependencies than simplified meth-

ods. The modeling of condensers and evaporators can be broadly categorized into three types,
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as described in the literature [98,99]: lumped parameter models, moving boundary models,
and segment-by-segment (distributed parameter) models. Among these, the lumped parame-
ter model is the simplest, employing a single-node approach, and is not suitable for modeling
phase change transitions. The moving boundary method is computationally efficient and fast,
making it suitable for modeling phase transitions in different heat exchangers [41,100, 101].
In this approach, the heat exchanger is divided into a minimum number of zones (typically up
to three), representing regions where the refrigerant exists as superheated vapor, saturated
mixture, and subcooled liquid. Each zone is solved using the lumped parameter approach,
combining computational simplicity with the capability to model phase transitions. Exper-
imental studies on chevron plate heat exchangers using COs as the refrigerant have shown
that dividing the heat exchanger into three zones results in less than 10% error in heat trans-
fer predictions compared to experimental data [39]. The segment-by-segment method, on the
other hand, divides the heat exchanger into multiple nodes and can achieve higher accuracy,

but at the cost of significantly higher computational effort [43].

This study extends our previous preliminary work, which began with the development of a
numerical model using hourly thermal load profiles and weather data. The initial model in-
corporated the thermal capacitance of building zones and was tailored for heating-dominant
operation modes with simplified component representations [75]. Building on that, we de-
veloped a more comprehensive model capable of handling both heating and cooling modes
with more detailed component modeling [76]. The aim of the present study is to introduce
a comprehensive quasi-transient numerical model that operates across all modes (heating-
dominant, cooling-dominant, and balanced), with detailed models for each component and
experimental validation at both the component and system levels. This model supports
hourly simulations to evaluate system performance and is adaptable to various building con-
figurations, outdoor unit designs, and component sizes, enabling analysis across diverse con-

ditions.

4.3 System Description

The COs thermal network consists of a circulation system, a desuperheater (DSPHTR),
an outdoor unit (OU), and local units equipped with heat pumps (HPs), as illustrated in
Figure 4.1. The CO, circulation system operates as a reversible vapor compression cycle
(RVCC) and incorporates a variable-speed compressor, an internal heat exchanger (IHE),
electronic expansion valves (EEVs), pressure regulating valves (PRVs), and reversing valves
(RVs). The system’s primary role is to supply COg with the appropriate mass flow rate and
vapor quality based on the building’s thermal demand. The DSPHTR and the OU exchange
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heat with thermal energy sources to balance the thermal system. The DSPHTR specifically
reduces the temperature of the hot gas while preheating domestic water. The OU adapts
its function based on system requirements to thermally balance the cycle, operating as a gas
cooler, condenser, or evaporator. Two-phase COs is then transported via a single pipe (green
line in Figure 4.1), known as the "COs-loop", to the source side of local heat pumps (HPs)
located in each building zone. These local HPs maintain comfort in their respective zones
by either rejecting or absorbing heat as required. The two-phase CO, remains at a nearly

constant temperature (around 20°C), ensuring a stable source temperature for all local HPs.

Local units equipped ---------------——————-

with HPs i i
| |
| |
: HP1 |
I I
| |

s B Nttt | ! HP2 |
: : I I
! > : : HP3 :
|
. o I
I = I
! o ! |
! 2 | TTT TS T T T T T
! (] I
|

RV2 * 2
| 2|
I g- : CO2 circulation
\EV2 S | system (RVCC)
| |

Outdoor Unit DSPHTR

(Water-CO2) (Water-CO2)

Figure 4.1 Process flow diagram

The system can operate in three modes: heating mode (subdivided into heating-only and
heating-dominant modes), cooling mode (including cooling-only and cooling-dominant modes),
and balanced mode. These modes are defined by the net heat exchange within the CO5-loop
via the local HPs. A net heat rejection into the COs-loop indicates cooling mode, while net
heat absorption indicates heating mode. When heat rejection and absorption are balanced,

the system operates in balanced mode.

4.3.1 Cooling mode

In cooling mode, the system operates with two pressure levels, functioning either in a tran-
scritical or subcritical cycle. Figure 4.2 illustrates the pressure-enthalpy diagram for the
system when operating in the transcritical cycle. Starting at point 1, the compressor raises

the CO, pressure to a high level suitable for heat exchange on the high-pressure side (point
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2). Between points 2 and 3, the DSPHTR cools the CO, while preheating water for domes-
tic use. Next, the IHE (points 3 to 4) transfers heat to ensure sufficient superheat at the
compressor suction (points 7 to 1). From points 4 to 5, the OU further reduces the COq
temperature before expansion to the COsy-loop (points 5 to 6). The vapor quality at point 6
is adjusted by controlling the outlet state at point 5 to ensure that CO, remains in a two-
phase state after passing through each local HP. From Point 6, if the local HP is operating
in heating mode, the CO5 undergoes condensation. Conversely, if the local HP is in cooling
mode, which is the primary scenario, the CO, evaporates before reaching Point 7. Note that
the horizontal dashed line indicates that if some local HPs are operating in heating mode,
they absorb heat from the COs-loop, leading to CO5 condensation. As a result, the CO, may
cool further, potentially reaching a state below point 6 and continuing to the saturated liquid
phase. However, since the system operates in a cooling-dominant mode, the remaining HPs
reject heat to the COs-loop, causing the CO, to evaporate until it reaches point 7, where it

exits the loop.

4.3.2 Heating mode

In heating-dominant mode, the system operates at three pressure levels, functioning either
in a transcritical or subcritical cycle. Figure 4.3 illustrates the pressure-enthalpy diagram
for the system when operating in the transcritical cycle. The process begins at point 1,
where the compressor raises the CO, pressure to a high level suitable for heat exchange
on the high-pressure side (point 2). Between points 2 and 3, the DSPHTR cools the COy
while preheating water for domestic use. Next, the IHE (points 3 to 4) transfers heat to
ensure sufficient superheat at the compressor suction (points 10 to 1). From point 4 to point
5, the CO5 undergoes expansion before entering the COs-loop at point 5. The horizontal
dashed line in the figure indicates that if a local HP operates in cooling mode, it causes the
COs to evaporate, potentially leading to enthalpies even higher than at point 5. Since this
is a heating-dominant mode, most local HPs absorb heat from the COs-loop, causing the
COs to condense. Then, a receiver separates the liquid phase (point 6;) from any remaining
vapor (point 6,). The liquid then expands to the OU (from point 6; to point 7), while the
vapor in the receiver is flashed and directed to the suction line. The OU, functioning as an
evaporator in this scenario, absorbs heat (from point 7 to point 8), converting the CO, into
saturated vapor. Finally, this saturated vapor mixes with the flashed vapor from the receiver
at point 10, where the combined flow enters the IHE to absorb the required heat, achieving

the specified superheat at the compressor suction (point 1).

It is worth noting that this setup also supports operation at two pressure levels: the high-
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Figure 4.2 Pressure-enthalpy diagram: cooling-dominant mode

pressure side corresponds to the COs-loop, and the low-pressure side corresponds to the OU
(evaporator). This occurs when the enthalpy at point 5 is set to saturated vapor, and the

DSPHTR can exchange heat at the loop pressure.

4.4 Model

A modular approach is used to model the system, including the local heat pumps (HPs),
the circulation compressor, and heat exchangers. A water-to-COy heat exchanger model
is developed for the desuperheater (DSPHTR), gas cooler (GC), condenser (COND), and
evaporator (EVAP), and a COs-t0-CO, heat exchanger model is developed for the internal
heat exchanger (IHE).

4.4.1 Local heat pumps (HPs)

A linear regression is applied to capture the HP capacity and power consumption as functions
of the source-side CO, temperature, derived from experimental data on modified COs-to-air
HPs. These data, specifically from studies by Gholamrezaie et al. [77] and experiments con-
ducted at CanmetENERGY (Varennes), Canada, provide the basis for the linear regressions.
For the heating mode, six independent tests were conducted on the laboratory test bench
with the loop temperature varied between 10 °C and 30 °C. The resulting linear fits for
both heating capacity and COP showed good agreement, with coefficients of determination
of R? = 99.69% and R?> = 99.90%, respectively. For the cooling mode, the experimental
dataset covers loop temperatures from 5 °C to 25 °C, yielding R? = 98.69% for the capacity
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Figure 4.3 Pressure-enthalpy diagram: heating-dominant mode

regression and R? = 99.68% for the COP regression. The local HP correlations are expressed

as:

QHP,C = —23.22 - To, + 3304.48 1)
Qupy = 84.79 - Teo, + 2055.32 ‘
COPgpc = —0.08 - Teo, + 5.04 )
COPypy = 0.050 - Teo, + 2.77 '
- Qup
Wap = 4.3
= COPyp (4.3)

where Tio, is the source-side CO, temperature (°C), constant along the COs-loop. Qup,
COPyp, and Wyp represent the HP capacity (W), coefficient of performance, and power
consumption (W), respectively. The subscripts H and C' denote the parameters related to
the HP operating in heating and cooling modes, respectively. An energy balance on the HP
enables the evaluation of the outlet enthalpy of COs.

In heating mode:

QHP,H,i — WHP,i = 1coy - (huping — NPout:) (4.4)

where hgpni and hypou, represent the inlet and outlet enthalpies of CO4 for the i-th heat

pump, respectively.

In cooling mode:

QHP,C,i + WHP,i = 1coy - (hipouti — Niping) (4.5)
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Note that the thermodynamic relationships between CO, pressure, temperature, quality, and
enthalpy are calculated using COOLPROP [102], which employs the Span-Wagner equation
of state [103].

For implementation, the model is adapted from TRNSYS Type 919, which was originally de-
veloped for water-to-air HPs, to accommodate two-phase COs as the heat transfer fluid. This
modified Type receives user-provided catalog data files containing normalized capacity and
power values for the HPs, derived from the polynomial expressions in Eqgs. 4.1 to 4.3. In this
modified version, source-side inputs—CQO, mass flow rate, enthalpy, and pressure—are pro-
vided, while output values are calculated using energy balance equations outlined in Egs. 5.10
and 5.11.

4.4.2 Compressor

The compressor model utilized in this study is an enhanced version of the model introduced by
Gholamrezaie et al. [76]. It is based on a third-order polynomial fitted to the manufacturer’s
data for a semi-hermetic reciprocating compressor with R744 refrigerant. The model uses
suction pressure (Py,.) in MPa, discharge pressure (Py;) in MPa, and compressor speed (5)
in Hertz as inputs to calculate the compressor’s power input (Wcomp) in kW and the COs
mass flow rate (mmco,) in kg/hr. To develop the model, a total of 100 data points were
used, all within the compressor’s operating envelope, covering compressor speeds from 30 to
75 Hz, discharge pressures (Pys) from 6 to 12 MPa, and suction pressures (Ps,.) from 2 to
5.8 MPa. For Wcomp, the root mean square (RMS) error is 0.137 kW, and the coefficient of
determination (R?) is 99.42%; for rico,, the RMS error is 4.57 kg/hr, and R* is 99.94%. The

equation governing the compressor model is as follows:

X:al—i—ag-S+a3-S2+a4-S3+a5-Pdis—i—aG-Pins—i—aer’is
+ag - Poe+ag- P2 +aig- P2+ ap - S Pys+an-S- P,

suc

+ a3+ S Poe+aia- S+ P2+ a5 S Pys +ays - S* - Py,

suc

+a17'52'Psuc+a18'S2'P2 +a19'Pdis'Psuc+a20'Pdis'P2

suc suc

+ agy - Pa, - Pyye + agg - P, - P2 (4.6)

suc

where X can be the power input or the mass flow rate based on the constants defined in
Table 4.1.

To calculate the state of COq at discharge of the compressor, the work and the mass flow

rate of CO, from the compressor are determined using Eq. 4.6 and then substituted into the
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Table 4.1 Compressor model coefficients

Coefficient Value (Power input) Value (Mass flow rate)

a 2.390E+01 3.43E+02
as 7.30E-02 7.36E+00
as _8.74E-04 _7.70BE-02
ay -1.99E-06 2.37E-04
as -5.91E-03 1.11E-01
ag 2.93E-07 7.35E-06
a 6.68E-13 6.93E-11
ag ~1.03E-02 ~1.84E-01
ag 1.01E-06 2.79E-05
a 4.82F-13 -6.32E-10
ai 3.05E-05 1.70E-04
a1 ~1.51E-09 -3.16E-08
a3 -8.50E-05 ~1.30E-03
any 9.62E-09 3.81E-07
ars “1.76E-07 -3.76E-06
arg 1.28E-11 3.07E-10
air 9.25E-07 2.43E-05
arg 1.07E-10 ~2.40E-09
ao 2.73E-06 4.41E-05
aso 2.91E-10 -5.51E-09
as; “1.41E-10 -2.31E-09
a2 1.57E-14 2.76E-13

following equation.
Wcomp = mC’OQ : (hdis - h’suc) (47)

where hg;s, and hg,. are the discharge and suction enthalpy respectively.

4.4.3 Water-to-CO; heat exchanger

The water-to-COs plate heat exchanger is used for the outdoor unit (OU) (serving as gas
cooler (GC), condenser (COND), and evaporator (EVAP)) as well as for the desuperheater
(DSPHTR). The heat carrier fluid in the heat exchangers is water mixed with 30% glycol,
which flows in a counter-flow configuration to exchange heat with CO, within the plate
heat exchangers. Depending on the thermodynamic region where COs operates, different
models are used to simulate the heat exchanger. Three models are applied based on the heat
exchanger’s working pressure: one for the supercritical and superheated regions (covering the
GC and the DSPHTR) and two for the subcritical region (COND and EVAP models). The

heat exchangers are considered adiabatic and pressure drop is neglected. To implement the
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model, CO, pressure, inlet enthalpy, and mass flow rate, as well as the inlet water temperature
and mass flow rate, are used as inputs, while the model outputs the CO5 enthalpy and pressure

at the heat exchanger outlet and the water outlet temperature.

Supercritical or superheated regions

In the supercritical and superheated regions, the thermophysical properties of CO5 change
rapidly, making it essential to discretize the heat exchanger for modeling, as recommended
in the literature. As illustrated in Figure 4.4, the heat exchanger is divided into n cells. At
each cell, the water-glycol properties are assumed constant and equal to the properties at the
downstream node of the cell, while the COq properties are calculated using COOLPROP [102]
with the Span-Wagner equation of state [103].

Pcozi L An 1|
n
' o | = Pcoz,out
Ncozin — } '—bh o
; | 5 CO2,0ut
Hico2 | C[l& |

‘ i | Ty
TW,OUt Bl 1 | ‘ T )

0 1 li-1 i nl n i
celli

Figure 4.4 Discretized heat exchanger model

The model is governed by energy balance equations for both CO, and water-glycol, with the
heat transfer rate ¢; at each cell (from ¢ = 1 to i = n) described by three equations: the COy
energy balance, the water energy balance, and the heat transfer equation between CO5 and

water-glycol:

Gi = Mco, - (hcog,i-1 — hco,.i) (4.8)
Cji - mw Cpw * (Tw,i - Tw,i—l) (49)
. A

¢ =U;- g : (TCOQ,z' - Tw,ifl) (4-10)

where 10, is the mass flow rate of CO,, and hco,,; is the specific enthalpy at node 1, 7,
is the mass flow rate of water, c,,, is the specific heat capacity, T, ; is water temperatures at
node 7, U; is the heat transfer coefficient of the heat exchanger at cell 7, and A is the overall

heat transfer area.

The total heat transfer rate across the heat exchanger is the sum of heat transferred across
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all cells:

Q :Z% (4.11)

where @ is the total heat transfer in the heat exchanger. To complete the system of equations,
the model uses the following boundary conditions: hcoy0 = hcog,in and Ty = Ty in, Where
hcoy,in and Ty i, are the inlet COy enthalpy and water temperature to the heat exchanger,

respectively.

Based on the experimental study conducted by Kim and Park [104], the correlation proposed
by Wanniarachchi et al. [105] for chevron-type plate heat exchangers is chosen to calculate

the CO; heat transfer coefficient (aco,,:) at each cell i:

m = 0.646 + 0.0011 - (90 — 3) (4.12)
Nug; =126 - p1=™ - Re™ - (90 — B) 114 (4.13)
Nug; = 3.65 - ¢*%0 . Rel3 . (90 — B) 704 (4.14)

1 1
Nu; = (Nuj, + Nuf,)* - Pr; (4.15)
Nu; - kcoy,i
ACOq,i = TQ (4.16)

where Nu; is the local Nusselt number in cell ¢, kco,; is the thermal conductivity of COg,
is the chevron angle of the plate heat exchanger, and ¢ is the enlargement factor.
The hydraulic diameter D), [48], Reynolds number Re; and Prandtl number Pr; are defined

as follows:
2b
D, = N (4.17)
mco, + Dy
Re; = 2 4.18
“ 7 oy b-W-NC 418)
Pr, — Cp,COq,i * HCOy,i (4.19)

kco.i

where ¢, co,,; is the specific heat capacity of CO; in cell i (evaluated using the properties at
node i), jico,,; is the dynamic viscosity of CO,, b is the corrugation depth, W is the width

of the plate heat exchanger, and NC' is the number of channels.

The water heat transfer coefficient, a,, is given by [106]:

D
N — ak b 0.6701 - Re, "% . pp 4 (4.20)

w

where Re,, and Pr, are the Reynolds number and the Prandtl number on the water side,
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respectively.

The overall heat transfer coefficient at each cell is given by:

1 1 t
U, = + — +
ACOq,i Oy kprx

(4.21)

where ¢t and kpgx are the thickness and thermal conductivity of the heat exchanger, respec-

tively.

To solve the system of equations governing the heat exchanger, an explicit finite difference
method was employed. The heat exchanger was discretized into n cells along the CO4 flow
direction, enabling the calculation of CO, and water temperatures at each node. At each
iteration (k), the enthalpy of CO; (hco,,i) and its corresponding temperature (To,,;) were
updated using an explicit energy balance:

k=D A ( éko_;z _ T(k._ll))

w,i—

B .= Bk - ’ n A 4.22
CO9, CO9,i—1 mCOQ ( )
The water-side temperature (7,,,_1) was similarly updated at each iteration:
Ui(kfl) A T(k) - Té)kiil)
Té,l?@')fl _ ngfz) + n ( COg9, s 1) (423)

Convergence was determined using two criteria. The first assessed the stability of the CO,
temperature profile by evaluating the maximum difference between temperatures in successive

iterations to ensure that the temperature distribution had reached a consistent state:

max |ng2 — gz);l)] < tolerance(T) (4.24)

The second criterion verified the energy balance between the heat released or absorbed by

CO4 and the heat exchanged by the water-glycol mixture:

(Mcoy - (hcoy,i-1 — hcoy,i)) = (T - cpw - (Twi — Twi-1))
max |

: < tolerance(q 4.25
i Mcoy * (hcoyi-1 — hcoy,i) | @ 12)

Iterations continued until both criteria met their respective tolerance limits, defined in this
study as tolerance(7") = 0.1°C and tolerance(q) = 0.01.
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Subcritical region

Two models are introduced for the subcritical region: a condenser model and an evaporator
model. The condenser model uses the moving boundary method, as described by Hayes et
al. [39], to capture the heat transfer process in a plate heat exchanger when the discharge
pressure is below the critical pressure. This method divides the condenser into three re-
gions—superheated, two-phase, and subcooled—based on the CO, inlet enthalpy relative to

its saturation states shown on Figure 4.5.

Moving boundaries Moving boundaries
- -
Pcozin Superheated Two-phase Subcooled Peopout
. ,0u
Ncoz,in — n - >,
1 . CO2sat CO2,sub . CO2,0ut
coz 9sup (sat qsub )
My
Twout -+
o Tw.in.sup Tw,in,sat Tw,in
Asup Asat Asub

Figure 4.5 Moving boundary heat exchanger model

In the steady-state condenser model, the refrigerant transitions through three regions: super-
heated vapor, two-phase condensation, and subcooled liquid. The boundaries between these
regions are fixed for a given operating condition, determined by the refrigerant’s thermody-
namic properties and heat transfer conditions. The heat removed in each region is calculated
using an energy balance and the effectiveness-NTU (e-NTU) method. For the superheated

region, the heat removed is:

Gsup = Mc0Oy * (hcoy,in — Rcoy.sat) (4.26)
QSup = €sup * Cmin,sup : (TCOQ,in - Tw,in,sup) (427)
where:
Usu : Asu 1- _NTUsu 11— O’I‘ szn su,
NTUsup — _Sup “7Sup exp[ p( )] Cr — ,SUp (428)

Cmin,sup ’ Coup = 1-— Cr eXp[—NTUsup(l — OT)] Cmam,sup

where hoo,,in and hco, sat are the COy inlet enthalpy and CO, saturated vapor enthalpy,
respectively. €g,,, NTUg,,, and C, are the effectiveness, number of transfer units, and heat
capacity rate ratio, respectively. Uy, is the heat transfer coefficient for superheated CO; in
the plate heat exchanger and is calculated using Eqs. 4.12 to 4.21, using constant thermo-

dynamic properties for CO5 equal to the inlet properties. Ci,ipn, and Cq, are the minimum
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and maximum amount between (1co, - ¢p.co,) and (1, - Cpw). Teoy,in A0 Ty in sup are the

inlet temperature to the superheated section of the heat exchanger.

In the two-phase region, the heat transfer required for complete COs condensation from

saturated vapor to saturated liquid is calculated as follows:

Gsat = M0y - (hcoy,sat — POy, sub) (4.29)

where hoo,, sup 18 the COy saturated liquid enthalpy at the discharge pressure. The calcu-
lated ¢ 4 from Equation 4.29 is then substituted into the following equation to calculate the

required area for full condensation:

q.sat = €sat * Cmin,sat : (TCOQ,sat - Tw,in,sat) (430)
where oA
NTU,q = tht €sat = 1 — exp(=NTU, ) (4.31)
man,sat

where Uy, is the heat transfer coefficient for saturated COs in the plate heat exchanger and
is considered constant and Tco, st and Ty in sar are the COy saturation temperature and the
inlet water temperature to the saturated section, respectively. Note that U, is determined
by applying the heat transfer coefficient correlations from Yan et al. [107] to Equation 4.21:

Qco, Dy

Nu = = 4.118 - Re"* - Pry3 (4.32)

kco,,

where @co, is the average heat transfer coefficient for COg, and Re and Pr; represent the

Reynolds and Prandtl numbers as follows:

1/2
1—2,+x, (l)l)

v

gD
Re — Gealn. Gy =G

G= 0y 33
H

“b-W-NC

Y

where G is the mass flux, x,, is the arithmetic mean of the inlet and outlet COy quality, and

the subscripts v and [ refer to saturated vapor and liquid properties, respectively.

Pry = C2COxL"HE0y: (4.34)

koo,

After calculating the required area for complete condensation (A, ), this value is compared
with the available area (A— As,,). If the available area in the two-phase region is sufficient for

complete condensation to saturated liquid, the remaining heat exchanger area (A—Agy,—Asar)
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is used for subcooling. However, if the area required for complete condensation exceeds
the available area after the desuperheating section, the COs outlet state is determined by
substituting As,s = A — Ay, into Equation 4.30.

In the subcooled region (if A — A,y — Asar > 0), the heat removed is:

dsub = Mcoy * (hcoy,sub — hcoy,out) (4.35)
Cjsub = €sub * Cmin,sub . (TCOQ,sub - Tw,in,sub) (436)
where:
Usu . Asu 1— _NTUsu 1— Cr Cmm su
NTU,,, = b 2o, | =Gl g = Gty g

CVrnin,sub Coub = 1— Cr eXp[_NTUsub<1 - Cr)] ’ Cmax,sub

where Uy, is the heat transfer coefficient for single-phase subcooled CO, in the plate heat
exchanger and is calculated using Eqs. 4.12 to 4.21, using constant thermodynamic properties

for CO, equal to the inlet properties to the subcooled region.

