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The rise in the popularity of heat pumps should be accompanied by the increase in the utilization of
environmentally-safe working fluids. To push for wider uptake of hybrid heat pump systems that use natural
working fluids, information about their performance and operating characteristics should be made available.
This study models a CO solar-assisted ground-coupled heat pump (SAGCHP) system and investigates its per-
formance for space and water heating. Sensitivity analysis, parametric study, and long-term performance
simulation were implemented, with the system’s seasonal performance factor (SPF), levelized cost of heating
(LCOH), and ground temperature change (GTC) considered as performance indicators. It was seen that ensuring a
good combination of design and operating specifications can result in an SPF (~3.5) and LCOH (0.184 USD/
kWh) that are comparable with those of SAGCHP systems that use conventional working fluids. The heat pump’s
high-side pressure and output temperature exhibited notable effects on all the performance indicators. Below the
optimal operating pressure, a 5% increase in the heat pump’s high-side pressure brought about a ~7-10%
improvement to the SPF, a ~3-5% reduction to the LCOH, and a ~6-10% increase to the GTC. Reducing the
output temperature by 5% increased the SPF by ~7-8%, decreased the LCOH by ~3%, and increased the GTC by
~6%. Parametric studies identified the presence of optimal heat pump discharge pressure and heat source cir-
culation rate that should be used for operations. Long-term simulation shows that managing the GTC ensures the
longevity of the system. Rather than oversizing the borehole heat exchangers (BHEs), it is more practical to
reduce ground temperature decline by increasing the BHE spacing or by adding solar collectors.

1. Introduction

The European Union (EU) Strategy for Energy System Integration
identifies heat pumps as a key technology for the decarbonization of
space heating (SH) and domestic hot water (DHW) production, as well as
for cooling in buildings and the industry [1]. In fact, it is already the
biggest contributor to the recent increase in renewably-sourced heating
and cooling in the EU, accounting for over half of it between 2016 and
2018 [2]. Recent events that have disrupted the supply of gas to Europe
indicate that the use of heat pumps is expected to grow further, with a
target of 45 million cumulative installations in the residential sector by
2030 [3,4]. Heat pumps can facilitate the utilization of nature’s low-
grade energy to replace traditional building energy supply with
renewable sources and reduce the consumption of high-grade forms of
energy, such as electricity and fuels. This helps in reducing the emissions
associated with using combustible fuels and contributes to better energy
security.

Most heat pumps currently operate through a sub-critical vapor-
compression cycle that uses Hydrofluorocarbons (HFCs) as working
fluid [5]. HFCs replaced the once widely-used ozone-depleting Chloro-
fluorocarbons (CFCs) because they exhibited similarly good perfor-
mance, efficiency, low toxicity, and non-flammability. However, they
were later discovered to be very potent greenhouse gases. For instance,
R134a, which is widely used in DHW production, has a global warming
potential (GWP) that is 1300 times higher than that of CO, [6]. Recent
initiatives point out the inevitable phase-down of HFCs. The EU’s F-
gases regulation (EC517/2014) aims to gradually decrease the usage of
important fluorinated gases in the EU, such as R404A, R410A, R407C,
and R134a to one-fifth of 2014 in 2030 [7]. Several countries have also
committed to cutting their production and consumption of HFCs by
more than 80% in the next 30 years under the Kigali amendment to the
Montreal Protocol [8].

The combination of using sustainable energy technology with
environmentally-safe working fluids is an important notion in the future
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of the heat pump industry that has revived the interest in natural
working fluids. The most widespread natural heat pump working fluids
include carbon dioxide, ammonia, butane, isobutane, and propylene
[9-11]. Among them, COy (R744) seems to be the most promising,
owing to its zero ozone depletion potential, low GWP, non-toxicity, non-
flammability, superior thermodynamic properties, and low cost
[12-15].

Lorentzen first proposed the modern use of CO5 in a trans-critical
heat pump cycle [16]. So far, it has been commercially applied in
different sectors, like combined cooling, heating, ventilation, and air
conditioning in supermarkets [17,18], water heating [19], and auto-
motive air conditioning [20,21]. Song et al [22] wrote a detailed review
of the developments concerning CO, heat pump applications. In the
trans-critical cycle, the high-side pressure and temperature in the su-
percritical region are not coupled and can be regulated independently to
get the optimum operating condition. However, the performance of the
trans-critical CO5 heat pump is still generally lower than that of a con-
ventional sub-critical heat pump due to larger irreversibility during
expansion, compression, and gas cooling [23,24]. Replacing HFCs with
an alternative working fluid requires performances with comparable
efficiencies.

One of the ways to improve the efficiency of the heat pump is to
introduce changes to its components. The addition of two-phase ejectors
to CO; heat pump systems has been an important research topic in
recent years as a way to recover expansion losses in the thermodynamic
cycle [25-30]. Several researchers have seen notable improvements to
the performance when the throttle valve was replaced with ejectors.
Other studies noted performance improvements from adding a suction
gas heat exchanger (SGHX) to the CO; heat pump loop [31-36].

Aside from adding or modifying heat pump components, another
way to enhance the performance of CO, heat pumps is to implement
system-wide changes. This can be done by integrating it different energy
sources, sizing the system components properly, and by controlling
operating parameters to optimize system performance.

Air-source heat pumps (ASHPs) account for the majority of global
heat pump sales (60% in 2021) [37]. However, they have the problem of
poor low-temperature heating performance and frosting of the heat
exchanger [38]. Ground coupled heat pumps (GCHPs) are considered
more efficient for indoor climate control applications since they use the
heat from the ground, which remains at a nearly constant temperature
undisturbed by seasonal weather changes [39,40].

A number of studies have already tackled GCHPs that use CO; as
their working fluid. Wu et al. [41] developed a 7 kW prototype and a
model of a liquid-to-air COy GCHP that could be used investigate per-
formance in residential applications under both sub- and trans-critical
operations. Wang et al. [42] showed that the performance of a CO,
GCHP could reach efficiencies similar to an R134a system if it is applied
for space conditioning and DHW production, where high water tem-
perature is desired. Bastani et al. [43] performed experiments to
investigate the performance of a direct expansion CO, GCHP for SH and
DHW production. They measured COPs ranging between 2 and 4,
depending on its application. Jin et al. [44,45] discussed the application
of a CO2 GCHP for SH, space cooling, and DHW production under warm
climate conditions. They showed that the cooling performance of a
hybrid CO, GCHP system that uses the air and the ground as heat sinks is
42% better than when the air was solely used as the heat sink and 23%
better than when the ground is solely used as the heat sink. However, the
R410A system still exhibited better annual performance.

