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Abstract: Modern buildings in cold climates, like Norway, may have simultaneous heating and
cooling demands. For these buildings, integrated heating and cooling systems with heat pumps, as
well as short-term and long-term thermal storage, are promising solutions. Furthermore, combining
this integrated system with renewables aids in the transition to future sustainable building energy
systems. However, cost-effectively designing and operating such a complicated system is challenging
and rarely addressed. Therefore, this research proposed an integrated heating and cooling system
that incorporated a short-term water tank and a long-term borehole thermal storage. Meanwhile,
three operating modes: heating, cooling, and free cooling were defined based on different heating
and cooling load conditions. A detailed system model was developed in MATLAB using heat pump
manufacture data as well as simulated and measured building loads. Following that, sensitivity
studies were performed to investigate the impacts of ground properties, thermal storage size, setpoint
temperature, heat pump characteristics, and load conditions. The findings identified the crucial factors
that influence the system’s overall energy efficiency and the functioning of the key system components.
Particularly, it revealed that low cooling to heating ratios caused an imbalance in charging and
discharging, further reducing the ground temperature and degrading the heat pump’s performance.

Keywords: integrated heating and cooling energy systems; ground source heat pump; long- and
short-term thermal energy storages

1. Introduction

The buildings sector is accountable for 40% of the total energy use [1,2] and 40% of the
direct and indirect CO2 emissions in the world [3]. The overall energy use in both residential
and commercial buildings has increased from 2010 to 2020 in most regions of the world
and is following a projected upward trend until 2050 [1]. To tackle the growing demand
for thermal energy while not relying on fossil fuels, modern building energy systems
must be integrated with renewable energies. Meanwhile, other solutions, such as short-
and long-term thermal storage and combining the heating and cooling systems, could be
effective in harnessing these renewable energies. Especially in the situation where heating
and cooling energy are simultaneously required. Many buildings have a heating or cooling
dominated demand profile depending on the climate and season with frequent hours of
mixed load during the year. Therefore, the simultaneity of heating and cooling demand is
another aspect to be considered when designing building energy systems [4,5]. Utilizing
heat pumps allows the coupling of heating and cooling sides, resulting in simultaneous
production of heating and cooling energy with lower power input [4].

Heat pump-based technologies can be coupled with available renewable energy
sources such as geothermal energy to simultaneously cover both heating and cooling
demands [6,7]. A ground source heat pump (GSHP) uses the groundwater or material as
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the heat source or sink [1,8,9]. Below certain depths, the ground temperature is more stable
and suitable for heat pumps. For heating applications in the winter, the ground serves as a
heat source with a temperature higher than the surrounds, while in summer thermal energy
can be stored in the ground for long periods despite the low specific heat of the ground ma-
terial [8–10]. A typical model of a GSHP system includes ground heat exchangers (GHEs),
heat pump units, distribution networks, as well as heating and cooling users, and may
additionally include short- and long-term thermal storage units and auxiliary systems. The
design of each component is associated with various degrees of simplification, assumptions,
and physical constraints. Therefore, the design parameters of components can affect the
efficiency of the whole system. Since the building’s energy systems are developed based
on the thermal load of the building and the system exergy efficiency, the design of GSHP
must consider improved system efficiency at any combination of loads for better energy
saving [4,8]. This can be done by efficient design and parametric analysis of the components
and their interconnection as a system. There is a considerable amount of research on the
design and performance analysis of heating and cooling energy systems [6,11–17]. A critical
review of borehole thermal energy storage (BTES) systems showed that undersized BTES
will lead to a higher heat transfer rate due to a greater temperature gradient [8]. Sarbu et al.
performed a general review of GSHP technologies for the heating and cooling of buildings.
The ground coupled heat pump (GCHP) was found more suitable for mix load profiles
than other GSHP solutions if effectively designed in accordance with the physical and local
requirements [7]. Hino et al. [11] proposed a ground loop water system connected to a
solar/air source heat pump system and tested it with one simplified air conditioning unit.
They drew the same conclusion as [7] from the numerical analysis of a daily cycle of GCHP
operation [11]. Sircar et al. studied the performance of a GCHP system in India with focus
on various load scenarios representing seasonal changes. They concluded that a higher
coefficient of performance (COP) can be achieved in cooling dominated scenario [13]. Rui
et al. developed an integrated GSHP model using the finite element method to model the
GHE and the thermal piles in detail, and C++ to connect the component models. The heat
pump was modelled based on capacity and power data provided by the manufacturers. In a
case study of an existing system in London, they found high fitness between the simulation
and measured data. Their study concluded that the effect of thermal pile distances on the
system performance becomes more significant in heating or cooling only because of con-
tinuously heating or cooling the ground leading to imbalance in ground temperature [14].
A case study of an integrated heating and cooling system including long- and short-term
TES for a building in Oslo, Norway, was performed in [12]. The component models were
developed in Modelica. The mismatch between the heat extraction from the ground in the
winter and heat injection from solar collectors led to a decrease in ground temperature and
consequently a decrease in the long-term performance of the system [12]. To avoid this
problem they suggested either installing more solar collectors or inputting more auxiliary
heat from the local district heating grid [12]. Ferrantelli et al. presented a calculation
procedure for design of the BTES yield per length of piles that was tested on a heating
application for a commercial building using IDA-ICE to couple the heat pump model with
heat transfer processes. Parametric study of long-term operation of the system showed
that the heat extraction rate was not directly related to evaporator load [17]. Their study
also confirmed the significant reduction of BTES size when long term thermal storage was
included [17]. Shin et al. proposed an arrangement for a simultaneous heating and cooling
system with focus on operation control strategies and the impact of user side system [4].
The components of the system were sized via conventional methods and the operation
strategy was focused on controlling the temperatures at short-term thermal storages. A
simulation of a winter month in Korea was performed in TRANSYS. Although qualitative,
the study confirmed the energy and economic advantages the proposed operation strategy.