The total heat exchanger area is the sum of the areas for the superheated, two-phase, and
subcooled regions:
A= Agp + Asar + Aswp (4.38)

For the evaporator, the heat transfer rate is calculated using the e — NT'U method:

q =€ szn : (Tw,in - TCOQ,in> (439)
4 = 1mcoy * (hcoy,out — hcoy,in) (4.40)
q = mw *Cpw * (Tw,in - Tw,aut) (441>
where U 4
e=1—exp(—NTU), NTU= % (4.42)

The overall heat transfer coefficient U.,q, is calculated using empirical correlations for CO,
evaporation. The heat transfer coefficient for CO, in plate heat exchangers is determined

using the following correlation [108]:

~—  Qco,Dn Re,\ %% ~0.0597 0.0973
Nu = el 98.7 - ((Rel) - (Bo ) - (X (4.43)



o4

where Xi; is the Martinelli parameter:

1 — ” 0.87 ) 0.5 0.12
(L) (1) () e
m 1 v

where Reynolds number (Re) and Boiling number (Bo) are defined as follows:

G- Dy q
et B =
Re PR 0 -G,

(4.45)

4.4.4 CQ0O,-CO;3 heat exchanger

The CO,-t0-COs heat exchanger considered in this study is the internal heat exchanger (IHE).
Its primary function is to provide sufficient superheat at the compressor suction by absorbing
heat from the high pressure side (discharge of the compressor). This heat exchanger is not
modeled in detail since both the suction and discharge sides involve single-phase CO4 vapor.
For simplicity, it is assumed that the IHE extracts the necessary heat from the compressor
discharge to maintain a specific superheat at the compressor suction. The suction-side heat

transfer relation is expressed as:

QIHE,suc - mCO2 : (hIHE,out,suc - hIHE,in,suc) (446)

where A1 g insue a0d i g out,suc Tepresent the enthalpy at the inlet and outlet of the IHE

suction side, respectively The discharge-side heat transfer relation is:

Qrir.dis = Mooy * (PrHE indis — MIHE out,dis) (4.47)

where hrppindis and Rreeutdis Tepresent the enthalpy at the inlet and outlet of the ITHE
discharge side, respectively. The energy balance across the internal heat exchanger is given
by:

Qrup.dis = Qi suc (4.48)

This balance ensures that the heat absorbed on the suction side is equal to the heat released

on the discharge side, conserving energy across the internal heat exchanger.
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4.5 Model Assembly

4.5.1 Mathematical Assembly

To mathematically assemble CO;TN, the system is divided into two main sections: RVCC
and components exchanging heat with the external environment. The RVCC is responsible for
the circulation of CO, and includes the compressor, internal heat exchanger (IHE), reversing
valves (RV), pressure regulating valves (flash gas bypass valve - PRV), expansion valves
(EV), and the CO, receiver. External components include local HPs, the desuperheater
(DSPHTR), and the outdoor unit (OU). This division enables a modular approach, where
the system’s operation is captured through its pressure, enthalpy, and mass flow at the inlet

and outlet of each component.

Figure 4.6 and Figure 4.7 illustrate the process flow diagrams for the cooling-dominant mode
and the heating-dominant mode, respectively. The COs flow begins in the RVCC, where
the compressor initiates circulation from point 1 to point 2. The CO, is then directed to
the DSPHTR. At the DSPHTR, CO, transfers heat to the water side, with inlet properties
(Pcoy,in = P2 = Puis, hcoyin = ha = hais) and water-side boundary conditions (1o, =
Twin.DSPHTR, My = T pspaTr). After heat exchange, the COq returns to the RVCC for

further distribution based on the system’s operational mode.

In the cooling-dominant mode, CO, flows from the DSPHTR back to the RVCC at point
3, where it enters the IHE to supply the required heat at the compressor suction (P; = P,
hs = higginds = hpsparTrout). At point 4, the COq is directed to the OU, where it
undergoes additional heat rejection (Py = P, hy = higp outais = houv.in). Depending on the
COy pressure at the OU inlet, the gas cooler model is applied if P, > 7.4 MPa, whereas the
condenser model is used for lower pressures. The water-side boundary conditions at the OU
(Tw.in = Twinou, Muw = My o) dictate the heat transfer process. After leaving the OU at
point 5 (Ps = Py, hs = hovout), the COy flows back to the RVCC. Inside the RVCC, the CO4
passes through EV2, where it expands to the loop pressure (Ps = PCOQ—lOOp) in an isenthalpic
process (hs = hg) before being distributed to the local HPs. At point 6, the CO5 exits the
RVCC and enters the first HP (HP1), with inlet properties (Pypini = Fs, hapina = he).
The outlet of HP1 becomes the inlet for the next heat pump, and this sequence continues
through all the local HPs (Pypini = Pupouti—1 = Fs, Rupini = hupouti—1). After passing
through the final HP, the CO; returns to the RVCC at point 7 (P = Py, hr = hgpoutn)-
Within the RVCC, CO, flows to the IHE at point 8 (Ps = Pr, hs = higpin,suc = h7) where
it is heated to achieve the superheated temperature required for compressor suction at point

1 (Py = Ps = Psye, hi = hing.out.sue = Psue), completing the cooling cycle.
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Figure 4.6 Process flow diagram in cooling-dominant mode

In the heating-dominant mode, after leaving the DSPHTR and the THE at point 4, CO,
undergoes an isenthalpic expansion to the loop pressure at point 5 (P5 = Pcoy—100p;s hs =
hy = hing.out.dis) and flows to the local HPs. HP1 receives CO; from the RVCC (Pypin1 =
Ps, hgpin1 = hs), and the outlet of each HP serves as the inlet for the next (Pypn; =
Pupouti-1 = Ps, hpini = hapouti—1). After passing through the final HP, the CO4 returns
to the RVCC at point 6 (Ps = Ps, h¢ = hupout.n) With specific vapor quality (x). Within
the RVCC, the COs flows to the receiver, where any gaseous COy at point 6, is injected
directly into the suction line at point 9 in an isenthalpic process (Py = P; = Pyye, ho = hg,)
and with a CO, mass flow rate of 1mco,,. = Mmco, - . The liquid CO; at point 6;, which
constitutes the majority of the CO,, expands to the pressure of the OU in an isenthalpic
process (P; = Povin, bt = houin = hg,) and is directed to the OU, which operates as an
evaporator in this mode with a liquid CO, mass flow rate of mco,; = mco, - (1—x). At the
OU, the CO4 absorbs heat, governed by water-side boundary conditions (7o i = Tiw.in.0Us
My = Mov). The COq then returns to the RVCC at point 8 (P = Py, hs = hovout)s
mixing with the flashed gas at point 9 in an adiabatic mixing process resulting in point 10

(Mo, i-hs)+(Mmco, v-he)
Po=P=PF;, hijg = 2 2
(Pro 9 s, 1o o~

the appropriate superheated temperature and is delivered to the suction of the compressor

= hiHE,in.suc), Which flows to the IHE to achieve

(P = Pyye = Pio, hi = hsue = hing out,suc), completing the heating cycle.

The CO4 flow between components is defined by its mass flow, pressure, and enthalpy, which

serve as key inputs and outputs for each component. Independent variables in the system
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Figure 4.7 Process flow diagram in heating-dominant mode

include the compressor speed (S), the operation mode (cooling or heating), and the water-
side boundary conditions for the DSPHTR and OU. Furthermore, the suction (Ps,.) and
discharge pressures (FPy;s), are determined iteratively within the RVCC. The control of the
COs-loop inlet quality and the OU (EVAP) outlet enthalpy results in unique discharge and
suction pressures. In cooling mode, the COs-loop inlet enthalpy is controlled by setting a
setpoint on the outlet enthalpy of the OU (s serpoint) Which corresponds to the COy-loop
inlet enthalpy. Conversely, in heating mode, the COs-loop inlet enthalpy is controlled by
setting a setpoint on the outlet enthalpy of the IHE (hy setpoint) Which defines the COs-loop
inlet enthalpy. On the suction side, the setpoint for the suction pressure ensures that the
outlet of the OU (EVAP) reaches the saturated vapor enthalpy at the suction pressure, such
that: hs seipoint = Psat,o(Psuc)-

4.5.2 TRNSYS Assembly

To simulate CO,TN operation over a specified time period, TRNSYS Studio was selected for
dynamic assembly and simulation. The system model is organized into two main layers: a

physical model layer and a simulation logic layer.

The physical layer integrates sub-models for each major component, including the RVCC,
DSPHTR, outdoor unit, and local heat pumps, as described in Section 4.4. Each component
is implemented as a custom TRNSYS TYPE, enabling interactions within the TRNSYS
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environment to simulate system performance (Figure 4.8).

Standard TRNSYS libraries were insufficient for simulating the COs-based thermal system,
so custom TYPES were developed to model a COs-based thermal network and to facilitate
tailored interactions between the components. Each TYPE in the model contains three core
elements: PARAMETERS, INPUTS, and OUTPUTS. PARAMETERS are fixed values set
before the simulation, defining each component’s specific characteristics, such as geometric
dimensions and thermal properties. INPUTS are variable quantities fed into components
during the simulation, which change over time based on conditions or outputs from other
components. OUTPUTS represent the performance metrics or results generated by each

component after processing the inputs and parameters.

As outlined in the mathematical assembly section, determining the suction and discharge
pressures is essential to solving the system of equations. In cooling-dominant mode, the
system operates with two pressure levels. The suction pressure is set equal to the COs-loop
pressure (Py,. = PCOQ_ZOOP), while the discharge pressure must be calculated. The discharge
pressure is determined by ensuring that the enthalpy at the COs-loop inlet meets its setpoint,
which corresponds to the enthalpy at the outlet of the OU hs setpoint = he. To achieve this,
the system must exchange a sufficient amount of heat on the discharge side, defined as
Qsetpoint’dis = 1Moy - (2 — hs setpoint ). In heating-dominant mode, both suction and discharge
pressures must be calculated, each with their own setpoint. The discharge pressure setpoint
is defined by the COs-loop inlet enthalpy, which is equal to the enthalpy at the THE outlet
(ha,setpoint = hs). The suction pressure setpoint is determined by requiring that the outlet
of the OU contains saturated vapor at the corresponding pressure (hs setpoint = Psato(Psuc))-

To meet these setpoints, the system must exchange sufficient heat on both the discharge side

Qsetpoint,dis - mCOQ : <h2 - h4,setpomt) and the suction side Qsetpoint,suc - mCOQ . (hS,setpomt - h?)
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Figure 4.8 TRNSYS Studio - Physical layer
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A simulation logic layer was developed in TRNSYS to solve this system of equations and
perform two key tasks: (1) switching between operational modes based on the cycles described
in the previous section, and (2) determining the appropriate suction and discharge pressures.
This simulation logic layer comprises four main components, as shown in Figure 4.9: The
RVCC, a switch, and two iterative feedback controllers (TRNSYS TYPE 22) responsible for
calculating the suction and discharge pressures. The layer inputs are the system’s operation
mode, COs-loop inlet enthalpy setpoint, and outputs from the OU, IHE, and DSPHTR.
Based on the operational mode, the switch processes the heat transfer values from these
components and directs the appropriate values to the TYPE 22 controllers. In cooling mode,
the heat transfer on the discharge side is calculated as Q HX,dis = Q DSPHTR + QOU + QIHE,
while on the suction side, Q mx,suc = 0. This configuration effectively deactivates the suction-
side controller (TYPE 22) and sets the suction pressure equal to the loop pressure (Py,. =
PCOQ—loop)' Conversely, in heating mode, the heat transfer on the discharge side is Q HX dis =
Qpspurr + Qrue, and on the suction side, QHX’SUC = Qou. TYPE 22 functions as an
iterative feedback controller, adjusting the control signals (pressures) to ensure that the
controlled variables (Q HX dis and Q Hx,suc) Match their respective setpoints provided by the

RVCC. The iterative process within TRNSYS enables accurate tracking of these setpoints.

4.6 Experimentation

4.6.1 Experimental setup

CanmetENERGY designed and operated a prototype of the CO;TN in their research lab-
oratory in Varennes, Canada, as presented in the study by Bastani and Gholamrezaie [24].
CanmetENERGY provided the experimental data used in this study. Figure 4.10(a) illus-
trates the local HPs section, which includes three commercial heat pumps: one air-to-water
heat pump (HP1) and two water-to-air heat pumps (HP2 and HP3). These heat pumps were
modified to use CO; on their source side. Figure 4.10(b) shows the RVCC, DSPHTR, and
OU. A 10 kW constant-temperature bath is used to supply water to both the DSPHTR and
the OU. The setup follows the model assembly principle.

4.6.2 Uncertainty calculation

The CO,TN prototype is equipped with instruments to measure the temperature, pressure,
and mass flow rates of both CO, and water throughout the system, as well as the electrical
power consumption of the compressor and local HPs. The data collected are subject to

two types of uncertainties: fixed uncertainties provided by the instrument manufacturers,
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Figure 4.10 Experimental setup [24]: (a) Local HPs (b) The RVCC, OU, DSPHTR

summarized in Table 4.2, and operational uncertainties primarily arising from mass flow
rate oscillations. The total uncertainty, wuya, is calculated as the root-sum-square of the
systematic uncertainty from the instruments, us,, and the operational uncertainties arise

from system oscillations, .y, using the equation:

Utotal = \/Ugys + (Z : uop)2 (449)

where ugys represents the fixed uncertainties of the instruments (reported at a 95% con-
fidence level), and wu,, is the standard deviation of the measurements over the period of

experiment, scaled to match a 95% confidence level using the factor z = 1.96. To evaluate
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the systematic uncertainty, usy, the individual uncertainties of the measured variables X;
are propagated to the calculated quantity Y using the method described in NIST Technical
Note 1297 [109]. For a quantity Y expressed as a function of directly measured variables X;,
ie,Y = f(Xy,Xy,...), the systematic uncertainty is determined by:

oy \?
teye = Jz ( @Xi) %, (4.50)

Here, ux, represents the uncertainty of the individual measured variables, and % is the

partial derivative of Y with respect to X;.

Table 4.2 Systematic uncertainty of the measurement instruments used in the CO;TN pro-
totype.

Instrument Uncertainty
RTD temperature sensor +0.10 °C
Pressure meter +0.08%

CO, mass flow meter +0.75%
Water mass flow meter +0.10%
Wattmeter +0.40%

Note that the uncertainty calculation is performed for both the experiments and the model.
Since the model contains iterations to reach the final solution, it is not possible to evaluate the
partial derivatives required to calculate the model uncertainties. The uncertainties are instead
calculated using an equivalent model implemented in the Engineering Equation Solver (EES),
which offers a more convenient way of evaluating the partial derivatives and propagating the
uncertainties. The EES implementation of the model was validated against TRNSY'S results
to ensure that the uncertainties showed in this section are representative of that of the
TRNSYS model.

To collect data and minimize operational errors during both component-level and system-level
validation, the system was first allowed to stabilize at the setpoints. Data was then recorded
for 20 minutes, and the average results over this timeframe were compared for validation

purposes.

4.7 Validation

For validation, each component of the system, including the compressor and heat exchangers,
was individually assessed. The complete system model was then validated by comparing its

predicted performance with experimental results.



62

4.7.1 Component-Level Validation
Compressor

The experimental setup features a variable-speed reciprocating compressor. To validate the
compressor model, tests were conducted at five distinct compressor speeds: 30 Hz, 36 Hz, 42
Hz, 48 Hz, and 60 Hz. These speeds correspond to varying mass flow rates while maintaining
a constant pressure ratio, enabling an investigation of the relationship between compressor
speed and mass flow rate. Each compressor speed was tested at six different pressure ratios.
The suction pressure was fixed at 5.7 MPa, while the discharge pressure was varied from
7.8 MPa to 8.8 MPa in increments of 0.2 MPa. In total, 30 experimental test runs were

performed.

Figure 4.11 and Figure 4.12 present a comparison between the experimental data and the
model predictions for COy mass flow production and compressor power input, respectively.
Each dataset includes vertical error bars representing the experimental uncertainty. The
modeling error was assessed using statistical metrics, including the Mean Absolute Percentage

Error (MAPE) and the maximum percentage deviation of the model from the experimental
results. MAPE is defined as:

exp model
Yi  —Y;
exp

7

MAPE = L }°

x 100 (4.51)
ni3

For COy mass flow rate, the MAPE was 7.24%, with a maximum deviation of 14%. For
compressor power input, the model showed good agreement with the experimental data,

achieving a MAPE of 0.96% and a maximum deviation of 2%.

Water-to-CO, heat exchanger

The experimental setup includes three CO,-to-water heat exchangers designated for desuper-
heating (DSPHTR), gas cooling and condensation (GC/COND), and evaporation (EVAP).
The physical specifications of the heat exchanger, provided in Table 4.3, are divided into
two sections. The upper section lists the specifications provided by the manufacturer, while
the lower section presents physical parameters not included in the manufacturer’s documen-
tation. These parameters were determined using a calibration method based on 10 sets of
experimental data solely drawn for this purpose, and the calibrated model was subsequently
used to validate the experimental results. To ensure realistic parameters for the heat ex-
changer, realistic boundaries from the literature [110-113|, were set during the process of

determining the values.
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Figure 4.11 Compressor model validation (mass flow rate) — the black dashed line represents
0% error between numerical and experimental values, the red dotted lines indicate £15%

prediction error margins
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Figure 4.12 Compressor model validation (power input) — the black dashed line represents
0% error between numerical and experimental values, the red dotted lines indicate £5%

prediction error margins

As described in Section 4.4, the water-to-COs heat exchanger models are primarily divided

into two sections: the supercritical or superheated regions (Section 4.4.3) and the subcritical
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Table 4.3 Specifications of heat exchangers

Specifications DSPHTR GC/COND EVAP
Length (mm) 314 314 314
Width (mm) 76 76 76
Height (mm) 61 65 73
Number of channels (COq-side) 11 12 9
Heat transfer area (m?) 0.425 0.468 0.540
Plate material SUS 316 SUS 316 SUS 316
Plate thickness (mm) 0.6 0.6 0.6
Corrugation depth (mm) 4.74 4.74 4.74
Area enlargement factor (¢) 1.32 1.30 1.26
Chevron angle (53) 65 65 65

region (Section 4.4.3). The validation is conducted using heat exchangers operating under
identical conditions on the test bench. The validation compares the heat transfer rate pre-
dicted by the model to the actual heat transfer rate, calculated from experimental data. This
was achieved by measuring the inlet and outlet water temperatures of the heat exchanger
and applying the energy equation on the water side using the measured data. Figure 4.13
presents the comparison of the experimental and model-predicted heat transfer rates for the
DSPHTR and the GC. Note that the input parameters and the corresponding results are
tabulated in the appendices section (4.9). Statistical metrics were calculated to evaluate the
model performance. For the GC, the model showed good agreement with the experimental
data, achieving a MAPE of 1.37% and a maximum deviation of 3%. For the DSPHTR, the
MAPE was 8.36% and the maximum deviation was 9%.

To validate the subcritical heat exchanger model, the same approach was applied. Two
subcritical models, introduced in Section 4.4.3, are used to represent the heat exchangers
operating in either condensation or evaporation modes. Figure 4.14 illustrates the validation
results for the condenser (COND) and evaporator (EVAP) models. Note that the input
parameters and the corresponding results are tabulated in the appendices section (4.9). For
the EVAP, the model demonstrated a good predictions, with a MAPE of 8.10%, and a
maximum deviation of 12%. For the COND, the model showed a MAPE of 4.05%, and a
maximum error of 5.5%. It is worth noting that the experimental setup, originally built
to validate the models, was not designed to include a condenser. However, the system was

adjusted to acquire two datasets specifically for validating the condenser model.

It is important to mention that Figures 4.13 and 4.14 include horizontal error bars to represent
model uncertainties and vertical error bars to account for experimental uncertainties. The

model uncertainties arise from the measured variables used as inputs to the model. For the
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water-to-CO, heat exchangers, the input variables are the CO5 mass flow rate (mCOQ), COq

inlet pressure (Pcoy,in), COg inlet temperature (Tco,,in), Water mass flow rate (1), and the
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water inlet temperature to the heat exchanger (7),;,). The model uncertainty is obtained
using Equation 4.49. The operational uncertainties (u,p,) represent the standard deviation of
the measured input oscillations. The systematic uncertainty usys, which is determined using

Equation 4.50 as follows:

B 20 PR B B AP (I R
Usys _$ (amw> Ui + <8Tw’in (% + amcoz Umco2
9\, ( 04 )2 )
Y (R N Y-S (. S 4.52
<3PCOQ in ) P \0Tcoym) T (4.52)

On the other hand, the experimental uncertainties arise from the combination of operational

uncertainties and systematic uncertainties (Equation 4.49). The operational uncertainties
(uop) represent the standard deviation of the experimental oscillations, which, in this case,

are obtained from the variations in ¢ during the experiment. The systematic uncertainty gy,

oG \° g\’ 9\’
usys:\l<am>u?hw+(aT_>u2T+ o7, u (4.53)

where ¢ is the heat transfer rate, and w,,, and up are the measurement uncertainties associ-

is calculated as:

ated with the water flow meter and temperature sensors, respectively, as listed in Table 4.2.

CO;2-to-CO; heat exchanger

To validate the method introduced for modeling the internal heat exchanger (IHE) which
is the only COs-to-CO4 heat exchanger, two factors were investigated: the 10°C superheat
requirement at the compressor suction and the assumption of negligible heat loss. The IHE
model simplifies the process by assuming that the heat required on suction-side is equal to
the heat extracted from the discharge-side. Regarding the capability to provide the required
superheat, experimental data from 20 test bench datasets under different conditions showed
consistent achievement of the target 10+0.1°C superheat in all cases. As for the assumption
of negligible heat loss and the ability of the IHE to transfer the required heat from the
discharge to the suction, Figure 4.15 illustrates the relationship between the heat exchanged
on the suction-side and the heat extracted from the discharge-side for the IHE. The heat
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transfer on the suction side and discharge side are calculated as follows:

q'suction-side = m002 : (hIHE,out,suc - hIHE,in,suc) (454)

Qdischarge—side = mCO2 : (hIHE,in,dis - hIHE,out,dis) (455)

where mco, is measured using the CO; mass flow meter, and the inlet and outlet enthalpies
of the IHE are calculated using the Span-Wagner equation of state [103], based on pres-
sure readings and temperature measurements taken at the inlet and outlet of the IHE. The

statistical evaluation of the data shows a MAPE of 9.45%, and a maximum error of 11%.

2r | ,,,,,,,,,, +/- 20% Error| |
=
2 {15t |
S 1r |
0.5 ' | I
0.5 1 15 2

ékuction_side (kW)

Figure 4.15 Heat exchanged on the suction side vs. heat extracted from the discharge side
— the black dashed line represents 0% error between numerical and experimental values, the
red dotted lines indicate +20% prediction error margins

4.7.2 System-Level Validation

After validating each component individually, the entire thermal network model was assem-
bled in TRNSYS using the same parameters and specifications as the experimental setup
at CanmetENERGY (Varennes). To validate the system, three different HP configurations
were considered, representing the possible system operating conditions. These configurations

are summarized in Table 4.4.

These cases encompass the system’s operation under both subcritical and transcritical con-

ditions. During the tests, the compressor speed (S) was fixed at 30 Hz, and the COq-loop
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Table 4.4 System validation cases and fixed parameters

Case Operating Mode HP1 HP2 HP3
1 Cooling-dominant OFF Cooling  OFF
2 Heating-dominant OFF Heating  OFF
3 Balance OFF Heating Cooling

pressure (PCOQ—ZOOp) on the source side of the local HPs was maintained at 5.7 MPa. Addi-
tionally, during the experiment, significant pressure drops were observed due to the design
and sizing of the first prototype. These pressure drops were directly incorporated into the
model. Notably, the major pressure drops occurred on the discharge side of the THE and at
the receiver outlet through the PRV, which directs the CO5 to the compressor suction. In the
cooling-dominant mode configuration, the pressure drop on the discharge side is incorporated
from P3 to Py, and on the suction side, it is applied from P; to Ps. In the heating-dominant
mode configuration, the pressure drop occurs only on the discharge side and is incorporated
from Py to Ps.

A comparison of system COP between the experimental data and the model, as well as
the total power input and heat pump capacities, is presented in Table 4.5. The model
demonstrates good agreement with experimental data, particularly in power consumption
(W), where relative errors range from 1.45% to 7.89%. Heating/cooling capacity (Qup) is
slightly overestimated across all cases, with errors between 4.48% and 7.80%. For the COP,
the statistical analysis shows a maximum deviation of 16.9% in case 2. These test points
are solely chosen for validation purposes and do not reflect the optimized performance of
the system. Discrepancies between model predictions and experimental measurements arise
from both experimental and modeling sources. Experimental errors are primarily attributed
to instrument uncertainties (Table 4.2) and case-specific operational variability. For instance,
in case 2, the standard deviation of the water mass flow rate is 6 g/s; the standard deviation
of the water inlet temperature to the EVAP is 0.20 °C, while that of the outlet temperature
is 0.14 °C. The DSPHTR inlet and outlet temperatures have standard deviations of 0.15 °C
and 0.34 °C, respectively. The standard deviation of the power input is 0.01 kW for both
the circulation compressor and the heat pump. Ultimately, the operational uncertainty ()
used to calculate the COP for this case is 0.06.