The initial installation cost of GCHP systems is typically higher than
ASHPs because they require borehole drilling and the installation of
borehole heat exchangers (BHE) [39]. Moreover, a single heat source
heat pump system is said to be difficult to operate continuously and
efficiently [38]. One way to overcome these challenges is to add another
heat source, such as solar thermal collectors (SCs). The addition of SCs
could allow for shorter BHEs and more operational options.

Studies on solar-assisted ground-coupled heat pump (SAGCHP)
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systems that use CO5 as working fluid is very limited in literature. Kim
et al. [23] implemented steady-state simulations to investigate the
performance of a CO, SAGCHP system under different heat pump
operating temperatures, ground temperature, indoor design tempera-
ture, and solar radiation. Choi et al. [46] also performed steady-state
simulations to compare the performance of a CO; and an R22
SAGCHP system under different working fluid inlet temperatures, heat
pump operating temperatures, indoor design temperatures, and evapo-
rator inlet temperatures. Note that both studies considered a configu-
ration wherein the SC and GCHP are connected in parallel with a tank
thermal energy storage (TTES). Also, relatively low operating temper-
atures were investigated since the systems were designed for SH appli-
cations only.

The reliability of the CO3 heat pump system requires thorough study
since it could exhibit large performance variations with changing
operating conditions [23]. To push for wider technology uptake, infor-
mation about the performance and operating characteristics of the sys-
tem according to various expected operating and design conditions
should be made available.

This paper aims to contribute some knowledge with regard to the
design, operations, and performance of COy SAGCHP systems intended
for SH and DHW production. Compared to the available literature, our
study investigates a different system configuration and focuses on a
different application. We also implemented a more practical approach to
investigating the system. Most of the parameters considered here
include those that could easily be adjusted during the design and
operating stage. Both efficiency and cost were considered as perfor-
mance indicators, and they were calculated while considering seasonal
variations in weather and demand. This gives insights into the achiev-
able system performance given realistic variations in boundary
conditions.

2. Methods

The thermal system model was developed using Modelica through
the Dymola v2021x [47] graphical user interface (GUI). It includes a
CO3 heat pump, glazed flat plate SC, BHEs, a TTES, and SH and DHW
demand information. The CO, heat pump was modeled using the
Thermal Systems library v1.6.1 [48] and then calibrated with experi-
mental data; the BHEs were modeled using a modified version of the
MOoBTES library v2.0 [49]; the SCs and TTES were both modeled with
the Buildings library v9.0.0 [50]. Modelica Standard Library (MSL)
v4.0.0 was used in this study. Simulations that span a year were run to
capture seasonal variations in some parameters and boundary condi-
tions. The performance indicators investigated include the seasonal
performance factor (SPF), the levelized cost of heating (LCOH), and the
ground temperature change (GTC) induced by the system. The effects of
varying the values of selected design and operation parameters to the
performance indicators were determined and analyzed.

2.1. Development of the thermal system model

Shown in Fig. 1 is the schematic of the thermal system model in the
Dymola GUIL As shown, the SCs and the BHEs were connected in series
and provide the low-temperature heat input to the CO5 heat pump’s
evaporator. There are studies that have compared different configura-
tions/operations of hybrid solar-geothermal HP systems, but they all
seem to have focused on conventional subcritical HPs. Some studies
have favored the BHEs and SCs to be connected in series [51-53]. Other
studies favored the BHEs and SCs to be connected in parallel [54,55].

The series configuration was arbitrarily chosen for this study since it
theoretically allows the storage of excess solar energy into the ground
and helps in managing the thermal imbalance induced by utilization.
When solar irradiation is available, the SC heats up the cold water-side
fluid coming from the evaporator of the heat pump. The solar-heated
fluid is then directed to the BHEs, where it either extracts or injects
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Fig. 1. The thermal system model.

energy, depending on its temperature relative to the ground. Through
the BHEs, the ground could function as both a heat source and heat
storage. After the BHEs, the fluid then goes to the CO5 heat pump, where
it delivers the heat needed to evaporate the CO, working fluid. The base
value of the mass flow of the fluid circulating through the SC, the BHE,
and the water side of the heat pump’s evaporator (0.42 kg/s) was esti-
mated using the American Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE) methodology [56]. The weather of
Bergen, Norway, obtained from the EnergyPlus database [57], was used
in this work.

A controller that varies the rotational speed of the compressor is used
to set the supply temperature of the COy heat pump (base value of
65 °C). Another controller manages the flow from the bottom of the

TTES to ensure that the temperature there does not go below 50 °C. This
ensures that the temperature in the DHW distribution system is kept
higher than the proliferation temperature of Legionella (20—45 °C)
[58].

Although not explicitly modeled here, the heat for SH and DHW
heating was assumed to be provided through a heat exchange process
with the distribution system. While Legionella proliferation is not a
problem for this specific system since DHW is supplied using running
water heated through a heat exchanger, we considered temperature
levels that keeps this risk at bay in consideration for other systems that
are not designed similarly.

Hot water from the top and from the middle to the TTES is with-
drawn to provide the energy required for DHW production and SH,
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Fig. 2. The CO, heat pump component model.
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respectively. The colder fluid used for SH, DHW heating, and from the
bottom of the TTES all gets recirculated, mixed, and then reheated in the
heat pump. The temperature of the fluid after being used for DHW
production was set at 10 °C. Since the city water was assumed to be at
7 °C, this assumes that the heat exchange process for DHW production
occurred at a 3 °C pinch temperature. The SH return temperature was
given a base value of 32 °C but was varied as one of the control pa-
rameters. The demand side was represented by hourly thermal demand
data.

2.1.1. Modeling of the CO2 heat pump

The CO; heat pump model (Fig. 2) was based on a 6.5 kW prototype
unit constructed and tested by Stene [59,60]. It consists of the counter-
flow tripartite gas coolers, an evaporator, a compressor, a throttle valve,
an SGHX, a sub-cooler, and a low-pressure receiver.