Most of the studies showed that GSHP could be more suitable than conventional
systems for residential and commercial buildings [3,4,7]. However, the large-scale im-
plementation of such systems is still hardly possible. Due to many complex variables
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involved in the physical analysis of such energy systems, specific physical models are
often only applicable to specific systems. There are well-established methods for sizing
each element of a complex energy system stand alone. Some studies addressed a more
efficient combination of elements, although for specific application and demand profiles.
However, the energy-efficient design of an energy system relies on the proper sizing of
each component concerning the rest of the system and the long-term operation strategy of
the system. How to size the main components of a heat pump-based energy system with
the integration of short- and long-term storage has not yet been well explored. Geothermal
building energy systems require more flexible and transferable design methods able to
identify issues such as ground temperature changes, thermo-physical properties of the
ground, design constraints and variables, and sizing of the components [18–21]. In this
regard, a general method for the preliminary design of heat pump-based building energy
systems is very much needed. In this study, general and integrated heating and cooling
systems are described and analyzed. The main components considered were a heat pump,
borehole long-term thermal storage, and hot water storage tank (HWST) as short-term
thermal storage. The dynamic heat transfer models were developed in MATLAB. This anal-
ysis aimed to investigate the most influencing parameters in sizing and overall efficiency
improvement of the energy system considering several load combinations.

The structure of this paper is as follows. The description of the energy system is
given in Section 2. In Section 3 methods for modelling the system parts are explained.
An integrated model of the system and operation strategies are described in Section 4.
Sensitivity analysis is introduced in Section 5. Results are presented in Section 6, followed
by a discussion in Section 7, with the main conclusions of the research in Section 8.

2. System Description

The system considered in this study consisted of a heat pump, substations, an HWST,
and a BTES to meet the overall heating and cooling demands of a target user, as shown in
Figure 1. The heating system where the heat was provided by the thermal energy system
was supplied to cover the heating demands such as space heating, heating of ventilation
air, and heating of domestic hot water. These loads were assembled into one large heating
demand as the system input. The same was applied to the cooling demand which consisted
of process cooling and cooling of the ventilation air. Heat sources for the heat pump could
be the cooling load from the cooling system or BTES. The heating energy supplied by the heat
pump was primarily stored in the HWST. Surplus heat, which was not immediately utilized or
stored in the HWST, was stored in BTES via a heat exchanger. The heating system received the
required heating energy from the HWST. The minimum temperature for the heating system
was set to 50 ◦C. A district heating connection was also considered as an auxiliary heating
unit for the peak load coverage if a necessary temperature lift was required.
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Hourly values of annual heating and cooling loads were calculated and measured in
advance because these are necessary as the inputs to the model. The model was tested for
two targeted users with distinct demand characteristics to study the transferability of the
model outcomes. Data for Load 1 was calibrated based on the thermal demands of the
barracks of a military base, while data for Load 2 was collected from the simulation of a
hospital energy system in Norway. These data included the values for the whole demand
of the substation based on the occupant’s behavior and outdoor temperature. The two
loads and their distributions are presented in Figures 2 and 3.
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Figure 3. Load 2 energy profile. (a) Hourly heating demand, (b) partial load frequency of heating
demand, (c) hourly cooling demand, (d) partial load frequency of cooling demand.