On the modeling side, there are three main sources of errors and uncertainties: (i) operational
and instrumental uncertainties in the input parameters obtained from the experiment, which
are included in the uncertainty propagation analysis; (ii) direct pressure-drop values taken

from the experiment and plugged into the model, which introduce additional operational
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uncertainties; and (iii) the use of referenced correlations—such as heat transfer correlations
applied in the heat exchangers—which introduce further uncertainty. On the refrigerant
side of the GC and DSPHTR, literature-reported Nusselt correlations can exhibit errors of
up to approximately 8% [104], while the evaporator’s refrigerant-side correlation can have
errors of up to approximately 10% [108]. These correlation errors were not considered in
the uncertainty propagation analysis, potentially leading to additional modeling inaccura-
cies. In summary, error sources beyond the scope of the uncertainty propagation analysis
include: (i) underestimation of the operational variability, which can influence both the ex-
perimental measurements and the modeled results, and (ii) correlation inaccuracies, which
not only introduce modeling errors but also contribute to underestimating the model’s overall

uncertainty.

To assess the system’s performance, the COP is calculated as follows:

_ Qup

COPyys = —— 4.56
- (4.50
Qup = > Qur,i (4.57)

i=1
W = Wcomp + Z WHP,i (458)

i=1
where n is the number of heat pumps (HPs), W represents the total power consumption
[kW], which includes the power consumed by the CO; circulation compressor (Wcomp) and
the local HPs (WHp,i). QHP refers to the total heating, and cooling capacity of the activated
HPs. To calculate the system COP from the model (COP sys 1m0a) QHp,i, WHp,i, and Wcomp are
determined using Equations 4.1, 4.3, and 4.6, respectively. Furthermore, for the COP calcu-
lation, the input variables are the speed of compressor (S), COs-loop pressure (Poo,—ioop);
water mass flow rate (), and the water inlet temperature (7, ;,) to DSPHTR and OU.

The model uncertainty is obtained using Equation 4.49.

For the experimental COP (COPyy; cspp), the power consumptions are measured using watt-
meter installed on the test bench and the capacities of the local HPs are calculated using the

following relations [24]:

QHP,H,exp = Qw,EVAP - Qw,DSPHTR + Wcomp + Wap (4.59)
QHP,C,exp = Qw,DSPHTR + Qw,GC - Wcomp - WHP (460)

where Q) pspuTr, @Qw,cc, and @, gvap are calculated using an energy balance equation on the
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water side of the heat exchangers, based on the measured inlet and outlet water temperatures
obtained from RTD temperature sensors and the water mass flow rate measured by flow

meters installed on the test bench.

Table 4.5 System validation

Case Wmod Wexp Qmod Qerp COPsy&mod COPsys,exp
(kW) (kW) (kW) (kW) (=) (=)

1 3.18 332 280 268 0.874+0.04 0.804+0.09

2 245 266 3.73 346 1.524+0.05 1.30+0.12

3 408 414 656 6.14 1.614+0.04 1.4840.11

To further investigate the sources of deviation between model predictions and experimen-
tal results, a local sensitivity and uncertainty propagation analysis was performed for each
system-level validation case. This analysis quantifies the relative contribution of each un-
certain input parameter—CO; loop pressure (Pco,-ioop), compressor speed (S), water mass
flow rate (i), and water inlet temperature (7),,) to the GC, DSPHTR, and EVAP—to the
propagated uncertainty in system performance (COPgysmod), total heating/cooling capacity
(Qmoa), and total power input (Wi,oq). In this analysis, it was assumed that the compressor
speed had no associated measurement uncertainty; therefore, its contribution to the propa-
gated uncertainty is zero for all cases. Table 4.6 presents the percentage contributions for

the three validation cases, based on the instrument uncertainties listed in Table 4.2.

Table 4.6 shows that the propagated uncertainty of Qmod is entirely dependent on Proy—ioop-
This is because, in the local HP correlations used, the capacity of the HPs are expressed solely
as a function of the loop temperature, which in the model is computed from the saturation
temperature corresponding to the input Pro,—i00p- Furthermore, Wonod represents the sum of
the circulation compressor work (Wcomp) and the local HP work (WH P). Wcomp depends on the
compressor speed, discharge pressure, and suction pressure. In cooling mode, the discharge
pressure is determined from the GC, and DSPHTR water inlet temperature and mass flow
rate. In heating mode, a similar dependence exists on the evaporator side to determine the
suction pressure. For the local HPs, Wy p depends solely on the loop temperature derived
from the Pco,—100p saturation temperature. Consequently, the total work is influenced by all

input parameters.

As mentioned, the experimental setup inherently includes pressure drops. To highlight the
importance of system design in minimizing these losses, the model was also run with all
pressure drops set to zero and compared to the current results with pressure drops. Table 4.7

summarizes the total input power (W), heating/cooling capacity (@), and system COP for

each case, both with (wp) and without (np) pressure drop. Results show that eliminating
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Table 4.6 Percentage contribution of each input parameter to the propagated uncertainty for
COPsys.mods @mod, and Wi,oq in the three validation cases

Case Input COPysmod (%0) Qumod (%) Winoa (%)
1 Pcoy—toop 0.50 100.00 0.23
M. DSPHTR 0.16 0.00 0.16
T'w,in,DSPHTR 4.48 0.00 4.47
Mw.GC 3.12 0.00 3.57
Tw,inGe 91.74 0.00 91.57
2 Pooy—toop 15.60 100.00 13.66
M. DSPHTR 0.10 0.00 0.10
Tw.in.DSPHTR 2.52 0.00 2.50
T, BV AP 0.35 0.00 0.29
Towin,EVAP 81.43 0.00 83.45
3 Pcoy—ioop 34.27 100.00 25.32
Mw,DSPHTR 0.62 0.00 0.70
Towin.DSPHTR 16.97 0.00 19.28
Mow.GC 1.61 0.00 1.83
Tw,in,GC 46.53 0.00 52.87

pressure losses increases COP by 21% in cooling mode, 7% in heating mode, and 20% in
balance mode. This underscores the need to minimize pressure drop in future prototype

iterations to maximize system efficiency.

Table 4.7 System performance with (wp) and without (np) pressure drop

Case W,, Wy Qnp Qup COP,, COP,,
(kW) (kW) (kW) (kW)
1 256 318 280 280 @ 1.10 0.87
2 225 245 373 373  1.66 1.52
3 3.35 4.08 6.56 6.56  1.96 1.61

Figures 4.16, 4.17, and 4.18 illustrate the pressure-enthalpy diagrams for cases 1 to 3, respec-
tively, demonstrating the validation of the model against experimental data for transcritical

and subcritical operations.

As shown in Figure 4.16, the model predictions align well with the experimental results. The
significant pressure drops observed in the experiment were incorporated into the model at
specific points, including point 3, which represents the IHE inlet on the discharge-side, and
point 7, corresponding to the flash gas outlet of the RVCC receiver. It is important to note
that all experimental points, except points 6, 7, and 8, are directly measured. Points 6 and

8 were estimated based on an isenthalpic pressure change assumption. For point 7, since it
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was not possible to measure the quality at the last HP, the tests were conducted to ensure

that point 7 was close to saturated vapor conditions.
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Figure 4.16 Comparison of model predictions and experimental data on a P-h diagram for
Case 1 (Cooling-dominant)

Figure 4.17 illustrates the comparison between the model predictions and experimental results
for a heating mode case, demonstrating the model’s accuracy for subcritical operation. The
observed pressure drop in heating mode was identified after the ITHE, coinciding with the
location of the expansion valve (EV1). Therefore, the pressure drop between points 4 and 5
results from both the natural pressure losses in the system and the controlled pressure drop
across the expansion valve. In this experiment, all points were measured except for point
7 and 9, which was estimated based on the assumption of an isenthalpic expansion process
from point 6;, and 6, respectively. Note that, since in this experiment all the CO, turned
to liquid after passing through the local HPs, there was no mixing between points 8 and 9.

Therefore, point 10 is equal to point 8.

Figure 4.18 presents the comparison for a balance scenario where the first HP operates in
heating mode while the second operates in cooling mode. Although referred to as a balance
mode, the system uses the same configuration as in the cooling mode, operating in the
transcritical regime. The results show good agreement between the model predictions and
experimental data. A key point to note in this diagram is the behavior of CO, as it enters the
loop at point 6 (hg = 377,kJ/kg). Since the first HP is operating in heating mode, the CO4
is condensed to a specified enthalpy of hco, out.ip1 = he = 331, kJ/kg, a value determined by

the model but not measurable in the experimental setup. The CO, then flows to the second
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Figure 4.17 Comparison of model predictions and experimental data on a P-h diagram for
Case 2 (Heating-dominant)

HP, which operates in cooling mode, evaporating the COs to point 7 (h; = 400, kJ/kg). This

value, too, cannot be measured experimentally due to the lack of instrumentation at this

point.
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Figure 4.18 Comparison of model predictions and experimental data on a P-h diagram for

Case 3 (Balance)
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4.8 Conclusion

This study presents a comprehensive modeling framework for a compression-based, low-
temperature COy thermal network (CO.TN), with a focus on the detailed development of
component models and their integration into a complete system. Models were developed for
key components, including the local HPs, the COs circulation compressor, water-to-COs heat
exchangers, and CO,-to-COy heat exchangers, specifically designed to capture the unique
thermophysical behavior of CO4 in both transcritical and subcritical regimes. These models
were implemented in TRNSYS using newly developed TYPES, allowing for a flexible and
scalable approach to simulating the CO;TN across various operational modes. The system
was assembled by dividing the CO5TN into two primary sections: the reversible vapor com-
pression cycle (RVCC) and the components exchanging heat with the external environment,
namely the local HPs and the water-to-COs heat exchangers. A systematic methodology for
integrating these components was developed, incorporating pressure-enthalpy relationships
to ensure energy and mass balance throughout the system. Validation was performed at
both the component and system levels using experimental data from a prototype system.
The component models demonstrated good accuracy, with deviations within £15% for heat
transfer rates, mass flow, and energy consumption predictions. At the system level, the model
reliably predicted key performance metrics, including the coefficient of performance (COP),
heat capacities, and power consumption across various operating scenarios, with COP predic-
tions within 16% of the experimental results. This work establishes a robust framework for
modeling, assembling, and validating CO,-based thermal networks, providing a foundation
for accurate system performance prediction. Future efforts will focus on optimizing control

strategies and expanding the framework to accommodate larger-scale systems.
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4.9 Appendix: Heat exchanger validation data

The input parameters and the corresponding results for the validation of COs-to-water heat
exchangers, including the DSPHTR, GC, EVAP, and COND, are presented in Tables 4.8 and
4.9.

Table 4.8 Gas cooler and desuperheater validation data

77./LC'Oz P0027in TCOzﬂ'n mw Tw7in q.mod q.ezp
(kg/hr) | (MPa) | (°C) | (kg/hr) | (°C) | (kW) | (kW)
DSPHTR

156.17 7.88 99.60 25.20 | 15.00 | 2.30 | 2.21
175.32 8.06 95.80 28.80 | 15.00 | 2.77 | 2.52
182.52 8.28 95.74 33.84 | 15.00 | 2.92 | 2.75
254.88 8.98 72.35 54.00 | 20.00 | 3.05 | 2.90
241.13 9.10 75.33 57.60 | 20.00 | 3.37 | 3.18
GC
205.56 7.60 35.18 | 176.40 | 14.54 | 3.79 | 3.76
223.20 7.60 35.68 | 136.80 | 13.85| 3.17 | 3.15
172.80 7.80 35.43 | 144.00 | 14.28 | 3.26 | 3.21
230.40 7.80 38.17 | 136.80 | 14.35 | 3.42 | 3.38
187.20 8.00 36.75 | 133.20 | 14.31 | 3.21 | 3.20
241.20 8.00 38.77 86.40 | 13.70 | 2.34 | 2.40
219.60 8.20 40.46 | 100.80 | 14.11 | 2.85 | 2.89
255.60 8.20 41.34 97.20 | 18.78 | 2.36 | 2.39
240.84 8.40 40.89 93.60 | 18.40 | 2.23 | 2.25
178.20 8.40 40.61 118.80 | 18.94 | 2.71 | 2.63
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Table 4.9 Evaporator and condenser validation data

mC’Oz PCOz,in TCOz,in mw Tw,in Qmod QEzp
(kg/ht) | (MPa) | &) | (kg/he) | (°C) | (W) | (W)
EVAP
120.42 3.52 Sat. Temp. | 338.40 | 6.10 | 3.24 | 3.76
132.84 3.77 | Sat. Temp. | 849.60 | 9.78 | 3.96 | 4.31
66.60 4.69 Sat. Temp. | 882.00 | 15.80 | 2.04 | 2.19
99.86 4.72 Sat. Temp. | 882.00 | 15.69 | 1.94 | 2.16
116.35 495 | Sat. Temp. | 943.20 | 15.63 | 1.01 | 0.98
56.23 4.47 | Sat. Temp. | 867.60 | 15.80 | 2.84 | 2.66

COND
194.22 6.40 54.83 126.00 | 13.13 | 3.61 | 3.71
147.60 6.60 61.20 151.20 | 12.10 | 4.02 | 4.25

4.10 Appendix: Mesh-independence of the gas cooler model discretization'

A mesh-independence analysis is performed to determine the number of cells used in the
discretized gas cooler (GC) model. Since the thermophysical properties of CO5 vary strongly
in the supercritical region, the required discretization may depend on the inlet pressure, inlet
temperature, and mass flow rates. Therefore, the analysis is not limited to a single operating
point. Instead, it is repeated for the GC validation operating points listed in Table 4.8, which

cover the representative operating range of the experimental data.

For each operating point, the number of cells is increased progressively and the solution is
compared with a fine-grid reference solution using 400 cells. The comparison is based on
the heat transfer rate, the CO, outlet temperature, and the water-glycol outlet temperature.
The relative deviation of the heat transfer rate and the absolute deviations of the outlet

temperatures are calculated as follows:

8¢ (n) = Qg = @ress| o 10 (4.61)

5. Q .

ref,j
6T,002,j (n) - |TC’02,out,n,j - TCOg,out,ref,j’ (462)
5T,w,j(n) - |Tw,out,n,j - Tw,out,ref,j| (463>

IThis appendix section was not included in the journal paper and was added only for the thesis.
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00 max(n) = max (3,(n)) (4.64)

J

5T,COz,ma:v(n) = m]aX (5T,002,j (n)), 5T7w,mam (n) = m]aX (5T,w,j (n)) (4.65)

where n is the number of cells, j is the GC operating point, and the subscript ref denotes
the fine-grid reference solution. The final discretization is selected based on the maximum
deviation among all tested operating points, so that the selected mesh remains valid for the

most demanding GC condition.

The acceptance criteria are set to 0.5% for the heat transfer rate and 0.1 °C' for the outlet
temperatures. The temperature tolerance is selected to remain consistent with the temper-
ature measurement uncertainty; using a numerical tolerance smaller than the experimental

uncertainty would not provide a physically meaningful improvement in the validation context.

Figure 4.19 shows the maximum relative difference in the predicted heat transfer rate as a
function of the number of cells. The error decreases rapidly as the mesh is refined and becomes
lower than the selected 0.5% tolerance at n = 50. Figure 4.20 shows the corresponding
maximum absolute differences in the CO5 and water-glycol outlet temperatures. At n = 50,

both temperature deviations are below the 0.1 °C' tolerance.
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Figure 4.19 Mesh-independence analysis of the GC model based on the maximum relative
difference in heat transfer rate

Based on this analysis, n = 50 cells is selected for the GC model. At this discretization, the
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Figure 4.20 Mesh-independence analysis of the GC model based on the maximum absolute
difference in CO, and water-glycol outlet temperatures

maximum deviation over all tested GC operating points is 0.4% for the heat transfer rate,
0.01 °C for the CO, outlet temperature, and 0.09 °C for the water-glycol outlet temperature.
Therefore, further refinement of the GC mesh is not expected to affect the validation results

significantly, while the selected mesh avoided unnecessary computational cost.
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CHAPTER 5 ARTICLE 2: Map-based supervisory control strategies of a

single-pipe CO, thermal network connected to local heat pumps

Authors: Sepehr Gholamrezaie, Massimo Cimmino, Parham Eslami-Nejad
Journal: Energy and Buildings
Date: Submitted 19 February 2026

5.1 Abstract

This paper investigates supervisory control for a single-pipe CO5 thermal network (CO;TN)
that supplies the source side of multiple local heat pumps (LHPs) in a multi-zone build-
ing. The network comprises a reversible COy vapor compression circulation unit coupled
to a ground loop heat exchanger, with all LHPs connected in series on a single COs loop.
Two supervisory strategies are formulated and compared. The minimum-mass-flow strategy
enforces two phase operation along the loop and selects the smallest CO, mass flow that
satisfies the aggregate zone demand. The temperature-bounded strategy constrains loop
temperatures within a narrow band around saturation, permitting limited single-phase op-
eration to shift the cycle toward thermodynamically favorable states. Both strategies are
implemented using an offline map, and executed online via lookup of the optimized decision
variables. Annual co-simulation (TRNSYS + MATLAB tables) for a five-zone office building
in Montréal shows that the temperature-bounded strategy improves performance relative to
minimum mass flow: the mean time-step CO P, increases from 3.08 to 3.75 (+22.1%), the
median from 2.95 to 4.27 (+44.7%), and SPFjys anp from 2.98 to 3.65 (4+22.3%).

5.2 Introduction

In multi-zone buildings, heating and cooling demands differ from zone to zone, so heat pumps
are an attractive choice. The present study examines a networked architecture in which local
heat pumps (LHPs) draw from a common source whose operating conditions are actively
controlled. The system is a closed, single-pipe loop that circulates two phase COy (R-744)
to the source side of multiple packaged LHPs, a concept introduced as the CO,; Thermal
Network (CO,TN) by Eslami-Nejad et al. [12].

Figure 5.1 illustrates the CO,TN, which functions similarly to a cascade heat-pump system

built around a single, two phase COs loop shared by multiple LHPs. The COs loop is
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maintained at an intermediate pressure Fj,.p; this pressure sets the saturation temperature
of the circulating two phase CO, and therefore the effective source/sink temperature that
supplies all LHPs. COs enters the loop (Point 4 in the heating-mode cycle and Point 5 in
the cooling-mode cycle) and then flows in series past the LHP units (LHP-1 to LHP-4). At
each interface, the corresponding LHP exchanges heat with the loop before the working fluid
continues downstream to the next unit. As heat is absorbed from, or rejected to, the loop, the
COq quality x and enthalpy change from one LHP to the next, while the loop temperature
remains largely governed by P, because the fluid stays close to saturation. Depending on
whether the overall operation is heating-dominant or cooling-dominant, the COy loop can
be on the low-pressure side (heating) or on the high-pressure side (cooling), with the LHPs
operating on the opposite side when they act against the dominant mode. This single-pipe,
series arrangement enables direct heat recovery among zones, because heat added to the loop

by one LHP can be carried downstream and used by another.
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Figure 5.1 CO5 thermal network (CO;TN) connected to local heat pumps (LHP)

This architecture offers several advantages relative to conventional hydronic loops: use of a
natural refrigerant (GWP =1, ODP =0), reduced pipe diameters due to latent-heat trans-

port and favorable CO, properties, source temperatures close to ambient with modest axial
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variation (which eases LHP control and reduces insulation needs), and straightforward inter-
zone heat recovery at approximately constant source temperature. The centralized outdoor

unit can also be coupled to renewable or low-grade sources (e.g. geothermal).

Peer-reviewed CO,TN studies are converging on three themes: control design, experimental
feasibility, and model validation. On the control side, Gholamrezaie et al. [75] introduced
a heating-mode framework with a minimum-mass-flow supervisory rule that calculates loop
vapor quality and selects the lowest circulation rate that preserves two phase conditions
across the loop over seasonal operation. A key limitation, however, is that the loop pressure
remained fixed and was not a control variable, even though pressure directly governs system
performance. Extending to transcritical cooling, a follow-up parametric study quantified the
sensitivity of network performance to compressor speed, discharge pressure (gas-cooler set-
point), and loop pressure, and identified near-optimal combinations for given gas-cooler con-
ditions [77]. The study showed that, in some cases, the system achieves its best performance
when the CO, partially enters the single-phase region along the COy loop. Experimentally,
Bastani and Gholamrezaie [24] demonstrated a first prototype with three packaged LHPs (a
COs-to-water and two CO,-to-air LHP) supplied by a single-pipe, two phase COs loop, con-
firming the concept and showing that circulation-unit setpoints—especially discharge pressure
and gas-cooler control—strongly influence efficiency and stability. Building on these data,
Gholamrezaie et al. [14] assembled a modular CO, TN model and validated it at component

and system levels for both cooling and heating operation modes.

Although the topology is novel, the control problem of CO;TN involves essentially the same
decision variables as a stand-alone transcritical COs heat pump. Device-level studies con-
sistently show that discharge (high-side) pressure, gas-cooler water-side conditions (inlet
temperature and flow rate), compressor speed/frequency, and expansion-side control (Elec-
tronic expansion Valve opening, i.e. suction superheat) are the dominant levers for COP and

capacity.

The central theme is that the COP-optimal discharge pressure is not a constant value. It
shifts with boundary conditions—especially with gas-cooler outlet temperature—so model-
based supervision outperforms fixed rules under varying weather and loads [17]. Zhang et
al. [114] combined theory and experiments to show a clear COP maximum versus high-side
pressure, arising from the trade-off between increased heat rejection and rising compression
work. They found that the optimal discharge pressure depends mainly on the gas-cooler
outlet temperature, with evaporating temperature and compressor characteristics that affect
compression work (e.g. isentropic efficiency and its variation with pressure ratio) playing

secondary roles, and they demonstrated that controlling evaporator-outlet superheat (via
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throttling architecture) stabilizes the suction condition needed to realize the high-side pres-

sure.

Compressor speed strongly interacts with the discharge-pressure selection. Qin et al. [115]
varied inverter-compressor frequency and showed that speed primarily modulates refrigerant
mass flow and mechanical efficiency. COP displays a peak versus discharge pressure at each
condition, and they provided a dimensionless correlation for the optimal pressure with small
error. They also reported hot-water outlet temperatures exceeding 80°C at favorable points
without sacrificing COP—evidence that compressor speed should be coordinated with the
high-side pressure to meet temperature and capacity targets efficiently. Complementing this,
Wei et al. [116] optimized frequency-conversion control on an experimental platform and
quantified gains of up to 6.35% in COP and 3.11% shorter heating time relative to a baseline
strategy.

Expansion valve control matters because it regulates the compressor-inlet superheat and
therefore stabilizes the suction state under which the target high-side pressure is achievable.
In Zhang et al. [114], the two-stage throttling arrangement decouples high-side pressure
regulation from compressor-inlet superheat regulation, showing that maintaining a stable

suction condition enables high-side optimization rather than competing with it.

Water-side conditions (i.e. the gas-cooler inlet temperature and the circulating mass flow)
govern the gas-cooler outlet temperature, which in turn strongly influences the discharge-
pressure optimum. In practice, the outlet temperature is bounded below by the approach to
the inlet-water temperature and varies with water mass flow. Sensitivity and parametric stud-
ies consistently show that raising the inlet temperature or reducing the flow shifts the optimal
pressure and lowers COP, whereas higher flow at a given inlet temperature sustains a lower
refrigerant outlet temperature and increases the enthalpy drop across the gas cooler [17,117].
Taken together, these studies indicate that the discharge-pressure setpoint is most effectively
controlled as a function of the measured gas-cooler outlet temperature—hence indirectly of
the water inlet temperature and mass flow—while compressor speed is coordinated with the
pressure set point to meet load with minimal impact on COP, and expansion valve adjust-
ments maintain a suction-superheat band. Reported gains include several-percent increases

in COP and faster attainment of water-side targets.

Supervisory coordination strategies for vapor compression systems can be organized along
two main dimensions. The first dimension is the setpoint generation mechanism, setpoints
are either computed online through an optimization or adaptation routine, or precomputed
offline and executed online through a map or lookup table. The second dimension is the

information basis, the supervisor is either model-based (an explicit plant or surrogate model
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predicts performance and constraints) or model-free (setpoints are adapted primarily from
measurements) [118]. These two dimensions define four common families: online model-based
optimization, online model-free optimization, offline model-based map execution, and offline

data-driven map execution.