The throttle valve and the low-pressure receiver function together to
control the high-side pressure of the heat pump [59]. Reducing the valve
opening accumulates more CO5 in the gas cooler piping and increases
the high-side pressure; opening the valve reduces it. The CO is stored or
boiled off from the receiver as needed.

Measured data for the design condition at 8.5 MPa were used to
calibrate the model. The information available in Stene’s work [59] was
used to specify the values of some parameters in the model, including
the tube diameters of all the tube-in-tube heat exchangers, their weights,
material of construction, and length; the size of the low-pressure
receiver; and the compressor displacement and operating range. The
parameters adjusted during calibration include: (a) the coefficient of
heat transfer in each heat exchanger and (b) the isentropic and overall
efficiencies of the compressor. A compressor model with fixed effi-
ciencies was utilized for simplicity.

2.1.2. Modeling of the borehole heat exchangers

Fig. 3 shows the BHE model developed with the MoBTES library
[49]. The MoBTES library, a free and open Modelica library that is
comprised of tested and validated components for the simulation of
BHEs, was originally developed under MSL v3.4. In this work, the library
was revised to function with MSL v4.0. The most recent version of
MOoBTES is now integrated into the solar district heating library MoSDH
[61,62].

The parameters assumed to calculate the size of the BHE, using the
ASHRAE methodology, are given in Table 1. It was assumed that 4 BHEs
are needed to provide the ~6.5-7 kW heat required by the demand. The
ground was assumed to have the characteristics of Slate, one of the
common rock types in some parts of Norway [63] while the thermal
gradient was assumed to be 0.0125 K/m, similar to some wells drilled in
Bergen, Norway [64]. Following the procedure in the ASHRAE method,
a borehole length of 80 m/well and a circulating fluid mass flow rate of
0.42 kg/s were calculated. These were used as the base values for the
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Fig. 3. The BHE component model.
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Table 1

Summary of BHE parameters.
BHE parameter Value
Geothermal gradient, K/m 0.0125
Ground density, kg/m® 2760
Ground specific heat, J/kg-K 920
Ground thermal conductivity, W/m-K 2.1
Layout Rectangle
BHE type Single U
Number of BHEs 4
Borehole diameter, m 0.15
Tube inner diameter, m 0.034
Tube thickness, m 0.003
Tube thermal conductivity, W/m-K 0.4
Shank spacing, m 0.08
Number of BHE in series 1
Grout density, kg/m® 1900
Grout thermal capacity, J/kg-K 1300
Grout thermal conductivity, W/m-K 1.5
BHE length base value, m/well 80

analysis.

This BHE model connects with the heat pump model and to the SC
model through the outlet and inlet temperature signals, respectively.
The BHE is connected in series with the SC and the heat pump, hence the
mass flow rate through all of them is the same.

2.1.3. Modeling of the solar thermal collectors

The solar model (Fig. 4) was developed using the Buildings library
v9.0.0 [50]. The Buildings library is a free and open-source Modelica
library that comprises of tested and validated components for the
simulation of buildings, district heating, and control systems. The main
components of the solar thermal model in this work are the solar pump
controller and the solar thermal collector.

The solar pump controller dictates whether the pump to the SCs is
active or inactive depending on the value of the incident solar radiation
and system parameters. The pump is activated when the incident solar
radiation is higher than the critical radiation, defined by Eq. (1) in Duffie
and Beckman [65].

Gre = (FRUL(Ti — Teny))/ (Fr(1@)) M

Where Grc is the critical solar radiation, FRUy, is the heat loss coefficient,
Tin is the inlet temperature, Tgny is the ambient temperature, and Fg(ta)
is the maximum efficiency. The solar collector was modeled according to
the EN12975 test standard [66]. EN 12975 test data for a glazed flat-
plate solar collector (WTS-F1-K1/K2 from Max Weishaupt GmbH) was
utilized in this study [67]. Given in Table 2 are the SC parameters used in
the model.

When the incident solar radiation is lower than the critical radiation,
the fluid bypasses the SCs and goes directly to the BHE. The solar
thermal model is connected to the CO3 heat pump and BHE models by
temperature signals.

2.1.4. Modeling of the tank thermal energy storage

The model for the TTES (Fig. 5.) was also developed using compo-
nents of the Buildings library. The model uses the stratified storage tank
model, which implements several volumes that exchange heat among
themselves and with the ambient via conduction. Each layer volume
contains a fluid port that may be used to inject or withdraw water to or
from the tank. Heat loss through the top and sides of the TTES was
modeled by assuming that the ambient temperature is kept at 19 °C, the
minimum acceptable indoor temperature according to Norwegian
building regulations [68]. Insulation thickness and conductivity were
assumed to be 200 mm and 0.04 W/m-K, respectively. The TTES height
was kept at 2 m. Hot fluid from the heat pump first passes through a
backup heater in case the required temperature was not attained. It is
then injected into the top layer of the tank. Relatively cold fluid is drawn
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Table 2

Summary of SC parameters following the EN 12975 test standard [67].
SC parameter Value
Area/collector, m? 2.32
Dry weight, kg 42
Fluid volume, m® 0.0023
Pressure drop during test conditions, Pa 100
Mass flow per unit collector area, kg/s-m? 0.02
Maximum efficiency 0.802
Heat loss coefficient 3.601
Temperature dependence of heat loss 0.014
Incidence angle modifier 0.97
Nominal solar irradiance in ratings data, W/m? 1000
Nominal temperature difference in ratings data, K 20

from the bottom to manage the temperature inside the tank. Hot water
from the top and the middle layers are withdrawn to provide the energy
required for DHW heating and SH, respectively. The rate of withdrawal
of water is controlled by the thermal demand model component.

2.1.5. Model of the thermal demand

Thermal energy demand (Fig. 6) was represented by a pipe, which
features a heat port. The heat port is connected to demand information,
which could either be obtained from measurements or simulations. The
flow of hot fluid coming from the TTES is controlled by indicating the
expected temperature of the fluid after it has undergone heat exchange
with the distribution system. This model is a simplification of how the
heat demand is being met by the system.