Online model-based approaches generate supervisory setpoints by solving a constrained op-
timization problem at each control update using an explicit model of the plant. In building
HVAC, the dominant realization of this idea is model predictive control (MPC), in which
a reduced-order physics model or an identified state-space model is used to predict zone
and equipment dynamics over a prediction horizon; the controller then selects the control
moves that minimize a cost function that typically balances comfort-tracking errors and
energy (or demand) penalties while respecting actuator, rate, and comfort constraints, and
applies the first move in a receding-horizon manner [119,120]. Because HVAC and heat pump
plants combine nonlinear thermodynamics with discrete operating logic, reported MPC im-
plementations span linear MPC and nonlinear MPC, and also include mixed-integer MPC
formulations that explicitly represent on/off decisions, staging, or mode switching [119,121].
In vapor compression cycles, MPC has also been formulated directly at cycle level as a mul-
tivariable controller that coordinates coupled manipulated variables through a constrained
optimization on a reduced-order cycle model [122]. For transcritical COy heat pumps, this
framework is particularly relevant because efficiency hinges on coordinated manipulation
of the heat-rejection pressure and other actuators [52, 53]; for example, Wang et al. [51]
implemented MPC for a transcritical CO5 air-source heat-pump water heater, where the
controller predicts future operation and computes optimal inputs (including water-side mass
flow and expansion-valve openings) to maximize COP subject to system constraints, provid-
ing a model-based alternative to conventional PI (proportional-integral) loops paired with
correlation-based optimal-pressure references. At larger supervisory layers (multi-equipment
plants or district/community energy), online optimization-based dispatch is frequently posed
as mixed-integer linear programming (MILP), which can encode equipment availability, tech-
nology choices, and operating logic while remaining computationally tractable for real-time
scheduling [57,123-125].

Online model-free approaches pursue the same objective of self-optimization but adapt set-
points directly from measurements, for example by extremum-seeking strategies that itera-
tively adjust pressure setpoints to improve COP without an explicit plant model [126,127].
These methods can be attractive when models are uncertain; however, convergence speed
and robustness can degrade when the optimum moves quickly with boundary conditions, or
when the feasible region is tight and strongly constraint-limited, as is common in transcritical

operation and envelope-bounded compressors.
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Offline map-based supervision precomputes a feasible operating envelope indexed by the
dominant variables (e.g. high- and low-side pressures, compressor speed, and source/sink
temperatures). Online execution then reduces to fast selection or interpolation on this enve-
lope rather than solving an online optimization. This family includes classic optimal-pressure
correlations for transcritical COy operation [65] as well as model- or data-generated perfor-
mance maps used as surrogates. Recent digital-twin frameworks often fit into a hybrid form:
maps are identified or updated offline (or periodically), while an online planning optimizer
(often MILP) uses those maps to choose operating targets [128]. In that sense, digital twins

are best viewed as online optimization enabled by offline-built surrogates.

The CO,TN supervisory problem considered here is constraint-driven and contains both
discrete and continuous decisions: the multi-zone thermostat command vector is discrete
(OFF/HEAT /COOL per zone), whereas pressures, compressor speed, and staging are con-
tinuous or hybrid. In addition, feasibility is governed by hard operating limits (compressor
envelope, phase/temperature bounds along a series loop, and heat-exchanger capability un-
der imposed secondary-side conditions). Under these characteristics, offline model-based
map execution is a practical and robust choice: it allows feasibility screening and constraint
enforcement to be performed offline with a validated model, while online control remains

deterministic and computationally light for implementation on a PLC.

In this classification, the supervisory controllers studied here belong to the offline model-
based, map-executed family: a validated steady-state model is used to enumerate feasi-
ble operating points over the dominant levers and to select near-optimal setpoints subject
to compressor-envelope and system constraints. Specifically, the present study (i) recon-
structs and extends the baseline minimum-mass-flow method from previous work [77] to
year-round operation (heating and cooling) and completes it by considering all performance-
critical variables—most notably including loop pressure, together with the discharge/suction-
pressure setpoint and compressor speed—so that operation remains within the feasible enve-
lope with near-optimal efficiency. Building on this enhanced baseline, we then (ii) introduce
a temperature-bounded supervisory controller that searches the same feasible map while al-
lowing bounded departures from strictly two phase operation to enlarge the feasible set, and

(iii) evaluate year-round efficiency in transient simulations to compare the two methods.
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5.3 System Description

5.3.1 System Overview

Figure 5.2 illustrates the CO;TN and its connection to the LHPs. The diagram shows both
the physical components of the system and the associated control signals. Conceptually, the
network can be regarded as a heat pump connected to other heat pumps. Each building zone
is equipped with a thermostat and a dedicated LHP to condition the space. On the source
side, all LHPs are connected in series to a single-pipe, two phase COs loop. This configuration
facilitates heat recovery between zones: when an LHP operates in heating mode, it absorbs
heat from the CO, loop; when in cooling mode, it rejects heat to the loop. To maintain
system balance, the CO, loop is coupled to a reversible vapor compression cycle (RVCC),
which functions similarly to a stand-alone CO5 heat pump. The RVCC ensures that the total
energy absorbed or rejected by the LHPs is compensated. This section includes a variable-
speed and a fixed-speed compressor, an internal heat exchanger (IHE) that transfers heat from
the discharge to the suction line to maintain superheat, a pressure-regulating valve (PRV),
electronic valves (EVs), and a CO, receiver. Additional components exchange heat with the
environment to stabilize loop operation. In particular, the desuperheater (DSPHTR) and
the outdoor unit provide heat rejection or absorption when system experiences a net surplus
or deficit. The outdoor unit consists of a COs-to-secondary-fluid heat exchanger (OU-HX)
connected to a secondary loop that exchanges heat with the ground. Overall, the CO;TN
integrates the circulation loop, the RVCC, and the LHPs to enable simultaneous heating and

cooling while promoting heat recovery between zones.
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Figure 5.2 System schematic and control signals of the CO,TN
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5.3.2 Operational Modes

The system operates with two main thermodynamic configurations, determined by the net
heat exchange with the CO, loop: heating-dominant (net heat extraction from the loop)
and cooling-dominant (net heat rejection to the loop). In the heating-dominant mode, the
LHPs collectively extract net heat from the CO, loop. Figure 5.3 presents both the process
flow diagram and the corresponding pressure—enthalpy diagram of this configuration. In
this mode, the cycle operates under subcritical conditions, since additional pressure is not
required for heat rejection. Consequently, the COs-loop pressure is equal to the system
discharge pressure. The cycle begins at point 1, where the compressor raises the CO5 to the
discharge/loop pressure (point 2). Between points 2 and 3, the DSPHTR cools the refrigerant.
From points 3 to 4, the internal heat exchanger (IHE) transfers heat from the discharge line
to the suction side, ensuring adequate superheat at the compressor inlet (points 9 to 1).
After the IHE, at point 4, the CO5 enters the single-pipe loop. The flow then returns to
the receiver at point 5, where liquid (point 5;) is separated from the remaining vapor (point
5,). The liquid expands through an expansion device (EV1) toward the OU-HX (from 5,
to point 6), while the flashed vapor from the receiver is directed to the suction line (point
8). The OU, acting as an evaporator in this configuration, absorbs heat from the secondary
fluid, converting the CO, from point 6 to saturated vapor at point 7. At point 9, this vapor
mixes with the flashed vapor from the receiver (point 8). The combined stream then passes
through the THE, where it absorbs additional heat, reaching the required superheat before

returning to the compressor suction at point 1.
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Figure 5.3 Heating-dominant mode: process flow diagram (left) and pressure-enthalpy (P-h)
diagram (right)
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In the cooling-dominant mode, the LHPs collectively reject net heat to the CO4 loop. Fig-
ure 5.4 presents the process flow diagram and the corresponding pressure—enthalpy diagram
for this configuration. In this mode, the cycle operates under transcritical conditions, with
the discharge pressure adjusted to achieve effective heat rejection. Consequently, the CO,-
loop pressure is equal to the system suction pressure. The cycle begins at point 1, where the
compressor raises the CO pressure to the transcritical discharge level (point 2). From points
2 to 3, the refrigerant bypasses the DSPHTR and passes directly through the IHE. Here, heat
is transferred from the high-pressure discharge line to the suction side, ensuring sufficient su-
perheat at the compressor inlet (points 6 to 1). After the IHE, at point 3, the CO, flows
to the OU-HX, where it rejects heat to the ground through a secondary water-glycol loop.
The refrigerant then expands from point 4 to point 5 through the electronic expansion valve
(EV1), reducing its pressure to the loop level. At point 5, the COy enters the single-pipe
CO, loop, where heat exchange occurs with the LHPs. In cooling-dominant operation, most
LHPs reject heat to the loop, causing the COy to evaporate. The dashed line in the P-h
diagram indicates the possibility that some LHPs may operate in heating mode, potentially
condensing the CO; locally. However, the dominant effect remains evaporation due to the
majority of LHPs operating in cooling mode. Finally, at point 6, the refrigerant returns from
the CO5 loop to the receiver. Any remaining liquid is assumed to be vaporized in the IHE
(from points 6 to 1), where it absorbs heat from the discharge stream. This process ensures

that the flow entering the compressor suction is superheated, thereby completing the cycle.
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Figure 5.4 Cooling-dominant mode: process flow diagram (left) and pressure-enthalpy (P-h)
diagram (right)
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5.3.3 Control Parameters

To ensure sustainable and optimal operation of the CO,TN, a programmable logic controller
(PLC) regulates the system by processing input signals and generating appropriate control
actions. As shown in Figure 5.2, the input signals originate from the thermostats installed
in each zone, which indicate the status of the LHPs (on/off) and their operating mode
(heating or cooling), as well as from a temperature sensor at the outlet of the geothermal
loop that measures the inlet water temperature to the OU-HX. Combined with the rated
capacity of the LHPs, this information enables the PLC to determine the configuration of
the compressors, including whether one or both units are operating and the speed of the
variable-speed compressor. The PLC also selects the system’s operation mode by modulating
the valves to configure the RVCC accordingly, regulates the suction and discharge pressures by
adjusting the electronic expansion valves, controls the DSPHTR fan speed to reject specified
amount of heat, and sets the water mass flow rate (1i,,) in the secondary loop of the OU by

adjusting the pump speed.

5.4 Model

This study evaluates supervisory control strategies for a CO;TN by combining a validated
component and system model with dynamic building simulation. The CO;TN model builds
upon a modular framework previously validated against an experimental setup [14]. Here, we
restate only the elements required to reproduce the control study and to generate supervisory
operating maps. In the presented models, CO5 thermophysical properties are computed with
CoolProp [102] using the Span—Wagner equation of state [103]. The system consists of
an RVCC connected to a single-pipe, two phase COs loop that serves the source side of
packaged LHPs. Major components include building zones, LHPs, circulation compressor,

heat exchangers, and the geothermal unit.

5.4.1 Building zones

Each thermal zone is represented with a lumped-capacitance model implemented in TRNSY'S
Type 690. While the component can convert prescribed sensible and latent loads into air
temperature and humidity ratio, the present study considers sensible effects only and reports
temperature dynamics. Latent handling remains available in Type 690 but is not considered
here. The component advances a single first-order energy balance for the zone air temperature
T.. With user-specified thermal capacitance C, [kJ/K] and a ventilation stream characterized

by mass flow 1iyens, supply temperature Ty, and air specific heat c, 4., the governing
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equation is

—, mvent Cp,air (Tvent - Tz) + Qsens (51>

where Qgens is the prescribed net sensible heat gain of the zone, excluding the conditioning
provided by the LHPs. The model outputs the trajectory T (t), which is provided to the rest

of the simulation.

The model assumes a single, well-mixed air node with no stratification. Envelope losses, infil-
tration, internal radiative/convective splits, and occupant/equipment gains are not computed
explicitly; their effects are embedded in the externally supplied load. Thermal capacitance
and air properties are treated as constant over each time step. Ventilation is modeled as a

controlled external stream acting on the lump; other mass exchanges are ignored.

For implementation, externally generated time series of Qsens are provided to Type 690
along with zone-specific capacity (C,). For ventilation, the air mass flow rate e, and the
temperature Ty, are specified in the following section, where the LHP modeling is described
(Eq. (5.12)). Finally, Type 690 numerically integrates Eq. (5.1) to produce 7% (t).

5.4.2 Local heat pumps (LHPs)

Each LHP is modeled as a steady-state, low-lift vapor compression heat pump exchanging
heat with the zone (load side) and the CO; loop (source side). Low-lift operation is selected
because the COy loop delivers a relatively warm and stable source temperature—typically
10-25°C—so minimizing temperature lift yields higher COP. This choice also aligns with the
experimental low-lift R290 reciprocating unit reported by Gasser et al. [129], which is taken
here as a representative technology. LHP performance is approximated as a fixed fraction
of the corresponding Carnot COP, using prescribed approach (pinch) temperatures on both

heat exchangers and enforcing a minimum temperature lift to avoid unrealistically small lifts.

In heating mode, the LHP delivers heat to the zone and extracts heat from the CO, loop.
The heating COP is written as follows:

Tclgnd7H(TlOOp,i)
Tclgnd,H (EOOIM') - ngap,H(EOOp,i)

COPy(Tioopi) = nu ng = 0.55 [129] (5.2)
where COP g (Tp0p,i) is the coeflicient of performance of LHP ¢ in heating mode, T}, ; is the
COq loop temperature at that LHP, and ny is the adopted Carnot-efficiency factor (fraction
of the ideal Carnot COP). TS, 5 and T% ,; are the LHP evaporation and condensation

temperatures in heating mode (in K), respectively.
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To relate the COs loop temperature to the refrigerant-side evaporation temperature, we as-
sume that the source-side heat exchanger operates with a fixed pinch, so the evaporation
temperature is approximated as the loop temperature minus the pinch. To avoid extrapo-
lating the adopted low-lift performance assumptions, the loop temperature is clipped to a

stated validity range:

Tevap H(T‘lOOP Z) - Chp(EOOP 2] 10 27) ATPPvHP (53)
TZo?zd,H<ﬂ00p,i) = max (TS,H + ATy mp, Teov(;p,H<Tloom) + ATmin,H) (5.4)

where AT, yp is the assumed approach temperature (pinch) on each heat exchanger, Ty g
is the hot-air supply temperature setpoint in heating mode, and AT, g is the enforced
minimum heating lift. The max(-) operator sets the condensing temperature to the larger
of (i) the value required to deliver the supply setpoint with the prescribed pinch on the load
side, Ts g+ AT, mp, and (ii) the value required to satisfy the minimum lift, 7’ emp g+ AT win g
The clip operator is defined as clip(z; a, b) = min{max(x, a), b}. In this study, Ts g = 32°C,
AT,y np = 3K, and AT i m = 15 K.

In cooling mode, the LHP removes heat from the zone and rejects it to the CO5 loop. The

cooling COP is written as

Tevap C(EOOI?, )
Tclo(nd,c (ﬂoop,z) - Telgapﬁ'(jjloop,i)

COPc(Tioopi) = 1 , ne = 0.55 [129] (5.5)
where COP¢(T}p0p,i) is the COP of LHP ¢ in cooling mode, 7¢ is the Carnot-efficiency factor
in cooling, and T, » and T , - are the evaporation and condensation temperatures in
cooling mode (in K). On the load side, the evaporating temperature is set by the chilled-air
supply setpoint with the prescribed pinch. On the source side, the condensing temperature is
approximated as the loop temperature plus the pinch, with the same clipping and a minimum
lift constraint:

T vap, C(EOOP 7«) = T&C - ATPZLHP (56>

e

T;o%d,C(EOOP,i) = Inax (Chp(lep,i? 10,27) + ATy mp, TeC)szzp,C(EOOP,i) + ATmin,()) (5.7)

where T ¢ is the chilled-air supply setpoint in cooling mode and ATy, ¢ is the enforced
minimum cooling lift. In this study, T c = 12°C, AT, yp = 3K, and AT inc = 10K.

The model assumes negligible pressure drop within the LHP; and stepwise steady-state be-
havior within each simulation time step. Start-up transients, and small auxiliaries are not

represented explicitly and are embedded in the Carnot efficiency factors gy, ne.
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At design stage, a nominal COy loop temperature T},,,, = 15°C is specified, and each LHP
is sized so that—at Tjsepi = Thom and at the load-side setpoint—the nameplate capacity
matches the zone’s peak requirement. During simulation, the instantaneous electrical input
is obtained from the COP:

Qup, :
———>  heating mode
T COP Too i ’
Whpi = QH( : - ) (5.8)
_ HPCL cooling mode,
COPC (Eoop,i)

where WHP,Z- is the electrical power input to the -th LHP, and Q mp.m; and Q Hp,c; are its

heating and cooling capacities, respectively.

The signed heat exchange between the i-th LHP and the COs loop is then obtained by
combining the load-side capacity with the corresponding COP. With the sign convention
that Qloop,i > () denotes heat rejected to the loop and Qloom < 0 denotes heat extracted from

the loop, the exchange is

) 1 '
—Qupr,H,i (1 — COPH(Tzoopz)) heating mode,
) B ' ]
Qloop,i = +Qupr,c (1 + W cooling mode, (5.9)
oop,i
0 off,

In this study, Q mp,H; and Q mp,c, are taken as the peak sensible heating and cooling loads
of zone 7, i.e. the nominal capacities required to meet the design peaks at the nominal loop

temperature.

An energy balance on the LHP enables the evaluation of the outlet enthalpy of CO,. In

heating mode,
QHP,H,i — WHP,i = Mco, (hHP,in,i — hHP,out,i) (5.10)

and in cooling mode,

QHP,C,Z’ + WHP,z‘ = Mco, (hHP,out,i — hHP,z’n,i) (5.11)
where hpgpini and hypou; are the inlet and outlet CO4 enthalpies on the source side (COq
loop) of the i-th LHP, respectively.

To calculate the LHP supply-air temperature, the ventilation air mass flow rate 7,e,; is

assumed constant because the LHP fans operate at a fixed speed. Therefore, the LHP
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supply-air temperature is computed as follows:

T,;+ M heating mode,
mventcp,air
Tvent,i - Q ' (512)
T,;, — _HPGE cooling mode,

mventcp,air

For implementation, the structure of TRNSYS Type 919 (originally for water-to-air HPs) is
adapted to accept a two phase CO, source. At each time step, inputs are mco,, Arp,in,i, and
Pioop on the source side together with load-side setpoints (T g or T ). The model returns
Q mp,.; and WHp,i consistent with the current lift; then Egs. (5.10) or (5.11) is applied to

compute hip out,i-

5.4.3 Compressor

We adopt the polynomial compressor maps introduced in [14], fitted to manufacturer data for
a semi-hermetic R744 reciprocating unit. The maps calculate power input Wcomp and mass

flow e, as functions of suction pressure P,., discharge pressure Py, and compressor speed
S (Hz):

X=a1+ay-S+az - S*+as-S®+as- Pys+ag- Pl + a7 P,
—|—CL8'Psuc+a9'P2 +(l10'P3 +a11'S'Pdis+a12'S'Pc%is

suc suc

+a13'S'Psuc+a14'S'Ps2

uc

+a15'52'Pdi3+6L16'S2'P3Z-8
+a17'52'Psuc+a18'52'Pfuc+a19'Pdis'Psuc+a20'Pdis'P2

suc

—|—CI,21'sziS'Psuc—l—agg'Pins'PQ (513)

suc

where X is either W, (KW) or 7hc0, (kg/h) depending on the coefficient set.

In this study, we use two compressors that are geometrically similar to the mapped unit but
have exactly half the displacement (one fixed-speed at S = 60 Hz and one variable-speed over
S € [30,75] Hz). Under geometric similarity for positive-displacement machines, volumetric
flow and indicated power scale linearly with displacement at fixed (Pyye, Pus, S). Table 5.1
lists the scaled coefficients used in Eq. (5.13).

5.4.4 Heat exchangers

Heat exchanger geometries, correlations, and solution procedures follow Gholamrezaie et
al. [14]. The model includes a water—CO, plate heat exchanger (OU-HX), an air-CO; heat
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Table 5.1 Compressor model coefficients for half-displacement unit (values are baseline coef-
ficients from [14] divided by two).

Coefficient Power input Mass flow rate

a; 1.19E+41 1.72E4-2
s 3.65E-2 3.68E+0
as -4.37E-4 -3.85E-2
on -9.95E-7 1.19E-4
as -2.96E-3 -9.20E-2
ag 1.46E-7 3.68E-6
ay 3.34E-13 -3.46E-11
as -5.15E-3 -9.20E-2
ag 5.05E-7 1.40E-5
a1p 241E-13 -3.16E-10
a1 1.52E-5 8.50E-5
a2 -7.55E-10 -1.58E-8
a3 -4.25E-5 -6.50E-4
a4 4.81E-9 1.90E-7
ais -8.80E-8 -1.88E-6
a6 6.40E-12 1.54E-10
a 4.63E-7 1.22E-5
arg _5.35E-11 ~1.20E-9
a 1.37E-6 2.21E-5
a20 -1.46E-10 -2.76E-9
a91 -7.05E-11 -1.16E-9
a2 7.85E-15 1.38E-13

exchanger (DSPHTR), and a CO5—COs plate heat exchanger (IHE). Note that a 30% gly-
col-water mixture flows in counterflow with COs in the OU-HX. All heat exchangers are
treated as adiabatic with negligible pressure drop, and the local overall conductance is eval-

uated using the cited, regime-dependent correlations.

In supercritical or superheated operation (gas cooler (GC)), the exchanger is discretized into

n counterflow identical cells and three coupled relations are solved in each cell:
¢ = Mco, (hi—l - hi) (5.14)

where ¢; is the heat transferred in cell i (positive from COy to water), 1o, is the COq
mass flow rate, and h;_; and h; are the CO, specific enthalpies at the cell inlet and outlet,

respectively. The water-side energy balance is written as

Qi = My Cpw (Tw,i - Tw,ifl) (515)
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where 11, is the water mass flow rate, ¢, is the local (assumed constant) water specific
heat, and T, ; and T, ;_; are the water temperatures at the cell inlet and outlet. The cellwise

heat-transfer relation closes the system,

¢ = Uz‘;;l (Tcoz,i — Tw,i—l) (5.16)

where U; is the local overall heat-transfer coefficient, A is the total exchanger area, n is the
number of cells, Tco, ; is the CO, outlet temperature from cell ¢, and T, ;_; is the counter-flow

water temperature at the opposing node. The total heat-transfer rate is then
Q=>4 (5.17)
i=1

where @ denotes the exchanger heat-transfer rate. Boundary conditions are imposed as
ho = hiy, on the COq side and T, ,, = T}, i, on the water side.

When the OU-HX operates as a subcritical condenser, a moving-boundary formulation par-

titions the exchanger into superheated, two phase, and subcooled regions whose areas satisfy
A = Agp + Asat + Asup (5.18)

where A is the total area and Agup, As, and Agy, are the areas assigned to the super-
heated, saturated, and subcooled regions. For each region, the heat rate is evaluated using

an effectiveness—NTU relation,

QTeg = 5Teg C’min,reg (Th,in - Tc,in) (519>

where ¢, is the regional heat-transfer rate and ¢,¢, is the effectiveness. For each thermo-
dynamic region, a specific ¢, relation is used, as introduced in [14]. Moreover, Cyinreg =
min(C, C.) with Chje = 1/cCpp/e the hot/cold heat-capacity rates, and T}, and 1., are
the regional inlet temperatures of the hot and cold streams. The effectiveness follows the

counter-flow formula written in terms of

o UregAreg

C(min re
NTU,,, = L Cppeg = Smrey (5.20)

Cmin,'reg Cmax,'reg

where U,., and A, 4 are the overall coefficient and area of the region. The total heat transfer
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rate of the heat exchanger is the sum of the regional heat rates as follows:

Q= 3 Greg (5.21)

reg€{sup, sat,sub}

When the OU-HX operates as an evaporator, the heat-transfer rate is computed with an

effectiveness-NTU model and enforced consistency with the stream balances,

UA
CYmin

Q = Cuin (Twin — Teopin),  £=1—exp(-NTU),  NTU= (5.22)

Q = mCOg (hout - hzn) = mw Cpw (Tw,in - Tw,out) (523>

where Q is the exchanger heat rate, ¢ is the effectiveness, Cpin = min(C}, C,) is the minimum
heat-capacity rate, T, ;, and Tco,n are the inlet temperatures of water and CO,, NTU is
the number of transfer units, U is the overall coefficient, A is the area, h;, and h,, are the

COq inlet and outlet enthalpies, and T}, . is the water outlet temperature.