Hourly demand data for space and water heating from a school in
Stavanger, Norway was utilized as the reference of the demand input to
this model. The choice of using heat demand and weather data from two
different cities was limited by the data availability. Nonetheless, Sta-
vanger and Bergen are two cities close to one another, that have rela-
tively similar climate conditions. The capacity of the system model in
this study is limited to 6.5 kW since the data used to calibrate the CO2
heat pump is from a 6.5-7 kW prototype unit. The demand data from the

school is much higher than this so it was normalized, by dividing all data
by the measured maximum demand, and then multiplied to 3 kW and
3.5 kW for space and water heating, respectively (Fig. 7). Peak demands,
which comprise less than 1% of the total demand data, were also filtered
out for simplicity. Hence, the actual magnitude of the energy demand
from the school was not used but the demand patterns were followed.
Space heating goes up in the winter and during school hours and goes
down in the summer. Water heating more or less retains its level
throughout the year. Typical demand profiles on a weekday for the
different seasons are also given in Fig. 7. The demand profiles in spring
and autumn are fairly similar; the demand in summer is considerably
smaller; winter demand is the highest among all of them.

2.2. The performance indicators

The system performance indicators chosen for this study are the SPF,
the LCOH, and the GTC. Due to the complexity of the model, simulation
runs require substantial amounts of time to finish. Since the study re-
quires running several cases, it was decided to limit the simulation time
for the sensitivity and parametric studies to 1 year. Of course, more
representative values of the performance indicators could have been
obtained if the simulations covered the whole lifetime of the system. A
trial run showed that the SPF and LCOH did not vary so much yearly. On
the other hand, the GTC was highest for the first year but substantially
decreased in the succeeding years. This was assuming that the weather
and the demand remained consistent yearly.

To calculate the SPF, the total energy delivered by the system to the
demand was divided by the total energy utilized to run the system. The
SPF pertains to the system and not only the heat pump. Energy utiliza-
tion includes the total annual electricity used to run the compressors and
the circulation pumps. A higher SPF indicates better efficiency.

To calculate the LCOH, the operations cost and thermal energy
delivered from a year of simulation were first assumed to be the yearly
operations cost and energy generation of the system. The assumed cost
annuity was then discounted back to its present value using the discount
rate (r) and added to the total capital cost of the system. The sum was
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then divided by the discounted value of energy generation. Where A is the annual cost of operations, r is the discount rate, n is the

A [le)’"] LC lifetime of the system, C is the capital cost, E is the yearly energy gen-
LCOH =—t_" 1 (2)  eration of the system.
E [ﬂ] The LCOH signifies the cost of producing 1 kWh of heating, and it is
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affected by both the cost of the equipment and the efficiency of

Table 3
Summary of parameters used for cost calculations.
Parameter Value Reference/Notes
Cost of flat plate SC, EUR/ 632.5 Average of SC costs in [69]
mZ
Cost of BHE, EUR/m? 65 [70]
Cost of TTES, EUR/m® 1150 Average cost of 0.8 — 2 m® TTES
[71]
CO, Heat pump compressor 17547 W is the rated compressor power
cost, CNY Wo-4488 [72]
CO, Heat pump gas cooler ~ 1874.4A%9%3% A is heat exchanger area [72]
cost, CNY
CO, Heat pump evaporator ~ 331.7A%%%%° A is heat exchanger area [72]
cost, CNY
Lifetime of system, years 25 [70,73]
Discount rate 2% Discount rate or cost of capital for
heat pumps [74]
Exchange rate, USD/€ 1/1.01 Exchange rate in Sept. 2022
Exchange rate, USD/CNY 0.14/1 Exchange rate in Sept. 2022
Exchange rate, NOK/USD 1/0.0975 Exchange rate in Sept. 2022
Electricity cost, NOK/kWh 2.4415 Average electricity price in Norway

in 2022 [75]

EUR = Euros; CNY = Chinese Yuan; USD = U.S. Dollars; NOK = Norwegian
Kroner.
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operations. A lower LCOH is desired. The data and assumptions used for
cost calculations are summarized in Table 3.

The GTC was obtained from the BHE model. The model gives out the
average ground temperature as it is utilized as a heat source or sink. GTC
is calculated by subtracting the ground temperature after one year of
simulation from the initial ground temperature (Tipitial — Tfina))- When
consistent boundary conditions are applied to a SAGCHP system, GTC is
expected to reduce after the first year since the driving force for heat
exchange between the circulating fluid and the ground gets smaller. In
this study, the 1st-year GTCs calculated in the sensitivity and parametric
runs were assumed to represent the maximum expected temperature
decline for a year of operation. A higher GTC value means a larger
ground temperature decrease. A negative GTC pertains to the accumu-
lation of heat in the ground. A GTC close to zero or slightly negative is
desired.

2.3. The sensitivity, parametric, and long-term performance studies

The effects of varying the value of selected parameters to the per-
formance indicators were investigated in this study. A total of 8 pa-
rameters (Table 4) were varied, 4 pertain to design conditions while the
other 4 to operating conditions. The BHE length, SC area, and TTES
volume were chosen since they are known to have a direct relationship
with the cost of the system. The SC-BHE mass flow, CO, heat pump high-
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Table 4
Parameters investigated.

Parameter Base Range of variation
Value (Parameter investigation)
BHE length, m 80 50 - 200
BHE spacing, m 5 3-8
SC area, m? (number of collectors) 13.92 (6) 4.64-232(2-10
collectors)
TTES volume, m® 1 03-3
SC-BHE mass flow, kg/s* 0.42 0.05-1
SH return temperature, °C 32 20 -40
CO;, heat pump high-side pressure, 9 8.5-10
MPa
CO;, heat pump output temperature, 65 60 -75
oQr

*the flow rate of the fluid circulating through the SC, BHE, and the evaporator’s
water side.

**the temperature of the water as it comes out of the water side of the gas cooler
before entering the TTES.

side pressure, and heat pump output temperatures were chosen since
they are parameters that could easily be controlled. The BHE spacing
was also included since it could be a non-expensive way to diffuse the
thermal imbalance induced by the system to the ground. Lastly, the
return temperature was included to indirectly represent the effects of the
performance of the distribution system on the energy supply system.

A sensitivity study was first implemented by individually changing
the base value of the parameters by + 5% and observing how a similar
magnitude of change induced to each of them affects the performance
indicators. The induced parameter variation in the sensitivity runs was
limited to + 5% because there is a limit on how low the high-side
pressure of the heat pump could be changed.

Since it is expected that this system would not respond linearly to
every parameter, a wider range of values must be investigated. The
result of this parametric study was then analyzed to discuss the trade-
offs among different parameter specifications in terms of performance
and cost. Table 4 shows the base value of the parameters and the range
of variation implemented in the parametric study.