The DSPHTR is an air-COs heat exchanger for which a detailed model is not developed in
the present study. Instead, it is assumed that the DSPHTR is appropriately sized to reject
the required heat rate to reach the specified outlet CO4 enthalpy setpoint. This simplification
is motivated by two considerations. First, the DSPHTR is only used in heating-dominant
operation, i.e. under low outdoor-air temperatures, for which the CO, stream to be cooled is
at a substantially higher temperature than the ambient air; under these conditions, adequate
heat rejection can be achieved through a practical design, and the rejected heat rate can be
modulated by adjusting the DSPHTR fan speed. Second, the scope of this work focuses on
the COs-side thermodynamic behavior and supervisory control; fan power and air-side details
are not modeled. As a result, a detailed DSPHTR design would not affect the predicted CO»-

side energy consumption or the supervisory-control conclusions.

The THE is modeled as an adiabatic COy—COy counter-flow heat exchanger, such that all
heat rejected by the discharge stream is absorbed by the suction stream. Therefore, the
two sides satisfy equal and opposite heat rates, which are used to enforce the target suction

superheat.
Qrap.dis = QIHEB.suc (5.24)

QIHE,suc - mCOQ (hsuc,out - hsuqin) (525)
QrrE.dis = Moo, (hdis,in - hdis,out) (5.26)
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where QrrE suc and Qg ais are the suction- and discharge-side heat rates and Ay in/ouws and

Rdis injout are the suction and discharge inlet/outlet enthalpies, respectively.

For implementation, the inputs are the CO5 pressure, inlet enthalpy, and mass flow together
with the water inlet temperature and mass flow; the solvers return the CO, outlet enthalpy
and pressure and the water outlet temperature. Convergence is verified on maximum tem-

perature change between iterations and on a heat-balance residual, consistent with [14].

5.4.5 Ground heat exchanger and borefield sizing

The CO,TN exchanges heat with the ground through a water—glycol secondary loop coupled
to vertical GHX modeled with TRNSYS Type 557a. The component represents U-tube or
concentric-tube exchangers installed in vertical boreholes. Convection inside the pipes is
coupled to radial conduction in the surrounding ground, which is treated as a cylindrical
storage volume. The ground temperature response is obtained by superposition of a global
term, a local term (both advanced in time with an explicit finite-difference scheme), and a
steady-flux analytical term. Given inlet fluid temperature and mass flow from the plant, the
model returns outlet temperature and heat rate each time step. Inputs include undisturbed
ground temperature 7T,, ground conductivity k, and heat capacity, bore radius and depth,
bore spacing, grout and pipe properties (including shank spacing), and fluid properties. These

parameters are taken from the sizing described below and from literature data.

The borefield is sized with the Alternative ASHRAE method [130,131]. Three design ground-
load pulses are considered: a long-term pulse (year-scale), an intermediate pulse (month-
scale), and a short-term pulse (hour-scale). The corresponding pulse durations are denoted

by At,, At,,, and At,. The cumulative end-times of these pulses are then defined as follows:
ty=At,,  ty= Aty + Aby,, b3 = Aty + Aty + Aty
With these definitions the effective ground resistances based on g-functions are

g(ts) — g(ts —t1) no_ g(ts —t1) — g(ts — t2) R, — g(ts —t2)

21k, ’ 21k, ’ 21k,

R, =

The required total borefield length is

_ qy Ry + @ Ry + qn Ry + qn Ry
Tw,in + Tw,out _ Tg
2

L (5.27)

where ¢y, ¢m, and g, are the yearly, monthly, and hourly design ground loads; R is the bore-
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hole thermal resistance; and T, ;, and T, o+ are the design inlet and outlet temperatures of
the secondary fluid at the OU-HX, respectively. Because g-functions already embed thermal

interaction among boreholes, no separate temperature-penalty term is needed in Eq. (5.27).

Loads can be supplied directly or derived from plant loads and COPs. The g(-) values depend
on non-dimensional time and geometry. We evaluate g at t/t, with t, = H?/(9a,), where H is
bore depth and «y is the soil thermal diffusivity; geometry enters through ratios such as s/ H
where s is the center-to-center borehole spacing, and r,/H and through the field layout. The
borehole thermal resistance R, is calculated using the first-order expression of the multipole
equation (Eq. (13) in Ref. [132]). Equation (5.27) is solved iteratively because g(-) depends
on H through t, and the geometry ratios. In practice, the borefield layout and spacing are
first fixed from site constraints, which define the admissible range for the number of boreholes
N, and the allowable borehole depth H. For a chosen value of N, within this range, we (i)
select an initial depth H (so that L = N,H), (ii) evaluate the required g-functions for that
layout at t3, t3 — to, and t3 — t;, (iili) compute R, R,,, Ry, and Ry, (iv) recalculate L from
Eq. (5.27), and (v) update H = L/N,. Steps (ii)—(v) are repeated until L (equivalently H)
changes by less than a prescribed tolerance. If the converged depth H does not satisfy drilling
or site constraints (for example, if it exceeds the maximum drillable depth), a new value of
N, is selected and the procedure is repeated. The final design provides N, per-bore depth
H, spacing, Ry, and material properties, which are then passed to Type 557a_ v2a for use in

the dynamic system simulation.

5.5 Control strategies

The system comprises two layers: (i) packaged LHPs, each with its own refrigerant cir-
cuit and embedded controller, and (ii) a centralized CO,TN that supplies the source side
of all LHPs through a single-pipe loop. Each zone thermostat issues a discrete command
(OFF/HEAT/COOL). In this work, the embedded LHP controllers are assumed to success-
fully track these local commands. The supervisory controller developed here governs the
COy network. Its objective is to operate near system-level optima for the prevailing loads
and outdoor conditions. Controller inputs are the vector of zone commands and the inlet
water temperature to the OU-HX. Controller outputs coordinate the circulation unit: com-
pressor configuration and speed S, network operating mode, loop pressure P, (and Py,

Py as applicable), DSPHTR fan command, and OU water mass flow rate.

A model-based supervisory approach with offline map generation and online lookup is adopted
so that the circulation-unit setpoints can be selected in real time without solving an optimiza-

tion problem. Offline, a validated CO,TN model and equipment envelopes are used to enu-



98

merate representative operating requests, defined by the LHP command vector Uy p together
with the boundary condition T3, ov . For each pair (Ugp, Tw.ov.in), feasible circulation-unit
setpoints © are computed subject to compressor-envelope and system constraints, and the
corresponding performance is evaluated. The resulting best feasible setpoint is stored in a
supervisory lookup table that maps (Ugp, T ouv,in) to the control outputs of the CO,TN.
Online, the supervisory controller reads the current (Ugp, T\ ovin) at each control interval,

retrieves the associated table entry, and applies the stored setpoints to the plant.

Two supervisory methods are proposed in this study to generate the offline lookup table of
circulation-unit setpoints. The first method, referred to as the minimum mass flow (MM)
method, searches for the loop pressure P, that yields the best system performance while
enforcing a strictly two phase CO, loop. Among feasible candidates, the MM method selects
the operating point that satisfies the two phase constraint with the minimum CO; mass flow
rate. The second method, referred to as the temperature-bounded (TB) method, relaxes the
strict two phase requirement and instead constrains the loop temperatures to remain within
+10 K of saturation.

5.5.1 System-level objective and coefficient of performance

Both control strategies select circulation-unit setpoints that maximize the system coefficient
of performance, COP,,,, subject to the equipment envelopes and feasibility constraints. At
a generic operating point, the circulation compressor consumes Wcomp and the i-th LHP
consumes Wy pi (Section 5.4.2). On the load side, the same ¢-th LHP delivers either heating
or cooling to its zone. We denote the delivered heating and cooling rates by Q mpH,; and
Q P, respectively, with the convention that at most one of these two quantities is non-
zero at a given operating point and both are zero when the unit is OFF. With this convention,

the total useful thermal rate delivered by the LHP array is defined as follows:
. nHP . .
Qup = Z (QHP,H,i + QHP,C,i) (5.28)
i=1
The total electrical input to the COTN is
. . nHP .
Wtot = Wcomp + Z WHP,i (529)

i=1

The system coefficient of performance is then defined as

COP,,, = Wirr

(5.30)

tot
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5.5.2 Water-side mass flow at the OU

The OU water mass flow rate, 1, 0u, sets the water-side boundary condition of the OU-
HX and affects the compressor suction and discharge pressures through the achievable heat
transfer. To evaluate the OU-HX consistently during offline map generation and annual
simulations, a water-side operating condition must be specified. In this work, 7, ou is
computed using simple correlations. The objective of these correlations is not to optimize
pumping energy, but to maintain feasible operation with respect to the compressor envelope

over a wide range of distributed load conditions.

A key difficulty in distributed systems is that a single constant water mass flow cannot be
suitable for all LHP activation patterns. If 7, oy is too low, the OU-HX may not be able
to reject (or absorb) the required heat at the specified water inlet temperature, and the
controller may be forced to increase (or decrease) the compressor pressure ratio, which can
push the operating point outside the envelope. Conversely, if 7, oy is too high when only a
small number of LHPs are active, the OU-HX can remove more heat than needed, which can
overcool the CO, relative to the target condition and may drive the corresponding discharge
pressure toward the lower envelope bound. For this reason, the correlations explicitly depend
on the number of active LHPs on the dominant mode, ngp, so that the water flow decreases
when fewer LHPs are operating. The correlations are constructed from a bound on the OU
heat-transfer rate. For a given number of active LHPs, the required OU heat-transfer rate is

estimated as follows:
Qouv = nup QLHP,ref (5.31)

where Q. Hpref is a reference capacity chosen as an upper bound on any individual LHP ca-
pacity (taken as the largest LHP in the case study). This assumption provides a conservative

estimate for each value of nyp.

The OU water mass flow rate is computed in both operating modes from the water-side
energy balance, '
Qouv

Cp,w (Tw,OU,out - Tw,OU,in)

My,0u = (5.32)
where ¢,,, is the water specific heat, T, ovn is provided by the secondary loop, and the
OU heat rate is conservatively estimated from Eq. (5.31). For the extreme combinations of
(Tw.0v,in, nup) considered in this study, the only unknown in Eq. (5.32) is therefore the outlet
water temperature T, oveue. In this work, T3, ov,out is determined through a one-dimensional
search using the OU-HX model evaluated at limiting conditions (i.e. edges of the feasible

operating domain), such that the resulting 7, oy remains feasible over the full range of
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operating points encountered during annual simulations. Once this search is completed, a

conservative value of Ty, ovout 1s selected and fixed for each operating mode.

In cooling-dominant operation, the OU-HX acts as a gas cooler. The search for T}, ovout
is conducted under cooling-limit conditions representative of the loop-pressure bounds and
compressor-envelope edges, while enforcing numerical convergence of the GC model and a
COg outlet condition consistent with the supervisory temperature bounds. A conservative
value of Ty ovout 15 then selected and fixed for cooling mode, and the corresponding 1, ov

follows from Eq. (5.32) during map construction and annual simulations.

In heating-dominant operation, the OU-HX acts as an evaporator. The search for T3, ov ous is
conducted under heating-limit conditions, including the most restrictive suction-side operat-
ing point on the compressor envelope, while enforcing numerical convergence of the evaporator
model and the evaporator outlet requirement (fully evaporated COs at the prescribed suction
condition). A conservative value of Ti, o out 18 then selected and fixed for heating mode, and

the corresponding 1, ou is computed from Eq. (5.32).

The resulting water-flow curves used in the case study are reported in Section 5.6.1. It is
worth noting that beyond feasibility, 7, o also directly influences the compressor operating
pressures because it sets the OU-HX water-side approach temperature and therefore the
attainable CO outlet condition. In cooling-dominant operation, increasing 1, or generally
improves the gas-cooler heat rejection for a fixed 7T, ov,in, Which can reduce the discharge
pressure required to satisfy the supervisory COy outlet constraint. In heating-dominant
operation, increasing 1, oy improves the evaporator heat absorption, which can relax the
suction-side requirement by enabling the target evaporator outlet state to be achieved at
a higher suction pressure (i.e. less restrictive low-pressure operation) for the same Ty, ovin.
These benefits, however, come at the expense of higher secondary-loop pumping power, which
would reduce the overall system COP when included. Because this study focuses on CO,-
side operation and the secondary-loop pump was not modeled, 71, oy is not optimized with
respect to pumping energy; instead, it is selected conservatively to ensure feasibility across
the operating domain. A systematic optimization that trades off compressor electricity and

secondary-loop pumping power is therefore left for future work.

5.5.3 Dual-compressor coordination (circulation unit)

Circulation of CO, is provided by two compressors: a variable-speed (VS) unit driven by
an inverter, with speed S € [30,75] Hz, and a fixed-speed (FS) unit operating nominally at
60 Hz. The variable Urg € {0, 1} denotes the on/off command of the fixed-speed compressor,
with Upg = 1 when the F'S compressor is enabled and Upg = 0 when it is disabled.
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The coordination between the two follows a staged logic. Operation starts with the F'S unit
off (Urs = 0) and the VS compressor running at its minimum speed (S = 30 Hz). As the
required CO4 mass flow increases, the VS speed is ramped up towards 75 Hz. If the maximum
VS speed is reached and additional flow is still required, the F'S compressor is switched on
(Ups = 1), the VS speed is reset to 30 Hz to avoid an excessive overshoot in mass flow,
and then the VS speed is increased again as needed. When the required mass flow decreases
from a two-compressor operating point, the reverse sequence is applied. The VS speed is
first reduced down to its minimum value of 30 Hz while keeping the F'S compressor on. If a
further reduction in mass flow is needed, the F'S compressor is switched off (Urs = 0) and
the VS compressor is temporarily set to 75 Hz to compensate for the lost displacement, after
which the VS speed is ramped down as required to meet the lower flow demand. In this way,
low and medium flow demands are covered by the VS machine alone, while the FS unit is
engaged only for high-flow operation. The step changes in CO; mass flow associated with

enabling or disabling the F'S compressor are accepted in this study as a practical compromise.

The CO5 mass flow rate, and the corresponding compressor work is expressed as follows:

mCOQ(SJ Psum Pdi37 UF'S) = X(S, Psum Pdis) + UFSX(60 HZ; Psua Pdis) (533)

Wcomp(Sy PSUC7 Pdi57 UFS) = X(S7 PSUC7 Pdis) + UFSX(60 HZ7 Psuca Pdis) (534)

where X (S, Psyc, Pais) is the compressor map defined in Eq. (5.13).

5.5.4 Minimum-mass-flow method (MM)
Control problem

For a given LHP command vector Ugp € {—1,0,+1}" (HEAT/OFF/COOL) and OU-
HX inlet water temperature T;, ov,in, the MM method treats the loop pressure P, as the
decision variable and selects the operating point that maximizes the system efficiency. For
each candidate value of P, the loop inlet state is closed by enforcing strictly two phase
operation and by computing the corresponding minimum CO; mass flow rate g, required
to accommodate the aggregate heat exchange along the COs loop. This minimum mass flow
is therefore enforced through the model closure (i.e. as an equality constraint) while COPgyq
remains the objective used to select the best feasible Pj,,,. The decision vector is expressed

as follows:
0 = {-Ploop;Psucanisusu UFS7MOde} (535>

where © is the decision vector. The corresponding optimization problem is as follows:
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max COPgu(©,Unp, Ty ovin)

-Ploop

s.t. h:(n,loop = fl(B(wpa UHP)

mE'OQ = fZ(Ploozn UHP)

(5.36)
(Psue, Piis) € Ecomp
S € [30,75] Hz
Urs € {0,1}
where hj, ,,, is the target loop inlet enthalpy, mg, is the corresponding minimum loop mass

flow rate, and Ecomp is the compressor envelope. Note that, in this problem, the only free
variable in Eq. (5.35) that is optimized is P,.p; f1 and fy are equality constraints evaluated
using Eqgs. (5.39)-(5.42).

Offline map construction

For a candidate loop pressure P, the saturation temperature Tyq(FPloop) sets the effective
source temperature seen by all LHPs. For each zone i, the LHP model (Sec. 5.4.2) provides
the signed heat exchange with the COy loop, Qloom, as defined in Eq. (5.9). Traversing the

zones in their physical single—pipe order yields the cumulative net heat exchange as follows:
Qnet,i = Z Cgloop,j (537)
j=1

We define
H = |miin(Qnet,i)|7 O = ’m?X<Qnet,i)| (538>

as the maximum absolute net cumulative heat extracted from the loop (heating branch) and
injected into the loop (cooling branch), respectively. Let hs(Ploop) and hy(Poep) denote the
saturated-liquid and saturated-vapor enthalpies at Fj,.,. The inlet enthalpy that minimizes

the loop mass flow while keeping the loop two—phase is the weighted average

* _ hg(PIOOP) H + hf<Plooz?) C
in,loop — H + C (539)
with inlet quality as follows:
het00p — 17 (Pioo
in,loop f( l P) c (0’ 1) (54())

Tin,loop =
" hg(Pioop) = hy(Pioop)
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and targeted minimum CO, mass flow as follows:

H C
mr = = 541
O = i (Pow) g (Poug) — I (5.41)

in,loop ~ in,loop

In the limiting cases of all-cooling (H — 0) or all-heating (C' — 0) the mass flow is defined

as follows:

C

. x h (Ploo>_hf(Ploo>,
Mgo, =14 i g (5.42)

, C — 0 (all-heating)
hg(Ploop) - hf(Ploop)

The pressure pair (Pyye, Pais) is computed from the candidate loop pressure P, and the tar-

H — 0 (all-cooling)

*
in,loop*

dominant and heating-dominant operation, the corresponding pressure-closure relations are

get loop inlet enthalpy A Because the circulation configuration differs between cooling-
defined on a mode-specific basis. The operating mode is selected according to the criteria

introduced in Section 5.3.2.

In cooling-dominant operation, the COs loop is on the low-pressure side; therefore, the

compressor suction pressure equals the loop pressure,
Psuc - Ploop (543)

The loop inlet state corresponds to the GC outlet, and the expansion to Py, is assumed

isenthalpic. Hence, the loop inlet enthalpy is related to the discharge pressure as

’?n,loop - hout,GC(Pdis) (544)

where hoy o is the COq enthalpy at the GC outlet computed by the heat-exchanger model for
the current water-side conditions. The discharge pressure Py, is obtained by solving (5.44)
for Py using a one-dimensional root-finding method, with the admissible search interval
restricted to the compressor envelope (Pisye, Pais) € Ecomp (With Py, fixed by Eq. (5.43)).

In heating-dominant operation, the cycle is subcritical and the discharge pressure equals the
loop pressure,
Pdis = Ploop (545)

The receiver at the loop outlet separates the return flow into saturated vapor and saturated

liquid. Therefore, the liquid stream leaving the receiver is saturated at P.p; thus, the
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evaporator (OU-HX) inlet enthalpy is

hin,evap = hf(Ploop) (546)

and the expansion to P, is isenthalpic. The suction pressure is obtained by enforcing

saturated vapor at the evaporator (OU-HX) outlet. Accordingly, P, is defined by

hout,evap(Psuc) = hg(Psuc) (547)

where hout evap(Psuc) 18 the evaporator outlet enthalpy calculated by the OU-HX evaporator
model for the given inlet state and water-side conditions, and h,(Ps,.) is the saturated-
vapor enthalpy at Py,.. Therefore, P,,. is calculated using a root-finding method, with the
admissible search interval restricted to the compressor envelope.

Finally, in heating-dominant operation the loop inlet enthalpy 17, ;..
of the discharge-side heat exchangers (DSPHTR followed by IHE). The IHE extracts the
amount of heat required to ensure suction superheat at the compressor inlet (Q 1aE). Because
the DSPHTR precedes the THE on the discharge line, the DSPHTR rejects the remaining

discharge-side heat required to match the target loop inlet enthalpy h

is the state downstream

*
in,loop’

which yields as:
Qpsprrr = (Moo, * (hais — tndoop)) — Qrure (5.48)

Here, Qpsprrr is modulated by regulating the DSPHTR fan speed on the air side.

Once A}, 1,0, and mgo, have been determined for a given Py, the pressure closure relations
specified above provide the corresponding pressure pair (Psye, Pyis). The remaining task is
then to select the compressor staging and speed commands (S, Upg) that deliver a COy mass
flow rate as close as possible to the target 1o, while respecting the compressor limits.
First, the fixed-speed (FS) compressor command is determined for the known pressure pair

(Psuc, Fuais) and the target g, as follows:

O mgoz S X(75 HZ? Psuc> Pdis)
Upg = (5.49)

1 otherwise

where X (S, Psye, Pais) is the compressor mass flow map (Eq. (5.13)). In the second step, the
VS compressor speed S is chosen so that the total delivered mass flow matches the target
Mg, as closely as possible while respecting the admissible speed range. Let X _1(-, P, Puis)

denote the inverse of X with respect to S at fixed (Pisye, Puis), i-€. it returns the speed required
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for the VS compressor to deliver a specified mass flow. The VS speed command is therefore

computed by subtracting the FS contribution from the target and inverting the VS map:
S = clip(X ! (i, — (Urs - X (60 Hz, Paue, Piis)), Peue: Puis) 30, 75) (5.50)

The realized loop mass flow rate mco, can differ from the target value 1, because com-
pressor staging is discrete and the VS speed is bounded. This mismatch occurs in particular
around the transition between one-compressor and two-compressor operation. The staged
logic enables the F'S compressor only after the VS compressor reaches 75 Hz, and the logic
resets the VS speed to 30 Hz when the F'S compressor is enabled. As a result, the minimum at-
tainable two-compressor mass flow equals X (60 Hz, Py, Pyis) + X (30 Hz, Py, Pys), whereas
the maximum attainable one-compressor mass flow equals X (75 Hz, Py, Pyis). Any target in
the interval cannot be matched exactly by the staged actuation, and the implemented mass

flow becomes larger than the target.

The optimization problem (5.36) is solved offline by treating P, as the main decision
variable. For each input pair (Ugp, Ty ouv,in), & discrete set of loop pressures, Py, €
[4.7,6.7] MPa in 0.2 MPa increments is scanned. At every candidate Py, the quantities
indoops Tindoop, and mge, are computed from Egs. (5.39)-(5.42). The rest of the corre-
sponding decision vector O, (P, Pus, S, Urg) is obtained by solving the heating or cooling

pressure closure (Egs. (5.44), (5.47)); and the resulting COPj, is evaluated using Eq. (5.30)

Once (5.36) is solved for a given pair (Ugp, Ty ov,in), the corresponding decision vector ©*
along with COPg,, are stored as the minimum-mass-flow operating point for that condition.
Repeating this procedure over all combinations of the LHP command vector Ugp and the
OU-HX inlet water temperature 1., ou.in, With T3, ovin varied from 5 to 25,°C, produces the
lookup table used by the supervisory controller. The resulting lookup table is defined as
follows:

Tt = {UHP,Tw,OU,m, e, copzys} (5.51)

Online lookup

During system operation, the controller reads the current zone-command vector Ugp and
the measured OU-HX inlet water temperature T3, op,in, retrieves the corresponding entry in
TuM, and applies the stored setpoints ®* to the circulation unit. The integration of Ty
into the annual TRNSYS simulations is described in Section 5.6.2.
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5.5.5 Temperature-bounded method (TB)
Control problem

The temperature-bounded (TB) method relaxes the strict two phase requirement of the MM
strategy while maintaining the operation by constraining the loop temperature to remain in
a narrow band around saturation. The decision vector is the same as for the MM method
(Eq. (5.35)). For a given LHP command vector Ugp and outdoor unit inlet water tempera-

ture T, ov.in, the supervisory problem is defined as follows:

max COP,ys(®,Unp, Tw.0v,in)

S.t. THP,i,out(G)

v

Tsat,f(Boap) - AT

THP,i,out<@) < Tsat,g(Ploop) + AT

(5.52)
(PSUC7 Pdis) S gcomp

S € [30,75] Hz
Urg € {O, 1}

where Thp ;i ou is the COq outlet temperature of LHP ¢, T4 5 and Ty, 4 are the saturated
liquid and saturated vapor temperatures at Py, and AT = 10 K defines the temperature
bounds. The choice AT = 10 K is motivated by the circulation compressor recommendation
adopted in this study, which targets approximately 10 K of suction superheat for stable
operation. This superheat can be provided partly by the IHE and partly by the loop itself
when the loop exits the LHP array in a mildly superheated state, in which case the required
IHE contribution is reduced. The TB method therefore imposes symmetric bounds of +10 K
around saturation so that the upper bound permits up to 10 K of superheat, while the lower
bound allows an equivalent margin on the subcooled side. In words, the TB method seeks
the most efficient operating point whose minimum and maximum loop temperatures remain
within AT of saturation.