From the results of the parametric and sensitivity runs, a combina-
tion of parameter values that would allow the system to perform well
was chosen and used for a long-term simulation run. Due to the limi-
tations of data availability, the demand used for the first year of simu-
lation was reused in the subsequent years. The simulation time was
limited to 10 years because of the relatively large amount of time needed
to run the model.

3. Results and discussion

The CO; heat pump was first calibrated using measured data [59].
Other component models were validated as well. After this, sensitivity
and parametric studies were implemented. Lastly, a long-term simula-
tion run was implemented using a combination of parameter values that
were deemed to give favorable performance.

3.1. Calibration or validation of component models

The best way to verify the validity of a system model is to calibrate it
against data from a real-world installation of the exact system. However,
since neither the facility nor data are available to the researchers, some
of the components were just calibrated or validated individually. The SC
implements a widely-used standard model whose validation is included
in the Buildings library [50]. It was decided not to re-validate it here.
The MoBTES library is relatively new and was slightly revised in this
work so re-validation was implemented to see how it performs on other
data different from what the developers used. The TTES was also vali-
dated here since its validation model was not included in the Buildings
library. The heat pump was modeled using more basic components, such
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as heat exchangers, valves, and compressors. Hence, it required
calibration.

3.1.1. Calibration of the heat pump

Available data [59] was used for the calibration of the heat pump.
The measured data for the design condition at 85 bars were used to
calibrate the model. Some component specifications were obtained from
the reference material while some were determined through the cali-
bration process. During the calibration, the values of the heat transfer
coefficients of every heat exchanger and the efficiencies of the
compressor were adjusted until the model could simulate measured test
data. Table 5 shows the values of the heat exchanger parameters while
Table 6 shows the parameters for the other heat pump components, such
as the low-pressure receiver and the compressor.

Table 7 gives the results of the CO5 heat pump calibration runs. The
model was calibrated against the data for the high-side pressure Pgc =
85 bars, while the other measured data were used to test the calibrated
model. Calibration and test errors were obtained by comparing the
measured and simulated COPs. As shown, the error generated by the
calibrated model increases when it is used to simulate the off-design
lower high-side pressure. This can be partly attributed to the choice of
using a simplified compressor model that assumes constant efficiencies.
Nonetheless, the simulations performed in this work use a lower limit of
85 bars, thus avoiding the larger errors associated with the 80 bars.

3.1.2. Validation of the BHE

The BHE model was validated using data from a seasonal thermal
energy storage facility in Neckarsul, Germany [76]. The facility was
built in 1997 and consists of 36 double U-tube BHEs with a depth of 30
m. Given in Table 8 are the specifications of the BHEs. Neckarsulm,
Germany [76].

Operation data from January 1 to March 1, 1998, were used to assess
the accuracy of the model. The measured and simulated outlet tem-
peratures from the BHEs are compared in Fig. 8. The boundary condi-
tions used include the inlet temperature, which varied between 50 and
80 °C, and the volumetric flow rate, which remained at around 0.0034
m>/s. It was observed to accurately predict the outlet temperature of the
fluid after passing through the BHEs. A small root-mean square error
(RMSE) of 2.24 was calculated, signifying that the model could suffi-
ciently simulate the behavior of the real system.

3.1.3. Validation of the TTES

The TTES model was validated using data from an experimental fa-
cility that incorporates a 785 1 Wolf BSP-800 TES tank [77]. Eight (8)
temperature sensors can be found throughout the active section of the
tank, thereby subdividing it into 8 layers. A multi-node stratified TTES
model with a height of 1755 mm and diameter of 790 mm was used to
represent the active layers of the tank. Each tank layer was represented
by 5 nodes, resulting in a 40-node TTES model. When comparing the
results to measured data, the simulated temperatures from the 5 nodes
that represent a layer were averaged. The amount of heat loss was not
given in the paper, so it was assumed to occur at the top and sides of the
TTES, given the ambient temperature of 20 °C, an insulation thickness of
150 mm, and an insulation thermal conductivity of 0.05 W/m-K. During
the experiment, the tank was charged for 3 h from a fully discharged
condition (state of charge (SoC) = 0%), increasing the storage temper-
ature from 20 °C to 60 °C. It was then discharged for the next 2 h. During
discharge, the temperature of the fluid entering the tank’s bottom was
kept at around 30 °C, representing the return temperature from do-
mestic heating systems. The charging and discharging temperature and
flow rates (Fig. 9) were used as inputs to the TTES model.