Solving Eq. (5.52) directly in real time would require exploring many combinations of Py,
Pse, Pyis, S and Upg and repeatedly calling the detailed component models. To make the
problem tractable, the procedure is decomposed into two stages. First, a base table is con-
structed that maps a representation of the loop heat exchange and a candidate compressor
operating point to the corresponding system COP, while enforcing the compressor envelope.
This base table acts as a discretized surrogate model of the circulation unit: it is generated

once, without reference to any particular LHP array or OU-HX inlet temperature, and de-
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pends only on an aggregated six—component heat exchange vector Q and the compressor
settings. As a result, it can be built at relatively low computational cost and reused for any
building configuration. Second, this base table is combined with the full system model to
solve Eq. (5.52) for all relevant combinations of (Ugp, Ty ov.in), vielding a final supervisory
table that has the same structure as the MM lookup table and is the only object queried at

the online stage.

Surrogate model

The base table implements the mapping described as follows:

(Q.©) — (COPyys, T, Tonae) (5.53)

where © = {Piop, Psucs Pais; S, Urs, Mode} is the decision vector, and the vector of Q is

defined as follows:

Q = [QC,suba QC,2¢7 QC,supa QH,sub> QH,2¢>7 QH,sup] (554)

where QC,suba QQ%, and chsup denote the net heat rejected to the COy loop by all zones
operating in cooling while the loop state lies in the subcooled, two phase, and superheated
regions respectively. Likewise, Q H subs Q H.2¢, and Q i sup denote the net heat extracted from
the loop by all zones operating in heating in the same three regions. By convention, Qc,r >0
and QH,T < 0 for r € {sub, 2¢,sup}. This six component preserves the information required
by the surrogate model: it determines the extreme enthalpies (and therefore Ty, and Thyax)
used to enforce the temperature bounds, and it provides region-wise representative loop

temperatures used by the LHP performance model.

For a given pair (Q, ©), the system COP is evaluated using Eq. (5.30), but with an explicit
decomposition of the LHP electrical power by thermodynamic region. The dual-compressor
maps provide the circulation power and the CO5 mass flow rate from Eqs. (5.33), (5.34).

Representative loop temperatures are assigned to each region as follows:

T2y = Teat(Proop) (5.55)
Tsub = %[T(Ploopa mm) + T(Ploopa h )} (556)
Tow = 3| T(Pioops hg) + T( Ploop: imas )| (5.57)

where Thg, Tsup, and Ty, are region-wise CO4 loop temperatures for the two phase, subcooled,

and superheated regions, respectively. Tit(Pop) is the saturation temperature at the loop
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pressure Py, and T'(P, h) denotes the CO5 temperature obtained from the equation of state
at pressure P and specific enthalpy h. The extrema h,;, and Ay, denote the minimum
and maximum specific enthalpies reached along the loop for the considered operating point
(defined below), so that Ty, averages the temperatures associated with Ay, and hy, and

Tyup averages those associated with i, and Amax.

These temperatures represent the arithmetic average of the enthalpy endpoints in each single
phase region, and the saturation temperature in the two phase region. The corresponding
heating and cooling COPs for each region are obtained from Egs. (5.2) and (5.5). Using the

notation in Eq. (5.54), the region wise electrical inputs are written as

1 QC T T QH r
Wapcor = : , |44 p=— : 5.58
HPCT = COPG(T}) + 1 HLH, COPy(T,) — 1 (5.58)
The total LHP electrical power (Wyp) is then calculated as follows:
Wyp = > (WHP,C,r + WHP,H,r) (5.59)

re{sub,2¢,sup}

The overall performance metric used in the table is calculated from Eq. (5.30).

To build the base table, the variables Q and © are swept over discrete grids while enforcing
compressor constraints, together with a cap on the total exchanged heat. Under the assump-
tion that the loop inlet always lies in the two—phase region, the most subcooled and most

superheated enthalpy levels reached anywhere along the loop can be written directly in terms
of Q as ' .
hmin = hf + @7 hmax = hg + @ (56())
mco, Mco,
where hf(Ploop) and hy(Pep) are the saturated-liquid and saturated-vapor enthalpies at

Poop. The corresponding extreme loop temperatures,
Tmin - T(Ploopa hmin)a Tmax = T(Boop; hmax) (561)

approximate the minimum and maximum COy temperatures seen at the LHP outlets. The

first stage therefore constructs a base table as follows:
7I)ase - {Qa 97 COPsysa Tmin; Tmax} (562>

which stores the discrete mapping (Q, O) — (COPyys, Tinin, Trnax)- This table is built on a
Cartesian grid of candidate compressor settings: P, € [4.7,6.7) MPa in 0.2 MPa steps,
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S € {30:7.5:75} Hz with different compressor configurations, and, depending on the mode,
Pyis € [7.5,13.5] MPa for cooling or Py, € [2.2,4.9] MPa for heating. At each grid point, the
dual-compressor maps provide mgo, and Wcomp, and all combinations of Q are enumerated
on a quantization grid Aqg = 1 kW while limiting the total magnitude of the net heat exchange
to Qo+ |Qu| < 25 kW. For each candidate Q the enthalpy levels A, and Apax are evaluated
using Eq. (5.60), the temperatures Ty, and Thay follow from Eq. (5.61), and the envelope
(Psucs Pais) € Ecomp are checked. When all constraints are satisfied, COPjy is computed from
Eq. (5.30), and the corresponding row is stored in Tps. This yields a dense surrogate mapping
(Q, ©) — COP;,, that already respects compressor constraints and remains independent of

the particular building and LHP configuration.

Offline map construction

In the second stage, the base table is combined with the full system model to solve the opti-
mization problem stated in Eq. (5.52) for all relevant combinations of inputs (Ugp, T ov,in)-

The objective is to obtain a final table as follows:
Tiw = {Unp. Tuovin: ©°, COP,,, | (5.63)

which has the same structure as the MM lookup table.

For any candidate decision vector ®, the full circulation and loop models are evaluated for the
respective input (Ugp, Ty .ouv,in). This evaluation returns the COy mass flow rate meo, and,
for each active LHP i, the inlet and outlet CO, enthalpies along the loop, (hgp inis Rupout,i),
at (Pioop, Mco,). The resulting enthalpy evolution is then recast into the six-segment heat-
exchange representation used by the base table. At fixed Py, the saturated-liquid and
saturated-vapor enthalpies are denoted by hy and hy, which define the subcooled (h < hy),
two phase (hy < h < hy), and superheated (h > hy) regions. The segment-wise loop heat

exchanges for each active LHP ¢ are defined as follows:

Qsubi = Mco, | min (hf7 hHP,out,i) — min (hf, hHP,m,iﬂ (5.64)
Q26 = Mc0, |ip(hipouti; by, hy) — clip(hap.ini; by, hg)] (5.65)
qup,i = Mmco, | max (hga hHP,out,i) — max (h97 hHP7in,i):| (5.66)

so that
Qsubi + Q20,0 + Qsup,i = Mco,(hup.outi — hip in,i)
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When zone i operates in cooling mode (Uyp; = +1), the enthalpy rise satisfies hyp out; >
hp ini and the three components in Egs. (5.64)-(5.66) are positive, representing heat rejected
to the loop. In heating mode (Upp; = —1), hupouwi < hup,n; and the same expressions
yield negative values, representing heat extracted from the loop. To match the full model
with the base table, we form the model computed (continuous) exchange vector Q,, which
has the same ordering and physical meaning as Q in Eq. (5.54). The resulting six component

vector associated with (©,Ugp, T\ ou,in) is then obtained as follows:

Qm(®7 UHpaTw,OU,in) = {QC,suba QC’,?(;S’ QC,supu QH,SUb? QH,2¢>; QH,sup} (567)

This definition is consistent with the representation used in the base-table stage and provides

the continuous vector Q,, for the given inputs.

To populate Trp for each input pair (Ungp, Ty ov.n), the algorithm in Fig. 5.5 proceeds as

follows. An initial decision vector ©®? is first computed using Eqs. (5.37)-(5.50), in which a
(0,0)

nominal loop pressure P,,;,

= 5.2 MPa is assumed to close the initialization. The full system
.. (0,0 . 0,0 0,0
models are then evaluated at ©%% to obtain m(cog) and the enthalpy pairs (hﬁg P,)mﬂ-, h&, P?Out’i),
from which the continuous exchange vector Q%% is computed using Eq. (5.67). Each com-
ponent of QES?O) is projected onto the discrete Aq grid to define the initial target vector QZ(?O).

We denote this quantization (projection) operator as follows:

ITa,(x) := Aground(x/Aq) (5.68)

so that QISO) = Ilaq (Qfg’o)). As shown in Fig. 5.5, the algorithm uses two nested itera-
tions. The outer index n counts successive updates of the discrete target vector Q, used to
subsample Tp.se, Whereas the inner index k& enumerates the ranked candidate settings ek
retrieved for a fixed target. For the first outer iteration, we set n = 1 and use Q]()O) as the
initial target, i.e. Qé”fl) = Q;()O). A subset of rows in Tpaee satisfying Q = Q}()”*U is first
selected (subsampled) and then ordered by decreasing stored COPj,,, yielding an ordered

list of candidate compressor settings {@™H1.

The candidates are then tested sequentially, starting from the first ranked row (k = 1). For
each candidate ®*) the full loop model is re-evaluated under the current (Ugp, Tw.0U,in)
while using the corresponding OU water mass flow rate m,, oy calculated as described in
Section 5.5.2. The simulation returns m%’?, the updated enthalpy pairs (hg’;)ml, hgﬁ)out,i),
and the associated continuous exchange vector Q*) computed again from Eqs. (5.64)-(5.67).

It also provides COPgZ’Sk) and the loop extrema temperatures Tr,, and T ax.

For each candidate ®(*) feasibility also requires numerical convergence of the heat ex-
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changer models under the imposed water-side boundary conditions. In cooling-dominant
operation, specifying ®™F) fixes chg’k); the GC model must then converge with respect to
the water-side boundary condition such that the resulting CO5 outlet state from the GC is
consistent with the CO, loop constraints. In heating-dominant operation, specifying @ ()
fixes P(%¥): the EVAP model must converge with respect to the water-side boundary condi-
tion such that the CO5 stream fully evaporates and reaches the saturated-vapor condition at
the evaporator outlet at PU%*). If any of these feasibility checks fails (e.g. no convergence or
violation of bounds), the candidate is rejected and the search proceeds to the next ranked

row (k< k+1).

Once a candidate ©™" satisfies (i) heat-exchanger model convergence under the imposed
water-side boundary condition, (ii) the temperature bounds in Eq. (5.52), we then project
the resulting continuous exchange vector onto the Aq grid to obtain Q](J”) = Ilaq (Qg}k», and
compare it to the target used to subsample Ty, in the current outer iteration, i.e. Ql()”_l).
It QI()”) = Q](D”_l), the candidate is accepted and taken as the solution of Eq. (5.52) for that

(Unp, Twoun), and its decision vector " together with COP;, ; are stored in Trp.

SYs
Otherwise, if pr”) #+ QZ()"_I), we update the target by setting Qé”_l) — Qé”), increment the
outer iteration (n <— n + 1), subsample Tpase again using the updated target QI(,”*U, and
restart the ranked search from the first row (k <— 1). This outer-loop update is repeated

until the projected target remains unchanged between successive outer iterations.

Online lookup
Once Tt has been constructed, at each timestep, the controller reads the current inputs,

(Unp, Twovin) and selects the corresponding decision vector in Trg.

5.6 Results and Discussion

5.6.1 Case study

The proposed supervisory control is evaluated on a small office building located in Montréal,
Canada. This section summarizes the case-study configuration, including the building layout,
zone thermal capacities and annual loads, LHP sizing, the OU water-side flow used in the

simulations, and the sizing of the ground heat exchanger.
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Figure 5.5 TB method flowchart

Building layout and zone loads

The floor plan comprises five thermal zones: four perimeter zones (West, South, East, North)

surrounding a Core zone (see floor plan in Fig. 5.6). Zone floor areas (A) and thermal
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capacities C, are given in Fig. 5.6. A single-pipe distribution loop supplies the zones in series
and then returns to the RVCC. Annual zone loads follow Tamasauskas et al. [133] and are

summarized in Table 5.2, where H and C denote heating and cooling, respectively.
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Figure 5.6 Floor plan of the office building

Table 5.2 Load characteristics (adapted from Tamasauskas et al. [133]) H: heating; C: cooling

West South East North Core
Metric H C H C H C H C H C
Total demand (kWh) 2050 2813 2198 5122 1849 2773 3020 3732 1014 6070
Peak load (kW) 33 42 51 44 33 38 53 34 42 3.7

Total demand duration (h) 3692 2482 2263 4074 3352 2816 2585 3722 1267 4885

Each thermal zone is served by a LHP. To guarantee that the zone peak loads in Ta-
ble 5.2 are met, the LHP capacities were sized so that, at their rated source temperatures
(Thoopratea = 15 °C), each LHP can supply the corresponding peak load (see Sec. 5.4.2 for the

map formulation).

Outdoor-unit water mass flow for the case study

To run annual TRNSY'S simulations for the five-zone case study, the OU secondary-loop mass
flow rate 7, ou is prescribed as a set of conservative setpoints parameterized by the OU-HX
inlet water temperature T, oui» and by the instantaneous activation level of the LHPs. In
the present implementation, the activation level is represented by the number of active LHPs
in the dominant mode, denoted by ncee in cooling-dominant operation (OU-HX acting as a

gas cooler) and nye,q in heating-dominant operation (OU-HX acting as an evaporator).



114

The setpoints were constructed offline using the detailed component models to ensure that,
over the expected range of T, ov.n and activation patterns encountered in the case study,
the circulation unit can be operated within the compressor envelope with stable OU-HX
convergence. It is worth mentioning that the water mass flows are not optimized. They
are therefore used only to provide a conservative secondary-loop boundary condition for

comparing the MM and TB supervisory strategies under identical assumptions.

Figures 5.7 and 5.8 report the water mass flows used in the annual simulations. In cooling-
dominant operation (gas-cooler side), the required 7, oy increases with ne.e and depends
on Ty, ov,in through the available water-side temperature driving force. In heating-dominant
operation (evaporator side), 11, or increases with npe.t and shows the corresponding sensitiv-
ity to Tiy.ov,in- A systematic optimization of these setpoints that explicitly accounts for the
trade-off between reduced compressor work and increased secondary-loop pumping energy is

left for future work.

0.8
—e— T, ov,in = 5°C
—_— Tw,OU;in =10°C
Tw,OU?in - 1500
06 r|—e— Tw,OUA,in - 2000
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0 X . . .
0 1 2 3 4 )

Active LHPS, n¢ool

Figure 5.7 Cooling-dominant (GC side): gas-cooler source-side water mass flow rate as a
function of the number of active LHPs in cooling mode for different supply temperatures

Ground heat exchanger sizing

The OU is a water—glycol loop coupled to a vertical GHX. It is sized to maintain the borehole
outlet temperature within 5—25 °C while supplying the total load of the CO,;TN used in this
study, with an undisturbed ground temperature of T, = 10.5 °C in Montréal, Canada [134].
Sizing of the GHX follows the Alternative ASHRAE method (Sec. 5.4.5) and the resulting
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Figure 5.8 Heating-dominant (EVAP side): evaporator source-side water mass flow rate as a
function of the number of active LHPs in heating mode for different supply temperatures

geometry and properties are passed to Typeb57a_v2a for the dynamic simulation. Table 5.3

summarizes the design inputs (soil, fluid, borehole, and field layout).

5.6.2 Implementation framework

The MATLAB tables are embedded in TRNSYS through a dedicated component (“RVCC &
Control”), as illustrated in Fig. 5.9. At each simulation time step, this component receives the
thermostat commands from the five zones (Uyp) and the current water temperature provided
by the secondary borehole model (Type 557a). To ensure a consistent match to the discrete
operating-map grid, the borehole-side temperature used for the query is rounded to the
nearest 0.1°C. Using (Uyp, T,,) as the lookup key, the component retrieves the corresponding

row of the control table.

In addition to the supervisory decision vector @, each table row stores the associated precom-
puted CO, operating states which required by the TRNSYS plant components. In particular,
the retrieved row provides the COs loop mass flow rate 7o, and circulation-compressor
power Wcomp, as well as the loop inlet enthalpy A, i00p- The same row also provides the
OU-HX water-side setpoints/outputs (e.g. Ty ov.0ut and 1) consistent with that operating
point. These precalculated quantities are then passed directly as inputs to the remaining
TRNSYS components representing the CO, loop and the LHP array. With this structure,
TRNSYS resolves the building and borehole dynamics over the full year while the circulation-
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Table 5.3 Borefield parameters (Alternative ASHRAE method)

Quantity (symbol) Value Unit
Ground properties

Ground conductivity k, 265 Wm'K!
Ground diffusivity « 0.08 m?/day
Undisturbed ground temperature 7, ~ 10.5 °C
Fluid & LHP bounds

Thermal conductivity &y 043 Wm1K!
Dynamic viscosity iy 0.01 kgmts™!
Heat capacity ¢, r 3800 Jkg'K!
Density py 1030 kgm™3
LHP inlet range T}, up 5-25 °C
Borehole & grout

Bore radius r 0.08 m
Buried header depth D, 2.0 m
U-tubes per bore Ny 2 -
Pipe inner radius 7, 0.028 m
Pipe outer radius 7p oy 0.030 m
Shank spacing Ly 0.10 m
Grout conductivity kg, 1.50 Wm K™t
Borefield layout

Layout Ny, X Ny, Hx1 -
Bore spacing s 7.5 m
Per-bore depth H 127.3 m
Total length Ly 636.5 m

unit operating point is enforced through the lookup-based supervisory layer.

5.6.3 Performance metrics

The system is simulated over a finite time horizon of duration N using a fixed time step
At. Discrete times are defined as t, = kAt for k = 1,..., Nyep, where Ny, = N/AL. At
each step k, heat rates and electrical powers are evaluated at ¢, in kW, and time-integrated

energies are reported in kWh.

Zones are indexed by ¢ = 1,...,n, where each zone is served by one LHP. For each zone ¢, the
delivered heating and cooling rates are denoted by apmi(ty) and Qu p.c.i(ti), respectively,
with the convention that at most one of these two quantities is non-zero at a given time

step (and both are zero when the LHP is OFF). The corresponding LHP electrical power is
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Figure 5.9 TRNSYS Simulation Studio

Wiapi(ty), and the circulation-compressor power is Wcomp(tk).

Time-step COP

At each time step, the total useful thermal rate delivered by the LHP array is

npgp

Qup(ty) = > (QHP,H,i(tk> + QHP,C,i(tk))

i=1
and the total electrical input is
. . nHP .
Wtot(tk) = Wcomp(tk:> + Z WHP,'L' (tk)
i=1
The system coefficient of performance is therefore
Qup(t)

COPyys(ty) = Wtot(tk) 7
07 Wtot(tk) =0

Wtot(tk) >0

which is consistent with the system-level definition in Eq. (5.30).
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(5.69)

(5.70)

(5.71)
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Annual overall Seasonal Performance Factor (SPF)

The annual (heating and cooling) system Seasonal Performance Factor is defined as

Qu+ Qc
Wcomp + WLHP

SPFyysann = (5.72)
where Qg and ()¢ are the annual delivered heating and cooling energies, and W, and
Wyrpp are the corresponding annual electrical energies. These quantities are obtained by

time-summing the instantaneous rates:

Nstep ngp

Qu = Z Z QHP,H,i(tk)At (5.73)
k=1 i=1
Nsteanp

Qc =Y. > Qupci(ti) At (5.74)
k=1 =1
Nstep

Wcomp = Z Wcomp(tk) At (575)
k=1
Nstep nygp

Winp =Y. > Wapi(ty) At (5.76)

k=1 i=1
5.6.4 Time-based analysis in TRNSYS

We simulate the CO3TN for one full year with a fixed half-hour time step (At = 0.5 h) to
resolve transient operation under mixed heating and cooling demands for the office building
described in Section 5.6.1. At each step t, the system coefficient of performance COP,y,
is computed from Eq. (5.71). Seasonal performance is obtained by time-integration of the
thermal and electrical rates in Egs. (5.73)-(5.76), yielding the annual overall SPF ann. We
compare two supervisory strategies: a minimum-mass-flow (MM) controller that seeks to re-
duce CO; circulation while meeting constraints, and a temperature-bounded (TB) controller
that constrains the loop temperature to a narrow band around the saturation temperature

at the selected loop pressure.

Figure 5.10 compares the COP,, distributions for the two supervisory strategies. The vio-
lin shapes visualize how frequently each COP level occurs over the year, showing that the
TB strategy shifts the distribution toward higher COP and places more operating time in
the high-efficiency region, while still retaining a smaller low-COP cluster under constrained
conditions. The internal markers denote the first quartile (¢)), median, and third quartile
(Q3); the interquartile range (IQR) equals @3 — @)1 and measures the width of the middle
50% of the distribution.
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Figure 5.10 System COP distributions for the two supervisory strategies

Table 5.4 reports the corresponding descriptive statistics and shows a systematic upward
shift of the COP distribution with the TB method. The mean COP rises from 3.075 to 3.754
(22.1%), reflecting broad improvement across operating conditions. The median increases
from 2.950 to 4.268 (44.7%), showing that the typical operating point moves into a more
favorable thermodynamic regime. The upper quartile moves from 3.582 to 4.650; accordingly,
the fraction of COP time steps with COP;,s > 4 increases from 8% under the MM method to
55% under the TB method. At the same time, the IQR enlarges from 1.135 to 1.953; because
both quartiles shift upward, this wider IQR indicates a broader central band of high-efficiency
operation rather than dispersion driven by outliers. These instantaneous gains accumulate
over the year. Aggregation with Eqs. (5.73)-(5.76) yields SPFgys ann = 2.98 for the MM
method and SPF gy gny = 3.65 for the TB method (22.3% improvement).

Table 5.4 Descriptive statistics of COP over time steps

Dataset n  Mean Median Q1 (25%) Q3 (75%) IQR  Min-Max

COPyr 6,887  3.075  2.950 2.447 3.582 1.135 1.823-5.909
COPrp 6,884 3.754  4.268 2.697 4.650 1.953 1.951-5.845

To compare the control methods, Fig. 5.11 reports the monthly seasonal performance factor.

Both methods follow the expected seasonal pattern, with the highest efficiency occurring in
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the shoulder months when heat recovery is more frequent. Over the full year, the TB method
consistently outperforms the MM method. In March, the SPF increases from 2.96 (MM) to
3.29 (TB), corresponding to an improvement of 11.3%. The gap widens through the warm
season: from May to September, the TB method maintains an SPF of 4.49-4.55 while the
MM method remains between 3.10 and 3.37, yielding an improvement of 34.8%-44.8% (with
the maximum occurring in July). The difference then narrows in late fall and winter; for
example, the SPF is 3.27 (TB) versus 2.96 (MM) in November (10.5%), and 2.57 (TB) versus
2.53 (MM) in December (1.6%).
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Figure 5.11 Monthly seasonal performance factor for both supervisory methods

Figure 5.12 complements this result by aggregating the monthly electrical energy consump-
tion, Ey = Yiem Wtot(tk) At, reported in kWh with At = 0.5 h. The control choice matters
most from May to September, where the TB method lowers E,, by roughly 20%-30% com-
pared with the MM method. Furthermore in winter season the gap between the two methods

are typically less than 10%.

The maximum difference between the two methods occurs in the week of 11-17 August. The
gap stems primarily from the circulation system power—i.e. the compressor input (Wcomp).
Under the MM method, Wcomp rises by roughly +65% relative to the TB method, whereas the
LHP power consumption (WLHP) changes only modestly (15%). Consequently, the weekly
total under MM is about +50% higher, with the increase dominated by the circulation

compressor power rather than by local loads.
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Figure 5.12 Monthly electrical energy consumption, comparing MM and TB methods

The time-series in Fig. 5.13 (Aug. 15-16, cooling and transcritical operation) and Fig. 5.14
(Feb. 15-16, heating and subcritical operation) help explain why the SPF gap is larger in
summer. As shown in Fig. 5.13, the MM strategy sustains both a higher COy mass flow rate
meo, and a larger pressure ratio (Pys/Psy.) than the TB strategy, which results in higher
compressor-power plateaus. In transcritical operation, compressor work is highly sensitive
to both 7o, and pressure ratio; therefore, this combination amplifies Wcomp under the MM
strategy. By contrast, Fig. 5.14 shows that on Feb. 15-16 the required mco, and the pressure
ratio are lower and more similar across strategies, leading to a smaller weekly and seasonal
difference. Overall, the larger SPF advantage of the TB strategy in cooling is primarily
associated with its reductions in reco, and pressure ratio during transcritical operation,

which directly reduces compressor energy.

The comparison between the two supervisory strategies showed that the TB method con-
sistently outperforms the MM method for the present case study. To further examine the
shape and variability of the COP distribution under TB operation, we partitioned the annual
simulation timesteps into four operating compositions based on the zone thermostat calls:
(i) Only heating (all active LHPs in heating mode), (ii) Only cooling (all active LHPs in
cooling mode), (iii) Mixed (cooling-dominant) (simultaneous heating and cooling with more
zones requesting cooling than heating), and (iv) Mixed (heating-dominant) (simultaneous
heating and cooling with more zones requesting heating than cooling). Figure 5.15 shows

the resulting COP distributions. The results indicate that the operation is dominated by
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Figure 5.13 Aug. 15-16: top: discharge/suction pressures, middle: COy mass flow, and bot-
tom: compressor power for MM and, TB methods

single-mode periods (only heating: n = 2425; only cooling: n = 4419), whereas mixed-mode
operation is rare (mix more cooling: n = 34; mix more heating: n = 6). The only-cooling
cluster exhibits a higher central tendency (median of 3.324, mean of 3.391) than only-heating
operation (median of 2.439, mean of 2.486). Mixed-mode clusters show wider spreads and
higher upper quartiles, but the small sample size limits the statistical significance of these

mixed-mode observations.

Since most timesteps fall into heating only or cooling only operation, we further refined the
analysis by clustering these single-mode periods according to the number of activated LHPs
for the TB method. Figures 5.16 and 5.17 show the COP distributions for pure heating and
pure cooling, respectively, as a function of the number of active units. In both modes, the
highest average COP occurs when two LHPs are active. This behavior is explained by the
RVCC staging logic: for one to two active LHPs, the variable-speed circulation compressor

alone can typically supply the required CO5 mass flow and pressure lift, whereas higher ag-
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Figure 5.14 Feb. 15-16: top: discharge/suction pressures, middle: COs mass flow, and bot-
tom: compressor power for MM and, TB methods

gregate loads require engaging the fixed-speed compressor. The additional electrical input
associated with fixed-speed operation reduces the overall COP despite the larger delivered
capacity. These results highlight the importance of compressor staging and sizing in the
system design: the part-load operating region around one to two active LHPs largely gov-
erns the achieved performance; therefore, when flexibility exists within comfort constraints,
a supervisory scheduling or dispatch logic that promotes operating conditions with two si-
multaneously active LHPs (and limits periods with three or more active units that trigger

fixed-speed operation) is expected to increase the overall system COP.

5.7 Conclusions

This work investigated supervisory control of a single-pipe COs thermal network (CO,TN)

that supplies the source side of multiple packaged local heat pumps (LHPs) in a multi-zone
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Figure 5.16 Distribution of system COP grouped by the number of active LHPs operating in

heating mode for the TB method
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building. Two supervisory strategies were formulated and implemented within a common
workflow: feasible operating points are enumerated offline using a validated steady-state
CO5TN model and equipment envelopes, and the supervisory decision is executed online
via lookup. The minimum-mass-flow (MM) strategy enforces a strictly two phase CO4 loop
and uses the minimum loop mass flow as a model-closure constraint for each candidate loop
pressure. The temperature-bounded (TB) strategy relaxes the strict two phase requirement
and instead constrains loop temperatures within a £10 K band around saturation, permitting
bounded single-phase excursions while preserving a tight temperature band for the LHP

source.

Annual co-simulation for a five-zone office building in Montréal showed that the TB method
consistently improved performance relative to the MM method. The mean COPF,, increased
from 3.08 to 3.75 (+22.1%) and the median increased from 2.95 to 4.27 (+44.7%). These
time-step improvements accumulated over the year: SPFjys 4ny increased from 2.98 to 3.65
(+22.3%). The COP distribution shifted upward under the TB method; in particular, the
fraction of time steps with COP,,, > 4 increased from 8% under the MM method to 55%
under the TB method.

The time-series and clustering analyses clarify the physical drivers of this gain and highlight

actionable design/control implications. The TB strategy reduces circulation-compressor en-



126

ergy primarily in cooling-dominant operation by operating at lower COy mass flow rates
and lower compressor pressure ratios than MM, which directly reduces Wcomp and explains
the larger seasonal gap in summer. Moreover, the highest COP values in both heating-only
and cooling-only periods occur when two LHPs are active, reflecting the staged circulation-
compressor logic: one-to-two active LHPs are often met with the variable-speed compressor
alone, whereas larger aggregate demands more frequently require engaging the fixed-speed
compressor, which shifts operation to lower overall COP. This result suggests that CO,TN
performance is strongly shaped by part-load operation and compressor staging thresholds,
and that the supervisor’s ability to select favorable thermodynamic states (via loop pressure
and bounded temperature constraints) is most valuable when the system operates near these

part-load regions.

The present conclusions are subject to two main limitations. First, results are based on a
single five-zone case study with fixed-capacity LHPs and a specific staged dual-compressor
configuration; the quantitative gains will depend on equipment sizing, staging thresholds,
and the distribution of zone loads. Second, the OU water-side mass flow correlations were
chosen to ensure feasibility over a wide range of operating requests and were not optimized for
auxiliary energy; incorporating secondary-loop pumping power could change the net benefit

of more aggressive water-side operation.

Future work that follows directly from the observed trends includes: (i) adding a super-
visory coordination layer for the LHP array to preferentially consolidate operation into
high-efficiency regimes (e.g. encouraging synchronized operation of two LHPs when ther-
mal comfort and zone constraints allow); (ii) evaluating variable-capacity, low-lift LHPs (or
multi-stage /variable-speed packaged units) to smooth the net heat exchange on the CO4 loop
and reduce the frequency of large step changes in circulation demand; and (iii) extending the
supervisory optimization to include water-side mass flow setpoints as decision variables and
to penalize the associated pumping power, so that the supervisor maximizes global system
performance (including auxiliary hydraulic energy). Finally, (iv) improving the supervisory
representation beyond the current table-based operating map. In this study, lookup tables
provided a practical first implementation for execution; however, they are not a definitive
surrogate choice. Alternative surrogate choices to explore include: (a) smooth interpola-
tion/regression surrogates (e.g. splines or radial-basis interpolation) to remove rounding
effects and produce continuous setpoints; (b) Gaussian-process/Kriging surrogates to obtain
both a prediction and a confidence level, enabling targeted offline sampling where the surro-
gate is uncertain; and (c¢) compact neural-network surrogates trained on the offline-optimal

solutions to scale to higher-dimensional inputs and additional decision variables.
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5.8 Appendix: Time-step check of the TRNSYS annual simulation!

The annual TRNSYS simulation was performed using a simulation time step of 0.5 h. This
value was selected as a practical compromise between the temporal resolution of the imposed
building loads, the representation of thermostat-based control actions, and the computational

cost of the annual simulations.

The thermal loads applied to the building zones were available at an hourly resolution.
Therefore, using a very small simulation time step would not introduce additional information
into the imposed load profiles. However, the zone thermostats and the activation signals sent
to the local heat pumps were evaluated during the simulation. A 0.5 h time step was therefore
used to allow the control logic to be updated twice within each hourly load interval, instead

of limiting the zone-level response to one update per hour.

To verify that this choice did not significantly affect the annual performance results, an a
posteriori time-step check was performed. The annual simulation was repeated using time
steps of 1 h, 0.5 h, 0.25 h, and 0.125 h, while keeping all other inputs and control settings
unchanged. The finest case, 0.125 h, was used as the reference solution. The relative error

in the annual system SPF is calculated as follows:

SPE(A) = SPFyyurey | |
SPFsys,ref

espr(AL) = 100 (5.77)

where At is the simulation time step and SPFjy, s is the annual system SPF obtained with

the finest time step. The results are summarized in Table 5.5.

IThis appendix section was not included in the journal paper and was added only for the thesis.
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Table 5.5 TRNSYS time-step comparison based on the annual system SPF

At (h) SPFSyS ESPF (%)

1 3.80 0.36
0.5 3.81 0.15
0.25 3.81 0.23
0.125 3.82 0.00

The annual SPF,s obtained with the selected 0.5 h time step differed from the reference
case by only 0.15%. Even the coarsest time step of 1 h resulted in a relative SPF error of
only 0.36%. These small differences show that the main annual performance indicator is

practically insensitive to further time-step refinement.

The number of ON/OFF occurrences was also checked because it is directly related to
thermostat-based switching. As expected, this quantity was more sensitive to the time step
than the annual energy-based performance indicators, since it depends on discrete switching

events. However, this sensitivity did not lead to a meaningful change in SPFj,,, as shown

JER)
in Table 5.5. Therefore, the 0.5 h time step was retained as a suitable compromise for the
annual simulations. It provides sufficient resolution for the thermostat and local heat pump

control logic while avoiding unnecessary computational cost.
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CHAPTER 6 CONCLUSION AND RECOMMENDATIONS FOR FUTURE
WORK

6.1 Thesis synthesis and main findings

This thesis addressed the need for a validated model and supervisory control methods for a
single-pipe CO5 thermal network (CO,TN) connected to local heat pumps (LHPs) in multi-
zone buildings. The work was organized around four objectives: model development, exper-

imental validation, supervisory-control development, and annual performance evaluation.

The main contributions of the thesis are as follows:

1. Development of a CO;TN model and its implementation in TRNSYS and Matlab, with
dedicated component TYPES for the circulation unit, the main heat exchangers, and

the coupling with local heat pumps.

2. Experimental validation of the model at both component and system levels using data

from a CO5TN prototype.

3. Formulation of two control strategies for the CO;TN, namely the minimum-mass-flow
(MM) method and the temperature-bounded (TB) method, both intended for imple-

mentation through offline map generation and online lookup.

4. Annual comparison of these supervisory strategies for a representative five-zone office
building in Montréal using TRNSYS-MATLAB co-simulation.

6.1.1 Model development and validation

Chapter 4 established a modular CO;TN model implemented in TRNSYS using dedicated
component TYPES for the circulation unit, heat exchangers, and LHP coupling interfaces

and validated it against experimental measurements from the prototype.

At the component level, the compressor model predicted the CO, mass flow rate with a
MAPE of 7.24% and compressor power with a MAPE of 0.96%. For the water-to-CO, heat
exchangers, the gas cooler model gave a MAPE of 1.37%, the desuperheater model 8.36%,
the evaporator model 8.10%, and the condenser model 4.05%. The internal heat exchanger
validation gave a MAPE of 9.45%.
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At the system level, the model predicted total power with relative errors between 1.45%
and 7.89%, and heating and cooling capacity with errors between 4.48% and 7.80%. The

maximum COP deviation among the validation cases was 16.9%.

The study also showed that pressure drop in the prototype has an important effect on perfor-
mance. When the measured pressure losses were removed from the model, the system COP

increased by 21% in cooling mode, 7% in heating mode, and 20% in balanced mode.

6.1.2 Supervisory control and annual performance

Chapter 5 used the validated model to develop and compare two supervisory strategies.

The MM method keeps the loop strictly in two phase operation and selects the minimum CO,
mass flow rate that satisfies feasibility for a given loop pressure. The TB strategy relaxes
this requirement and instead keeps the loop temperatures within a £10 K band around

saturation.

For the annual simulation of a five-zone office building in Montréal, the TB strategy performed
better than the MM strategy. The mean system COP increased from 3.075 to 3.754, and
the median COP increased from 2.950 to 4.268. The fraction of time steps with COPg,s > 4
increased from 8% to 55%. Over the full year, the seasonal performance factor increased

from SPFgys ann = 2.98 for the MM method to SPFy, 4n, = 3.65 for the TB method.

The improvement was most significant during cooling dominant operation. In these periods,
the TB strategy reduced the required CO, mass flow rate and also reduced the pressure ratio
of the circulation compressor. As a result, circulation compressor electricity consumption

was lower.

The annual results also showed that seasonal performance is affected not only by the supervi-
sory method, but also by part-load operation and compressor staging in the circulation unit.
Better performance was obtained when the load could be met mainly by the variable-speed

compressor, with less frequent use of the fixed-speed staging compressor.

6.1.3 Overall conclusions
Based on the results of this thesis, the following conclusions can be drawn:
1. A dynamic validated model for the CO5TN is developed that can represent the system

with acceptable accuracy at both component and system levels and can be used for

annual simulation and supervisory-control studies.
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. The TB supervisory strategy performs better than the MM strategy for the studied

building and equipment configuration.

. The main reason for the better performance of the TB strategy is that it allows more

efficient operating points, especially in cooling-dominant transcritical conditions, by

reducing both CO, circulation rate and circulation-compressor pressure ratio.

. The annual performance of the CO;TN depends on both control and design. In par-

ticular, pressure drop, compressor sizing, and staging logic have a direct effect on the

benefit that can be obtained from improved supervision.

Limitations

The main limitations of this thesis are summarized below.

6.3

Simplified representation of the CO, loop. The current model does not include
an explicit pipe model for the COs loop, and pressure drops in several components
are either neglected or imposed from prototype measurements rather than predicted
from geometry and operating conditions. This is an important limitation because the

validation showed that pressure drop has a strong effect on system performance.

. Simplified representation of some heat exchangers. The main water-to-CO,

heat exchangers were modeled and validated in detail, but the same level of detail
was not used for all components. In particular, the desuperheater was not modeled in
detail on the air side, and the internal heat exchanger was represented using simplify-
ing assumptions. Although the internal heat exchanger model remained in acceptable

agreement with experiments, this part of the model can still be improved.

Supervisory control focused on the CO, side. The supervisory strategies devel-
oped in this thesis optimize CO,-side variables. On the source side, the outdoor-unit
water mass flow rate was selected conservatively to ensure feasibility over the operat-
ing range, but it was not optimized with respect to pumping power. Similarly, on the
desuperheater side, fan power and air-side effects were not included in the supervisory

objective.

Recommendations for future work and system improvement

. Pressure-drop modeling. A first priority is to develop predictive pressure drop

models for the CO, loop, including the piping network and the main components. This
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would allow pressure losses to be calculated from geometry and operating conditions
rather than imposed from prototype data. Such an extension is necessary for design
studies, for more predictive annual simulations, and for evaluating supervisory strate-

gies.

. Improved models for the internal heat exchanger and desuperheater. Future
work should improve the representation of components that are still modeled in a sim-
plified way. For the internal heat exchanger, a more detailed model could better capture
the coupled heat transfer on the suction and discharge sides. For the desuperheater,
a dedicated air-side model should be developed so that the effect of air flow rate, fan

operation, and heat-exchanger sizing can be represented.

. Integrated supervision of CO,-side and secondary-side variables. The supervi-
sory problem should be extended beyond the CO, side of the system. In particular, the
outdoor-unit water mass flow rate should be treated as a decision variable and optimized
together with the COs-side operating conditions while accounting for secondary-loop
pumping power. Likewise, desuperheater fan power should be included in the system
objective so that the supervisor minimizes total electricity use rather than compressor

electricity alone.

. More advanced supervisory-control methods. The offline-map framework pro-
posed in this thesis is a first step, but future work should investigate more general
supervisory methods. Candidate approaches include smooth surrogate-based optimiza-
tion, hybrid offline-online refinement, and model predictive control. These methods
could reduce lookup-table discretization effects, improve adaptability to off-design con-

ditions, and better handle a larger number of decision variables and constraints.

. Broader validation of the control conclusions. The supervisory strategies should
be tested for additional building types, climates, and equipment configurations. In
particular, future studies should examine the sensitivity of the MM and TB strategies
to LHP sizing, variable-capacity LHP operation, circulation-compressor staging logic,
and different zone-load distributions. This would clarify which conclusions are general

and which are specific to the present case study.

. Optimal design and co-design of the CO,;TN. A final and important step is to
move from performance assessment to optimal design. Future work should optimize the
hardware and the supervision together, including pipe sizing, pressure-drop reduction,
circulation-unit sizing, compressor staging thresholds, and outdoor heat-exchanger de-

sign.
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In summary, the next stage of research should move from a validated and controlled prototype-
oriented framework toward a more predictive and more general design framework. This re-
quires adding detail to some component models, expanding the supervisory decision variables
to include auxiliary energy use, adopting more flexible control methods than static look up

maps, and pursuing joint optimization of hardware design and supervisory control.
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Abstract

COs-based thermal networks (CO5TN) connected to local heat pumps (LHPs) offer a promis-
ing approach for thermal energy distribution in buildings. These systems circulate two-phase
COg at near-indoor (room) temperature through a single pipe (the CO, loop), which serves
as the source side for LHPs connected in series. This configuration enables heat recovery be-
tween zones and as it operates at an almost constant temperature near indoor temperature,
it reduces both heat losses through pipes and insulation requirements. Previous studies have
shown that LHP’s performance has a significant impact on the overall system performance.
Standard heat pumps, typically designed for higher temperature difference between source
and sink (temperature lift), operate quite well for conventional outdoor temperature ranges.
However, they may not operate optimally when the source side is near room temperature
and the required temperature lift is relatively small. This study evaluates how local heat
pump performance characteristics influence the system-wide efficiency of a representative
CO5TN. The network includes a COsy circulation system, LHPs, and an outdoor unit that
exchanges heat between the COyTN and the environment. A detailed simulation model is
developed, incorporating all major system components: the circulation compressor, internal
heat exchanger, outdoor-side heat exchangers (gas cooler, condenser, and evaporator), and
local heat pumps. The base case is modeled using a commercially available LHP unit that
has been modified at CanmetENERGY (Varennes, Canada) to integrate with the CO4 loop.
To explore potential system improvements, additional simulations are conducted using ide-
alized performance curves that approximate thermodynamically optimized cycles. Based on
the presented simulation results, avenues to improve the efficiency of the system by better

selection of the heat pump units are identified.

Introduction

COy Thermal Network (CO,TN) is a building-scale cascade system proposed by Eslami-
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Nejad et al. [12]. It arranges a central reversible vapor-compression cycle using COy (R744)
to circulate a two-phase COq stream at near-room-temperature through a single-pipe loop
that serves multiple packaged local heat pumps (LHPs). We refer to the central plant as
the RVCC (reversible vapor-compression cycle) and to the circulating line at the source of
the LHPs as the “COs-loop.” The loop intentionally operates close to room temperature
so that the source side experienced by all LHPs is nearly isothermal; the loop fluid carries
heat primarily through phase change, so relatively small mass flow rates and compact pipe
diameters are sufficient. LHPs are connected in series along the single pipe. Each LHP has
its own sealed refrigerant circuit sized for the zone it serves. When a LHP runs in cooling,
it rejects heat into the two-phase COy stream and increases the COy quality (vapor mass
fraction); when a LHP runs in heating, it absorbs heat from the loop and decreases the
COs quality. This counter-balancing behavior enables internal heat recovery: heat rejected
upstream can be re-used downstream without changing the loop temperature. Figure A.1
illustrates the system on a pressure-enthalpy (p-h) diagram. The cycle shows the RVCC
preparing COs to enter the COs-loop at point 5, after which it flows through the series of
LHPs.

1
10 IIIIIIIIIIII T I T T T I T T T T I T T T I T T T T
Local units equipped
10tk with LHPs \ \
I — [ | | I
= .-' $ :
D_ [}
2, I
o N =
> i | i
% 5x10 89°C
a
7 o 9 10\8 \ 550C
- -4.6°C 23°C \
2X100 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 \ 1 I 1 1 1 1
250 300 350 400 450 500
Enthalpy [kJ/kg]

Figure A.1 CO,TN overview

The concept has been demonstrated experimentally with a pilot-scale prototype built at
CanmetENERGY—Varennes and presented by Bastani and Gholamrezaie [24]. In brief, the
prototype comprises a COy RVCC (compressor, gas cooler, internal heat exchangers, re-

ceiver /accumulator, expansion/control valve set) feeding a stainless-steel single-pipe loop
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and instrumented with pressure, temperature and mass-flow sensors. Three packaged LHPs
are used that can be set in all-cooling or all-heating and mixed arrangements to emulate
diverse multi-zone demands and simultaneous operation. This prototype established feasi-
bility, provided high-resolution datasets for model validation, and established the reference

architecture used in the present work.

Using the prototype data as ground truth, we developed and validated a detailed model of
the CO2TN [14], including component-level representations (compressor maps, gas cooler
and CO2-CO,/COy-water heat exchangers, internal heat exchangers) and a building-side
representation of LHPs and zone loads. Validation was performed both at component level
and system level against the prototype. The model reproduces the loop thermodynamics
(pressure, enthalpy evolution, and quality path) and the RVCC operating envelope across

the heating and cooling modes used in the experiments.

On supervisory control, our 2022 study [75] introduced a minimum-mass-flow strategy tai-
lored to the single-pipe, two-phase CO, loop. Based on cumulative heat exchange along the
loop (evaluated at the outlet of each heat pump), a loop entry enthalpy can be evaluated
to allow the smallest possible CO5 mass flow that still maintains the loop within two-phase
from start to end. The plant setpoints are selected to deliver that target within equipment
limits. As our next study in 2024 revealed [77], we found that operating strictly at minimum
mass flow with a saturated loop outlet can impair performance compared to the optimum
operation. In practice, the overall efficiency varies with both the loop circulation and the
chosen pressures: the maximum system efficiency often occurs away from the minimum-flow
point, and allowing a small amount of superheat or sub-cool along the loop and at its outlet
can further reduce circulation and compression work with only a slight performance penalty
at LHPs. This motivates a relaxed-constraint supervisory approach that treats circulation
and pressures as free decision variables rather than simply aiming for minimum CO5 mass

flow in the loop.

For the system to perform optimally, energy consumption of both the RVCC and the LHPs
are equally important and they must operate efficiently. In our study, the key linkage between
the RVCC and the LHPs is the source-side temperature seen by the LHPs, which the RVCC
indirectly controls through the COs loop pressure and mass flow it generates. The RVCC
can provide this source temperature only within a workable range, bounded by equipment
limits and operation stability. This raises a research question: how does LHP performance

impact the overall efficiency of the system?

The efficiency of each LHP depends strongly on its source temperature. For a given building

demand, a higher source temperature lowers the internal temperature lift—the difference be-
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tween the evaporation and condensation temperatures within the heat pump—and thereby
increases the coefficient of performance (COP). In practice, conventional commercial units
are optimized for temperature lifts of 30 to 60 K, which limits their potential for efficiency
improvement when operating at lower temperature lift conditions such as those provided by
the COg thermal network. In contrast, low-temperature-lift heat pumps, designed specifi-
cally for small lifts of 10 to 30 K, can achieve substantially higher performance. Gasser et
al. [129] developed and experimentally tested two such prototypes: one using a reciprocat-
ing compressor and the other employing a small-scale, oil-free turbo compressor. The study
demonstrated that at a lift of 20 K, the reciprocating unit achieved a heating COP above
9, while the turbo-compressor variant reached COP values of up to 14 for lifts below 15 K,
corresponding to a nearly constant Carnot efficiency of about 60%. These results confirm the
significant potential of low-lift systems when the temperature difference between the source

and the sink is minimized.

Consistent with our previous prototype [24] and modeling work [14], the baseline LHPs
are modified commercial units integrated into the CO,TN. To explore the impact of dif-
ferent LHPs, we extend that baseline with two low-lift concepts from the literature: (1) a
reciprocating-compressor heat pump optimized for small lifts and (2) an oil-free, small-scale
turbo-compressor heat pump designed to maintain a high, relatively constant fraction of
Carnot efficiency across 10 to 30 K lifts. Because the overall system performance depends
on both the RVCC and the LHPs, it is not evident a priori how an increase in LHP COP
will translate into system-level COP. In particular, the COPs of the LHPs depend on their
source-side temperature, which is set by the CO, loop and therefore controlled by the RVCC;
any change in LHP performance can thus modify the optimal loop pressure, mass flow rate,
and operating regime of the circulation compressor. This study implements those two LHP
models alongside the commercial baseline within the validated CO,TN framework and com-
pares the overall COP of the system for a five-zone case under identical RVCC and control

settings.