The resulting simulated temperatures for every layer and the SoC
were then compared to the measured ones in Fig. 10. The SoC was taken
by taking note that the maximum and minimum operating temperatures
of the tank are 85 °C and 20 °C, respectively (Eq. (3).
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Table 5
CO, heat pump heat exchanger specifications.
Gas Cooler 1 Gas Cooler 2 Gas Cooler 3 Evaporator Sub-cooler SGHX
COy-side tube length, m 14 15 3.5 12 6 2.3
CO,-side tube inner diameter, m 0.006 0.006 0.006 0.008 0.008 0.08/0.12
CO,-side heat transfer coefficient, W/m2-K* 9000 7000 3500 6500 150 550
Water-side tube length, m 14 15 3.5 12 1 NA
Water-side tube inner diameter, m 0.012 0.018 0.012 0.02 0.025 NA
Water-side heat transfer coefficient, W/m?2-K* 9000 7000 5500 4500 150 NA
Wall thermal resistance, K/W (Stainless Steel) 0.00025 0.00025 0.00025 0.00025 0.0001538 0.00025
Mass, kg 13 18 6 17 17 2.5
*Values determined from the calibration process.
N
Table 6 SOC = (iz1€0PViTi) = CopinPuninV Toin 3)
Other CO, heat pump component specifications. pmasPmaxVTmax = CppinPminV Tnin
Component Parameter Value Where c;, is the specific heat capacity, p is the fluid density, V is the tank
Compressor (Hermetic two-stage rolling  Operating speed, rpm  1800-7200 volume, Tpax is the maximum operating temperature, and Tp,, is the
pls.tto)n unit operated as a single-stage ;Hz)l . Y ;3:;120) minimum operating temperature.
unit 1splacement, cm’ . . . .
revp The resulting RMSEs for temperatures and the SoC given in Table 9
Swept volume, m®/h 1.439 at 7200 show that the TTES model could reasonably simulate real conditions.
rpm
Volumetric 0.85 .
Efficiency* 3.2. Results of the sensitivity study
Isentropic Efficiency 0.8
Effective Isentropic 0.62 Given in Fig. 11 are tornado plots that illustrate the sensitivity of the
Efficiency* performance indicators to selected system parameters. These were
Max discharge 125 generated by inducing a + 5% change from the base value of each
temperature, °C .
Max power input, W 2500 parameter and checking how they affect the SPF, LCOH, and GTC.
- The figure shows that the SPF is most sensitive to the heat pump’s
Evaporator Evaporation -5 . . .
. high-side pressure and operating temperature, followed by the SH return
temperature, °C oo N
Mean temperature 5 temperature. The two most significant parameters for managing the SPF
difference, K are operating parameters, which are controllable. Lowering the oper-
Tripartite gas coolers SH heating capacity, ~ ~3 ating temperature and increasing the high-side pressure increased the
kW SPF. However, there is a limit on how much change could be practically
SH temperature <0.2 imposed on these parameters for improving the SPF. Typically, heat for
approach, K
DHW - Water 5/60
temperatures, °C Table 8
DHW - Heating ~3.5 Specifications of the ground thermal storage facility in Neckarsulm, Ger-
capacity, kW many [76].
DHW - Temperature <3 .
Parameter Description
approach, K
Low pressure receiver Volume, m® 0.004 Working ﬂm(,j Water
[P Tube outer diameter, m 0.025 m
Initial filling level 0.5 . .
Tube inner diameter, m 0.0204 m
Throttle valve Effective flow area, 1x10°® — 3x10° Tube shank spacing, m 0.065 m
m? 7 Borehole depth, m 30 m
“val d ined f h librati Borehole diameter, m 0.115m
Values determined from the calibration process. Borehole number 36
Borehole distance, m 2m
Pipe thermal capacity, J/m°-K 1.82x10°
Pipe thermal conductivity, W/m-K 0.22
Grout thermal capacity,, J/m3-K 3.58x10°
Grout thermal conductivity, W/m-K 0.65
Ground thermal capacity, J/m>-K 3x10°
Ground thermal conductivity, W/m-K 2

Table 7

Results of the calibration CO, heat pump unit at ~60 °C Domestic Hot Water (DHW) temperature, ~35/30 °C supply /return temperature for space heating (data taken

from [59]; Qpuw = Qcc1 + Qacs; Tk is the evaporator temperature in the CO5 loop).

Data type Pgc, bars Tg, °C Qgc, W Qpuw, W Qgc1, W Qcec2, W Qgcz, W Powerc, W Tin/outcoz ge, °C Mcoz, kg/s Ccop Error
Measured* 85 -5.1 6907 3965 1608 2942 2357 1775 86.40/9.80 1.441 3.89 —0.26%
Calibrated 85 -5.1 6710 3776 1534 2934 2242 1730 86.56/9.80 1.449 3.88

Measured* 89.8 -5 6947 4351 1550 2596 2801 1878 90.60/8.50 1.442 3.70 1.89%
Simulated 89.8 -5 6711 4074 1480 2637 2594 1779 90.76/8.17 1.417 3.77

Measured 80.3 -5.1 6230 3502 1674 2728 1828 1699 81.60/18.00 1.440 3.67 4.90%
Simulated 80.3 -5.1 6595 3615 1707 2981 1907 1715 83.82/15.41 1.500 3.85

*Design conditions.
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Fig. 8. Comparison between measurement data and simulation output
from MoBTES.
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Fig. 9. Experimental flow and input temperature during charging and dis-
charging, data taken from [77].

DHW heating should be greater than the proliferation temperature of
Legionella bacteria (20-45 °C) [58]. Moreover, different distribution
systems have different temperature requirements. Nonetheless, the
trend now is to design these distribution systems so that it functions with

3
S
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lower temperatures. As for the high-side pressure, it is well known that
CO9 heat pumps exhibit an optimal value due to the distinct working
mode in the trans-critical region [22,78] so increasing the discharge
pressure further will eventually lead to a lower SPF. Meanwhile, the SH
return temperature is a parameter that cannot be easily managed since it
is dependent on the design and efficiency of the distribution system.
However, this is expected to be at least higher than the temperature
required for thermal comfort. In the winter, this ranges from 15 to 21 °C
[79].

The LCOH was seen to be most sensitive to the heat pump’s high-side
pressure and operating temperature. It was also notably reactive to the
SH return temperature, the BHE length, and the SC area. This shows the
importance of the cost of the operation, which is dependent on system
efficiency. However, these results are dependent on the economic as-
sumptions made. A higher discount rate can increase the importance of
capital expenses, thereby increasing the influence of BHE length and SC
area. A higher electricity cost can increase the contribution of the op-
erations expenses. The BHE spacing could also possibly affect the LCOH.
However, in this study, it was assumed that BHE cost is only associated
with its length and not with the area it occupies.

The 1st year GTC was observed to be most reactive to the SC area and
the BHE spacing. The heat pump’s high-side pressure, operating tem-
perature, and BHE length also significantly affected it. The SH return
temperature and the mass flow rate of the fluid circulating through the
SC and the BHE also affected the GTC, albeit to a lesser extent. The GTC
is an indicator of the thermal imbalance in the ground induced by uti-
lizing it for heating purposes. It is desired to maintain ground temper-
ature near its initial state.

Among all the variables studied here, the heat pump’s high-side
pressure and output temperature are the most significant ones since
they exhibited notable effects on all the performance indicators. Below
the optimal operating pressure, a 5% increase in the heat pump’s high-
side pressure brought about a ~7-10% improvement to the SPF, a
~3-5% reduction to the LCOH, and a ~6-10% increase to the GTC.
Reducing the output temperature by 5% increased the SPF by ~7-8%,
decreased the LCOH by ~3%, and increased the GTC by ~6%. The
parameter that did not significantly affect the performance indicators is
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Fig. 10. Comparison of the measured and simulated temperatures in each layer of the TTES and its SoC, data taken from [77].