System overview

The system comprises three main sections. First, a reversible vapor-compression cycle
(RVCCQC) circulates COs9, exchanges heat at the outdoor unit (absorbing or rejecting as
needed), and supplies the CO5 loop at the required pressure and temperature. Second, the
outdoor unit is, in this study, a secondary hydronic loop coupled to geothermal boreholes.
Third, packaged local heat pumps (LHPS) connect in series to the COy loop and condition

the individual zones. Figure A.2 shows the process flow diagram of the system.

Figure A.3 presents the COy thermal network (COTN) on a pressure-enthalpy chart and an-
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Figure A.2 System process flow diagram

chors the description of both operating regimes. The RVCC is a reversible vapor-compression
circulation unit comprising two compressors (one variable-speed and one fixed-speed), a desu-
perheater, an outdoor heat exchanger whose role switches with the mode, an internal heat
exchanger, a receiver, and expansion/pressure-regulation valves. A single-pipe COs loop car-
ries a near-room temperature, two-phase CO, that serves the source side of packaged local
heat pumps (LHPSs) connected in series. Each LHP conditions its zone and exchanges heat

with the loop: in cooling, it rejects heat to the loop; in heating, it extracts heat from it.
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Figure A.3 (a) Heating-dominant mode; (b) Cooling-dominant mode

In heating-dominant operation (Figure A.3 a, red), the cycle begins at the compressor inlet
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(point 1) and proceeds to the discharge state (point 2). The discharge then passes through
the desuperheater, where sensible heat is removed (points 2 to 3). Next, the internal heat
exchanger transfers heat from the high-pressure side (points 3 to 4) to the suction side (points
9to 1), ensuring a superheat of +10 °C at the compressor inlet. At point 4, the CO, enters the
COs loop and circulates through the source side of the LHPs. As the fluid flows through the
series of LHPs (points 4 to 5), zones requiring heating extract heat from the loop, while any
cooling zones reject heat. This combined effect alters the vapor fraction along the pipe until
the stream exits the building loop at point 5. The returning flow accumulates in the receiver,
where vapor (point 5v) and liquid (point 51) phases separate. The liquid portion expands in
an isenthalpic process from point 5 to 6 down to a pressure suitable to exchange heat with the
outdoor unit. From point 6 to 7, the CO4 passes through the outdoor unit, which operates
as an evaporator (EVAP) absorbing heat from the external geothermal source. Finally, the
vapor stream passes through the suction side of the internal heat exchanger (point 9), where
the desired +10 °C superheat is maintained before returning to the compressor inlet (point

1), thus completing the heating-dominant cycle.

In cooling-dominant operation (Figure A.3 b, blue), the compressor again raises the COq
pressure and temperature from suction (point 1) to discharge (point 2). Between points
2 and 3, the internal heat exchanger provides heat to the suction side, ensuring sufficient
superheat at the compressor inlet. From points 3 to 4, the outdoor unit now rejects heat to the
environment, acting as a gas cooler (GC) in transcritical operation or as a condenser (COND)
in subcritical conditions. At the gas cooler outlet (point 4), the COy expands through the
expansion valve to the inlet of the CO4 loop, where it then flows on the source side of the
LHPs (point 5). As the fluid progresses through the LHPs (points 5 to 6), zones operating in
cooling reject heat to the loop and increase its vapor fraction, while any heating zones absorb
heat from the stream. The return flow then passes through the internal heat exchanger (point
6) and suction line before reaching the compressor inlet (point 1), completing the cooling-
dominant cycle. The same hardware supports both operating regimes; the distinction lies in
the aggregate building demand and the role of the outdoor unit. When the combined effect
of the active LHPs adds heat to the loop, the plant operates in cooling-dominant mode with
the outdoor unit rejecting heat. When the net effect removes heat from the loop, the plant
operates in heating-dominant mode with the outdoor unit absorbing heat. Either regime can
operate in subcritical or transcritical conditions depending on the selected pressures and the

external environment.

Case study: 5-zone building

We implemented the CO;TN on a small office building in Montreal, Canada to evaluate
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its performance. The floor plan comprises five thermal zones—four perimeter zones (West,
South, East, North) surrounding a Core zone. Annual zone loads follow Tamasauskas et
al. [133] and are summarized in Table A.1. H and C denote heating and cooling, respectively.

With respect to this case study, we sized and implemented the system.

Table A.1 Load characteristics (annual demand, peak load, and demand duration)

West, South East North Core

H C H C H C H C H C
Total demand [kWh] 2050 2813 2198 5122 1849 2773 3020 3732 1014 6070
Peak load [kW] 33 42 51 44 33 38 53 34 42 3.7
Demand duration [h] 3692 2482 2263 4074 3352 2816 2585 3722 1267 4885

Modelling approach

The system is modelled component-by-component using the same compressor, heat exchanger
and loop models that were developed and experimentally validated in Gholamrezaie et al. [14].
Only the main features are summarized here; elements that differ from the previous study
(dual compressors and the local heat pump archetypes) are described in more detail. The
main components of the system are two semi-hermetic reciprocating compressors in parallel
(one variable-speed and one fixed-speed), a desuperheater (DSPHTR) in line for heating mode
and bypassed in cooling mode, an internal heat exchanger (IHE), LHPs, and the COs—water

plate heat exchanger outdoor unit connected to a geothermal borefield.

In this study, pressure drops in pipes and across components are neglected and all expansion

valves are modelled as isenthalpic throttling devices, consistent with the validated model.
Compressor

Compressors are modelled with the third-order polynomial mapping originally developed
and validated in Gholamrezaie et al. [14]. This model extends the AHRI 540 approach
to a three-variable polynomial fitted to manufacturer data for a transcritical semi-hermetic
reciprocating COy compressor. The inputs are suction pressure Pi,., discharge pressure Py,
and compressor speed S (Hz); the outputs are the compressor power input Wcomp and the COy
mass flow rate mcp,. Both quantities are expressed through a general third-order polynomial

in the three variables:
X:f(PsucapdimS) (1)

where X represents either Wcomp or 1o, using two distinct sets of coefficients. The poly-
nomial contains up to cubic terms and cross-terms in Piy,., Pys and S; its 22 coefficients

were obtained by regression on 100 operating points covering 30-75 Hz, 2-5.8 MPa suction
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pressure and 6-12 MPa discharge pressure and presented in Gholamrezaie et al. [14].

The discharge state is then obtained from the energy balance as follows:
Wcomp = mCOg-<hdis - hsuc) (2)

where hg;s and hg,. are discharge and suction enthalpies, respectively. In the previous study,
a single compressor was used. In the present work, two identical compressors are installed
in parallel to increase turndown and part-load performance. Using similarity laws, each
compressor is modeled as a half-size version of the reference machine: the same polynomial

form is retained, but the power and mass-flow maps are scaled by a factor of 1/2.
Heat exchangers

Two types of plate heat exchangers are used in the system: CO,-to-CO, plate heat exchanger
used as the internal heat exchanger (IHE), and COs-to-water plate heat exchangers used as
the gas cooler (GC) or condenser (COND), and evaporator (EVAP).

CO,; —CO, plate heat exchangers (Internal heat exchanger)

The THE is treated as an ideal counter-flow heat exchanger with no external losses. It transfers
heat from the discharge line to the suction line until the required superheat at compressor
inlet is obtained. Consistent with the previous model, it is represented as a perfect heat
exchanger with a fixed pinch constraint, such that the enthalpy at the compressor suction is
adjusted to provide the target superheat while conserving energy between the hot and cold

sides.
Water—CO, plate heat exchangers (GC/COND, EVAP)

The water-to-CO, plate heat exchanger model developed in Gholamrezaie et al. [14] is reused
here for the GC/COND and EVAP. Water glycol 30% mixture flows in counter-flow to CO,.
Depending on the thermodynamic region of CO,, three different models are used. All plate
heat exchangers are assumed adiabatic with negligible pressure loss on both CO, and water—

glycol sides, as in the validation work.

In the transcritical /superheated region, the thermophysical properties of COy vary rapidly
and the heat exchanger is discretized into n cells along the flow direction. In each cell, the
water—glycol properties are assumed constant and equal to their value at the outlet of the cell,
while CO, properties are evaluated with CoolProp. Segment-wise energy balances are solved
with convective heat transfer coefficients obtained from standard correlations for turbulent
water—glycol flow and for superheated/supercritical CO,. This discretized model captures

the strong variation of COy properties near the critical region and was previously validated
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against experimental data in Gholamrezaie et al. [14].

When the discharge pressure is below the critical point, the outdoor heat exchanger operates
as a condenser. It is modelled with a moving-boundary approach that divides the plate
into three zones (superheated, two-phase and sub-cooled). Each zone is treated as a lumped
element, and the moving interfaces between zones are determined from energy balances in
each region. This provides a computationally efficient representation of phase change while

retaining sensitivity to inlet conditions and mass flow rate.

When the outdoor unit operates as an evaporator, an € — NTU method is used. The overall
heat transfer coefficient and area are taken from the validated model, and effectiveness is

evaluated as a function of the number of transfer units and capacity-rate ratio.
CO; loop

The single-pipe CO4 loop is modelled as a near-isothermal two-phase stream that passes
sequentially by the LHP interfaces. Rather than resolving detailed pipe-side heat transfer,
the model tracks the enthalpy of the loop at the inlet and outlet of each LHP. At a given
loop pressure, the saturation temperature is fixed, so the local CO4 quality changes as zones
reject or absorb heat. The loop pressure is controlled and assumed uniform along the loop.
This simplification is justified because loop pressure losses are small relative to the compres-
sor pressure rise and cause only minor shifts in two-phase saturation temperature, so their
impact on LHP performance is negligible.The loop enthalpy after each LHP in the sequence
is obtained from an energy balance, where the LHP capacity and power consumption are

used to determine the CO, outlet enthalpy as follows:

In heating mode:

QHP,H,i — WHP,i = 1co,-(hupin: — REPout,i) (3)

In cooling mode:

QHP,C,i + WHP,i = 1mco,-(hupout — Papin,i) (4)

where Q HP,H/C,i, and WH pi are the heating/cooling capacity and power of the i-th LHP, and

hipin,is hipouti are the COy enthalpies at its inlet and outlet.
Ground heat exchanger and borefield sizing

On the source/sink side, the RVCC exchanges heat with the ground via a COy—water plate
heat exchanger connected to a secondary hydronic loop circulating 30% water-glycol mix-
ture (the outdoor unit). The vertical borefield simulated with TRNSYS Type 557a, which
accounts for borehole thermal resistance and both short- and long-term ground response.
Undisturbed ground temperature (10.5 °C), thermal conductivity (2.65 W/m — k) and dif-
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fusivity (0.08 m?/day) are taken from the literature [134,135]. The borefield size (number
and length of boreholes) is determined with the Alternative ASHRAE sizing method [130]
and then kept fixed for all dynamic simulations. During the simulations, the pump in the
secondary loop is controlled to maintain the desired temperature approach between the bore-
field outlet and COs inlet to the outdoor unit plate heat exchanger. This ensures that the
outdoor unit can supply (or absorb) the total thermal load required by the COs thermal
network while keeping the borehole outlet temperature within a target range (typically 5-25

°C). Table A.2 is the result of borehole sizing for the case study introduced earlier.

Table A.2 Borefield sizing for the case study

Borefield layout Value
Layout Ny, X Ny, 5 x 1

Bore spacing s 7.5 m
Per-bore depth H 127 m
Total length L;,; 635 m

Local heat pump (LHP)

Each LHP is represented by compact performance maps that link its heating/cooling capacity
and power consumption to the source temperature provided by the CO, loop and to the inter-
nal temperature lift between source and sink. Three different LHP archetypes are considered
in this study: a baseline modified “commercial” unit used in the CanmetENERGY CO,TN
prototype [24], a low-lift reciprocating-compressor unit, and a low-lift turbo-compressor unit.
All three archetypes are normalized to provide the same nominal zone load at a common ref-
erence point, so that system-level comparisons reflect differences in intrinsic HP performance

rather than sizing.
Modified commercial local heat pump

For the baseline unit used and modified in the prototype, we reuse the identified COP surfaces
and implementation from the validated model [14]. Experimental data from modified COq-to-
air HPs tested at CanmetENERGY were regressed as functions of the CO5 loop temperature
(T100p) for both heating and cooling modes:

COPype = —0.08. Tipop + 5.04 (5)

CVOPHP,H = —0.05. T’loop + 2.77 (6)

where T}y, is in °C.

For a given mode j (heating or cooling), the electrical power is obtained from the following
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relation:

. Qupy
Whp; = COPup, (7)

Low-lift reciprocating-compressor local heat pump

The low-lift reciprocating LHP archetype is based on the prototype described by Gasser et
al. [129], in which a positive-displacement reciprocating compressor uses propane (R290) as
refrigerant and is optimized for operation with small internal temperature lifts. The prototype
is intended for applications with relatively high source temperatures (e.g., deep geothermal or
ambient-assisted sources) and low-temperature heating distribution, so that the internal lift
typically lies in the range of about 15 to 30 K. In this context, the internal temperature lift is
defined as the difference between the condensation and evaporation saturation temperatures

of the refrigerant inside the cycle as follows:
Aﬂift = Tcond - Tevap (8>

Here Tppap, and Tppng (in K) are the saturation temperatures at the evaporator and condenser
pressure levels respectively. In the CO,TN, depending on the operating mode, the evapora-
tion temperature of the local R290 LHP in heating mode is tied to the CO5 loop saturation
temperature, while the condensation temperature follows the supply temperature required by
the zone. In cooling mode, the condensation temperature of the LHP is tied to the CO5 loop,
whereas the evaporation temperature follows the supply temperature required for cooling.
For the reciprocating low-lift archetype, the COP is written as a Carnot COP multiplied by
a lift-dependent Carnot efficiency. The real COPs of the low-lift reciprocating unit are then

expressed as:
Tevap

— 9
AT (9)

o Tcond
Nrec- Aﬂift

CVO-PHP,C’ = Trec-

COPypp (10)

where 7,.. is the Carnot efficiency of the reciprocating prototype, modelled as a function of
the temperature lift. Based on the experimental analysis of Gasser et al. [129], the Carnot

efficiency is captured with the following piecewise-linear correlation:

0.50, ATy < 10K
Nrec = 4 0.50 4+ 0.01 (Aﬂift — 10) , 10K < Aﬂift < 20K (11)
0.60, ATy > 20K

The heating or cooling capacity is then obtained from the COP and the electrical power. The
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entire map is scaled such that at a chosen reference operating point (loop temperature and
design lift) the reciprocating LHP delivers the same nominal zone capacity as the commercial
LHP.

Low-lift turbo-compressor local heat pump

The low-lift turbo-compressor LHP archetype represents the second prototype in Gasser et
al. [129], where a small oil-free radial turbo compressor uses butane (R600) as refrigerant.
This machine is specifically designed for low-lift operation, with compressor aerodynamics
and heat-exchanger design chosen to minimise internal losses for lifts of roughly 10 to 25 K.
The experimental results show very high COPs and, more importantly, a Carnot efficiency

that is both high and nearly constant over the investigated range of ATy, :

T.
COP = Diurbor ——? 12
HP,C = Mturb ATZW ( )
TCOTI
COPypy d (13)

= Nturbo-
AT, ft
where 7,40 is the Carnot efficiency of the turbo prototype, modelled as a simple function of

the temperature lift. Based on the experimental analysis of Gasser et al. [129], the Carnot

efficiency is captured with the following piecewise-linear correlation:

0.64, ATy < 13K
Nrurbo = 4 0.64 4 0.003 (Aﬂlft — 13) s 13K < Aﬂzft < 26K (14)
0.60, ATy, > 26K

Supervisory control

The current system requires a supervisory controller to specify the variables needed to op-
erate the CO; loop, including the compressor configuration, compressor speed, suction and
discharge pressures, and the loop pressure. The supervisory strategy follows a temperature-
bounded (TB) approach in which the CO, loop is no longer constrained to remain strictly
two-phase. Instead, for a given loop pressure, the bulk CO, state is confined to a narrow
band of £10°C' around the saturation temperature Tsq(Fjoop). This defines maximum allow-

able heat exchange in the subcooled, two-phase, and superheated regions. The supervisory
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optimization problem can therefore be formulated as

mgmx COPsystem

subject to Py, Pyis € compressor envelope
S € [30,75] Hz (15)
fiz_on € {0,1}
Tinin < Tioop < Tinax

where Tinin, and Tiax are the loop-temperature limits defined as £10°C' around Tsqr(Ploop)-

The net exchange between the loop and all LHPs is represented by a six-component vector

Q collecting heating and cooling contributions in each of these regions as follows:

Q = [QC,SUb? QC,2307 QC,supa QH,sub> QH,2307 QH,Sup] (16)

where Q¢ > 0 denotes heat rejected to the loop by cooling LHPs, and @y < 0 denotes
heat extracted from the loop by heating LHPs in the subcooled (sub), two-phase (2¢), and
superheated (sup) regions. To generate the control parameters, the proposed method is
divided into two stages: an offline stage and an online stage. The offline stage builds a
“base table” by enumerating feasible combinations of compressor setpoints and six-segment

exchanges. The decision tuple is defined as follows:
0= (S, Psum Pdis> -Ploopa fZ{L‘_OTL) (17>

where S (Hz) is the variable-speed setpoint, Py,. and Py;s are suction and discharge pressures,
and Pjo,p is the CO4 loop pressure. Under the present assumption of negligible pressure drops
in the loop, Pjoop = Psuc in cooling-dominant operation and P, = Py, in heating-dominant
operation. Finally, fiz_on € {0,1} indicates whether the fixed-speed unit operates at 60
Hz. A discrete grid in (S, Psue, Pais, Ploops fix_on) is swept; for each grid point within the
compressor envelope, loop mass flow is obtained from the dual-compressor maps, the enthalpy
bounds and the regional caps are evaluated, all admissible six-segment vectors Q (quantized
in 1 kW steps and limited by the enthalpy bounds) are enumerated, and the corresponding

system COP is calculated as follows:

Qc(Q) +1Qu(Q)]

COPyystem(0; Q) = Wip(6,Q) + Woomp(6)

(18)

Each combination that respects the constraints and the circulation compressor envelope is
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stored as a row (Q, 8, CO Pyyster) in the base table.

Online, the controller receives the zone command vector u € {—1,0,+1}""" (-1 for heating/
+1 for cooling/ 0 off) and the outdoor-unit inlet water temperature (7, ov.in). Using an initial
guess tuple 8 the full model solves the appropriate scalar residual (cooling or heating) to
obtain a feasible circulation state. The resulting single-pipe traversal yields a continuous six-
segment vector Qmoder, Which is then rounded to a discrete key Qiarger- This key is used to
query the base table for all entries with = Q4rger. Candidates are tested in order of decreasing
stored COP: for each one, the full model is re-run to close the loop enthalpy balance within the
constraints and to verify the compressor envelope and equipment limits. The first candidate
that passes these checks provides the accepted tuple (S, Psye, Puis, Ploop, fiz__on), which is

then used to drive the circulation compressor and stored in a runtime table for analysis.
Results and discussion
To capture the transient behaviour of the system, the COyTN is implemented in TRNSY'S

for the case study. The system coefficient of performance (CO Psysterm) is used as the metric

to compare the results and is defined as follows:

_ QHP(t)

COPsystem(t) - W (t)
tot

(19)
where Qg p(t), denotes the total useful thermal rate provided by the LHPs at each time step
and Wtot(t), denotes the total electrical power consumed by the RVCC and all LHPs.

Figure A.4 (left) compares the distribution of hourly COP values for the three datasets. The
base case (COPyp,ge) is tightly clustered around low values, with first quartile Q; = 2.078,
a median of 2.232, third quartile Q3 = 2.278, and a mean of 2.129, indicating that most
operating points remain close to a COP of 2.2. In contrast, the reciprocating low-lift local
heat pump configuration (COP,.p) exhibits a much wider spread and higher central tendency,
with Q; = 2.697, median 4.268, Q3 = 4.674, and a mean of 3.812, showing that at least
half of the hours achieve COP values above about 4. Finally, the turbo-compressor low-
lift LHP configuration (COPyy,,) further shifts the distribution towards higher efficiencies,
with Q; = 2.823, median 4.440, Q3 = 4.908, and a mean of 3.995. Overall, the violin plots
highlight not only the increase in average COP when moving from the base case to the two
local heat pump configurations, but also the slight yet consistent improvement of the turbo

configuration over the reciprocating one across the entire distribution.

Figure A.4 (right) compares the annual electrical energy consumption of the COyTN for

cooling-only and heating-only operation, partitioned between the circulation compressor
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mepand the LHPs. The labels C and H denote cooling-only and heating-only modes,
respectively. In the base configuration, the LHPs represent a considerable fraction of the to-
tal electricity use (about 38% in cooling mode and 41% in heating mode). Moreover, changes
in LHP electrical demand also affect the circulation compressor consumption, because the
required COs mass flow (and thus compressor work) depends on the net heat exchanged
between the active LHPs and the COy loop. Moving from the base case to the recipro-
cating and turbo compressor configurations, the LHPs become more efficient; therefore, for
the same imposed building load, the electricity required by the LHPs decreases, which is
consistent with the lower LHP contributions observed in the figure. In cooling-only opera-
tion, a more efficient LHP draws less electrical power to meet the same cooling load, and
consequently rejects less total heat to the CO4 loop. This reduced heat rejection lowers the
mass-flow requirement for maintaining the loop operating conditions, leading to a decrease
in circulation compressor energy. In heating-only operation, the trend is reversed for the
compressor: for a fixed heating load, improving the LHP efficiency reduces the electrical
input, which increases the portion of heat that must be absorbed from the CO5 loop. As
a result, the circulation system must transport slightly more heat through the loop, which
increases the required CO5 mass flow and yields a modest increase in circulation compressor
energy. Despite this increase, the total annual energy consumption in heating-only operation

still decreases because the reduction in LHP electricity dominates.
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Figure A.4 Violin plots of hourly COP (left) and total energy consumption (right)

To delve deeper into the shape of the violin plots in Figure A.4, we focus on the turbo-
compressor results. The operating hours are separated according to whether the system is

in heating- or cooling-dominant mode, and COP violin plots are drawn for each mode (Fig-
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ure A.5). Figure A.5 shows that COP values in cooling mode are systematically higher and
less dispersed than in heating mode, which explains the shape of the total COP distribution
observed in Figure A.4. This behavior arises from the design points of the turbo-compressor
LHPs in heating and cooling modes and from the design and operating envelope of the RVCC

components, which are more favourable under cooling-dominant conditions.
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Figure A.5 Violin plots of COP in heating-dominant and cooling-dominant operation for the
turbo-compressor case

Conclusions

This work examined how the characteristics of local heat pumps influence the overall per-
formance of a COy-based thermal network supplying year-round heating and cooling to a
five-zone office building. Using a component-based model of the system integrated with a
new supervisory control strategy, heating and cooling demand of an office building in Mon-
treal were simulated for three LHP archetypes: a commercially available unit, and two heat

pumps specifically designed for low-lift applications.

Results show that the choice of local heat pump designed for low-lift applications has a deci-
sive impact on system efficiency. With the commercial LHPs, the system COP distribution
is narrowly clustered around low values, with most operating hours near COP

approx 2.2. Replacing the commercial units with low-lift heat pumps approximately dou-
bles the typical COP, shifting the median COP to above 4 for both low-lift configurations
and substantially broadening the high-performance tail. The turbo-compressor archetype
provides a further, albeit more modest, improvement over the reciprocating concept, with

slightly higher median and mean COP and a larger fraction of hours operating at the highest
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COP levels.

Overall, the study confirms that the benefits of a CO5 thermal network cannot be fully real-
ized with conventional heat pumps designed for large temperature lifts. Low-lift LHPs that
maintain high Carnot efficiency over 10 to 30 K lifts enable much higher system-level COPs
under the same plant and control constraints. From a design standpoint, the primary step
change in performance arises from adopting any suitably optimized low-lift LHP; the incre-
mental advantage of turbo- over reciprocating-based designs must then be weighed against

differences in cost, complexity, and reliability.
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