Table 9
RMSE of the TTES model for layer temperatures and SoC of the tank.
RMSE Layer 1 Layer 2 Layer 3 Layer 4
2.40 1.89 1.36 1.40

Layer 5 Layer 6 Layer 7 Layer 8 SoC
1.74 2.09 2.60 3.94 1.61
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Fig. 11. Tornado plots showing the sensitivity of the performance indicators to different parameters.
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Fig. 12. Variation of SPF, LCOH, and GTC with different system parameters: (a) BHE length, (b) BHE space, (c) SC area, (d) TTES size, (¢) SC-BHE mass flow, (f) SH
return temperature, (g) Heat pump high-side pressure, and (h) heat pump output temperature.
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the TTES volume.
3.3. Results of the parametric study

To see the effects of a wider range of parameter variation, their
values were varied beyond the + 5% limit set in the sensitivity analysis.
The range implemented for each parameter is specified in Table 4. Given
in Fig. 12 are the results of the parametric runs.

An optimal SPF was observed when the heat pump’s high-side
pressure was varied (Fig. 12g). Increasing the high-side pressure
beyond 9.5 MPa decreased the SPF and increased the LCOH. The pres-
ence of an optimal discharge pressure can be explained by the trends of
the isotherm lines in the supercritical region of CO2. With the rise of the
discharge pressure, the heating/cooling enthalpy difference increases
substantially first and then only slightly, while the enthalpy difference
from compression remains almost unchanged. At a relatively low
discharge pressure, the heating/cooling COP increases as the discharge
pressure increases because of the larger difference in the specific
enthalpy between the state points in heat rejection/absorption relative
to the enthalpy difference between the state points from compression. As
the discharge pressure is further increased, the specific enthalpy dif-
ference between the heat rejection/absorption state points eventually
gets smaller, resulting in a smaller COP. The larger heat absorption
associated with the optimal point also explains the slightly higher GTC
seen. A more illustrative explanation can be found in [78]. The LCOH
also exhibited an optimal value, given that it is highly influenced by
operational efficiency.

As for the SC-BHE mass flow rate (Fig. 12e), the SPF peaked at
around 0.25 kg/s and then decreased sharply when the flow rate fell
below 0.1 kg/s. When the circulation rate is lower, less heat is delivered
to the heat pump, which causes the compressor to work harder to pro-
duce the necessary heat to maintain the same output temperature. This
results in a lower SPF. Nonetheless, increasing the circulation rate in-
creases electricity consumption for pumping. At some point, the benefits
of higher heat delivery from a larger circulation rate are offset by the
electricity consumption of the pump. This explains the presence of the
optimal value of the SC-BHE mass flow rate that both maximizes the SPF
and minimizes the LCOH. The GTC was seen to increase with the flow
rate due to the larger heat extraction from a higher flow rate.

As discussed earlier, when the heat pump output temperature was
decreased (Fig. 12h), the SPF and the LCOH improved. At a lower
operating temperature, the heat pump was seen to (1) circulate a lower
amount of CO,, reducing compressor work, and (2) implement a larger
change in specific enthalpy during the heat rejection process. It was also
required to deliver a smaller amount of heat to maintain the lower
output temperature. All of these contributed to better performance.
However, this also resulted in a slightly larger amount of heat being
extracted from the ground, given the larger specific enthalpy change
during the heat absorption process. This caused the observed larger
GTC.

Similarly, a lower SH return temperature implies a more efficient
heat transfer to the distribution system (Fig. 12f). A higher SH return
temperature involved the circulation of a larger amount of fluid to
provide the heat needed by the distribution system. This required more
pumping and a larger amount of heat from the heat pump, which both
lowered the SPF. At times, the heat absorption process was also seen to
occur at a lower temperature when the SH return temperature was
lowered. This resulted in the slightly higher GTC seen in the plot.

The GTC changed more notably with BHE length (Fig. 12a), BHE
spacing (Fig. 12b), and SC area (Fig. 12¢). Increasing the values of these
parameters resulted in lower GTCs. Temperature reduction in the
ground should be minimized since it reduces the long-term efficiency of
a GCHP system. Solar input offsets the thermal extraction induced by the
system to the ground. Hence, increasing the SC area can reduce GTC and
can even raise the ground temperature. However, it was also seen to
slightly lower the SPF. A larger SC area increases the temperature of the
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circulating fluid (propylene glycol-water mixture), which induces a
small change to its density that slightly increases pump power
consumption.

Increasing BHE spacing and length disperses ground heat extraction
to a larger volume, thereby reducing its effects on ground temperature.
BHE systems are typically oversized to reduce thermal imbalance [80].
However, oversizing them can be more expensive than adding SCs.
Another less expensive way to offset the effects of heat extraction on the
ground is to use the heat pump to extract heat from buildings and inject
them into the ground. However, this may not be suitable for regions like
western Norway where temperatures tend to remain quite low, even
during the summer months. Increasing the SC area can increase ground
temperature, which could eventually lead to a negative GTC. Increasing
the BHE spacing and length would decrease GTC, but will not make it
negative as long as the system is only being used for heating. A higher
ground temperature might be good for use in heating, but inducing too
much change could entail some unwanted environmental or ecological
effects [81]. The best method to be used for managing the GTC will
depend on the conditions in which the system will be used, such as area
availability, ground temperature regulations, the presence of cooling
demand, the intensity of solar irradiation, etc.

Increasing BHE length or SC area both entail costs so increasing the
BHE spacing might be a better way to manage ground thermal imbal-
ance. However, the relationship between BHE spacing and cost is arti-
ficially dissociated here. Increasing the spacing may also increase costs,
but possibly to a much lesser extent than if the BHE length is increased.

Among all the parameters investigated, the TTES size exhibited the
least effect on the performance indicators. Higher heat losses are ex-
pected to negatively affect system performance. However, in this work,
heat losses from the tank to the ambient were minimized through
insulation. Although higher TTES volumes resulted in greater heat losses
due to the increased surface area, the impact on the SPF remained small.
However, if a less insulated tank were used, changes to the TTES volume
could potentially have a greater impact on performance.

The trade-offs of changing the values of the parameters when it
comes to their effects on the performance indicators are shown by these
plots. It is notable that changing the high-side pressure, the output
temperature of the heat pump, and the SH return temperature to
improve the SPF and LCOH could induce higher GTC. Hence, this should
be accompanied by adjustments in other parameter values, such as
increasing the BHE spacing or the SC area.

3.4. Long-term performance study

After observing how the CO; SAGCHP system reacted to the changes
in various parameters, a combination of parameter values that are ex-
pected to give favorable overall performance was inferred and used for
long-term simulation. The observed optimal high-side pressure of 9.5
MPa and SC-BHE mass flow rate of 0.25 kg/s were noted. Reducing the
heat pump output set point temperature and the SH return temperature
were seen to improve the SPF and LCOH so they were set to 60 °C and
25 °C (20 °C seems to be too low for most systems), respectively. The
BHE length was maintained at the base value of 80 m, while the TTES
size was kept at 1 m>. Increasing the BHE length can reduce GTGC, but it is
more cost-effective to increase the BHE spacing and the SC area to
manage ground thermal imbalance. A well-insulated TTES was found to
have a minimal effect on system performance, hence it was kept at its
base value. Lastly, to eliminate ground temperature reduction, a BHE
spacing of 8 m and an SC area of 23.2 m> (10 collectors) were used.

Shown in Fig. 13 are the SPF, LCOH, and GTC for the first 10 years of
operating the system. The SPF and LCOH were calculated progressively.
For example, the calculation of the 2nd year SPF was performed by
taking into account the cumulative thermal energy generated and the
total power used for the first two years of operations. As for the LCOH, it
was calculated by assuming that annuities of the operations cost and
energy generation are equivalent to the running annual average of the
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Fig. 13. Ten-year performance of the CO; SAGCHP system, assuming consis-
tent demand.

operations cost and energy generation, i.e., for the 2nd year, it was
calculated assuming that the average of the operation costs for the 1st
and 2nd years is the annuity of the operations cost for its lifetime and the
average of the energy generation for the 1st and 2nd years is the annual
energy generation of the system throughout its lifetime. Two GTCs are
shown here: (1) the annual GTC, which subtracts the average ground
temperature from the temperature of the ground at the start of every
year (Tstart of every year — Tend of every year) and (2) the cumulative GTC,
which subtracts the average ground temperature from the temperature
of the ground prior to utilization (Tstart of the 1st year—Lend of every year)-

The SPF and LCOH did not vary so much. On the other hand, the
absolute value of the annual GTC was seen highest in the first year and
substantially decreased in the succeeding years. This behavior is also
shown by the decreasing slope of the cumulative GTC curve. This was
assuming that yearly demand levels are maintained.

The system exhibited an SPF of about 3.5, with slight variations that
can be attributed to slight variations in the yearly weather conditions
and ground temperature change. This value is comparable to the long-
term performance of a conventional subcritical SAGCHP system used
for SH and DHW heating (SPFconventional, s = 3.89; SPFconventional,
su+pHw = 3.17 [82]; SPF = 2.74 to 3.27 [83]). However, these values
from literature entail larger systems that apply different system con-
figurations and boundary conditions. A better comparison could be
obtained if a conventional SAGCHP model that applies identical condi-
tions was used. Previous studies [54,82] have noted the importance of
solar inputs in maintaining the performance of the system by showing
the outputs from conventional SAGCHP and GCHP models. In our study,
the SC induced a slight annual increase in ground temperature (a total of
~0.3 °C in 10 years), which helped in maintaining nearly consistent
yearly SPFs. The temperature rise in the ground was seen to reduce
substantially after the first year because the mean temperature differ-
ence between the ground and the circulating fluid gets lower every year.
Larger variations in weather and demand can induce larger GTC varia-
tions. As for the LCOH, the value obtained here (0.183 USD/kWh) sits
close to the upper bound of the range of conventional solar thermal
combi heat pump systems LCOH (0.043 — 0.206 USD/kWh) [84]. This
can be further lowered by finding the minimum BHE length and SC area
that would still allow the system to consistently provide the required
demand efficiently.

The simulation here was limited to only 10 years because of the
relatively slow simulation speed, which could be attributed to the CO2
heat pump component model. Alternative ways to model this compo-
nent, such as the use of data-driven methods, should be explored.
Nonetheless, with almost consistent demand and weather and with the
GTC getting smaller, system performance is not expected to vary too
much from what was shown here.

4. Conclusion
A Modelica model of a hybrid CO3 SAGCHP system for SH and DHW

heating was developed and used for investigating system performance
by looking into three (3) performance indicators, namely, the SPF,
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LCOH, and GTC. One-year simulation runs were implemented to
perform the sensitivity and parametric studies. After that, a combination
of parameter values that are expected to give favorable overall perfor-
mance was inferred and used for long-term simulation. From these, the
following were concluded:

e Without implementing component enhancements, like replacing the
heat pump’s throttle valve with an ejector, the CO, SAGCHP system
is capable of reaching performances (SPF ~ 3.5) comparable to that
of similar systems that use commercial working fluids operating at
subcritical vapor compression cycle. This is possible by ensuring a
good combination of design and operating specifications.

e The LCOH seen (0.183 USD/kWh) sits a bit closer to the upper bound
of the range of conventional solar thermal combi heat pump systems’
LCOH. To reduce this, optimization studies should be done to find
the minimum BHE length and SC area that can provide the required
demand while maintaining ground temperature for long-term
utilization

e Among all the variables studied, the heat pump’s high-side pressure
and output temperature exhibited notable effects on all the perfor-
mance indicators. Below the optimal operating pressure, a 5% in-
crease in the heat pump’s high-side pressure brought about a
~7-10% improvement to the SPF, a ~3-5% reduction to the LCOH,
and a ~6-10% increase to the GTC. Reducing the output tempera-
ture by 5% increased the SPF by ~7-8%, decreased the LCOH by
~3%, and increased the GTC by ~6%. The heat pump’s discharge
pressure can be easily controlled using the throttle valve, but the
output temperature is usually dictated by the heat distribution
system
The high-side heat pump pressure and SC-BHE circulation rate have
optimal values that should be determined and used for operations
Good insulation can minimize the effects of the TTES’ volume on the
overall performance
Managing GTC ensures the longevity of the system. Practical ways to
reduce ground temperature decline are by increasing BHE spacing,
using the heat pump to cool spaces, or adding solar collectors. The
best method depends on the condition in which the system would be
used, such as area availability, ground temperature regulations, the
presence of cooling demand, solar irradiation, etc.

e The model works, but the simulation time should be improved. This
could be done by exploring alternative ways to model the CO; heat
pump, such as by using data-driven methods
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