The first user had relatively high and constant heating and cooling demand throughout
the year. This user was named Load 1 and the values were generated in advance to resemble
the total energy demands of the military base. The second user had fewer total annual
energy demands. The heating and cooling demands did not overlap. This user was named
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Load 2 and its values were obtained from the energy consumption records of a hospital.
Table 1 presents key information for the users. The ratio of total cooling demand to heating
demand α was introduced to include the combination of loads in the assessment. As the
base case, Load 1 was characterized by a higher peak heating load and larger α value while
Load 2 had a larger peak cooling load and a lower α value.

Table 1. Maximum and total heating and cooling demand for the two profiles.

Profiles Demand Maximum (kW) Total (MWh) α (−)

Load 1
Heating 2768 6436

0.52Cooling 1015 3386

Load 2
Heating 334.7 1073.4

0.29Cooling 832.5 316.2

3. Methods

In this section, the approaches chosen for the sizing of each component of the system
are described. The dynamic thermal balance model of the system developed in MATLAB is
explained. Further, a sensitivity analysis of the key parameters of the system is presented.

3.1. Heat Pump Model

A heat pump consists of a closed vapor compression cycle including two heat exchang-
ers as the condenser and evaporator and a compressor. Heat pump models can be obtained
from parametric modelling of the refrigerant cycle in which each of the components of the
heat pump must be designed by employing physical relations. On the other hand, empirical
heat pump models are developed from the records of the capacities and power in relation to
one or several operating conditions [22–24]. The heat pump model used for this study was
based on simulation data generated from the compressor manufacturer BITZER [25]. The
data was idealized and was not affected by the layout and installation of the actual system.
Nominal capacities were derived as functions of evaporation temperature To, compressor
discharge temperature Td, and nominal cooling capacity

.
Qcp,ev as follows:

.
Qcp,ev = q1 + q2To + q3T2

o + q4T3
o + q5T3

d + q6Td + q7TdTo + q8TdT2
o (1)

.
Qcp,cd = C1 + C2Td + C3To + C4

.
Qcp,ev + C5TdTo + C6

.
Qcp,evTd + C7T2

o + C8
.

Qcp,evTo (2)

Pcp = p1 + p2To + p3Td + p4
.

Qcp,evTd + p5T2
o + p6

.
Q

2
cp,evTd + p7

.
Qcp,ev + p8

.
Q

2
cp,evTo (3)

Tc = a1 + a2To + a3T2
o + a4Td + a5TdTo + a6T3

o + a7T2
d + a8TdT2

o (4)

Coefficients in Equations (1)–(4) were obtained from the regression analyses of data from
the BITZER software [25]. For each of the two profiles, a heat pump was selected with the
specifications listed in Table 2.

Table 2. Design characteristics of heat pumps chosen for Load 1 and Load 2.

Profiles Load 1 Load 2

Type OSKA95103-K 8FE-70Y
Working fluid R717 R404A

Evaporation temperature 0 ◦C/2 ◦C 0 ◦C/2 ◦C
Condensation temperature 25 ◦C/29 ◦C 40 ◦C/42 ◦C

Evaporator capacity 1116 kW 187 kW
Condenser capacity 1248 kW 248 kW

COP (nominal/Carnot) 9.40/13.02 4.06/8.15
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The evaporation temperature To and compressor discharge temperature Td were
defined as:

Td = Tset,heating + ∆Tcd (5)

To = Tset,cooling + ∆Tev (6)

where ∆Tcd and ∆Tev were the assumed minimum temperature differences of the secondary
side and refrigerant. The inlet temperatures on the secondary sides were calculated in the
system model. The outlet temperatures on the secondary sides were set as an input to the
heat pump model.

The partial operation of the heat pump was calculated by considering actual loads on
the evaporator and condenser. The actual evaporator load was calculated according to the
operation mode of the system. The calculation of the actual evaporator load is presented in
the next section. The actual condenser load was determined based on the real-time storing
capacity of the HWST. The mass flow rate of the water circulating on the condenser side
was determined by Equation (7).

.
mc =

.
Qactual,cd

cp,water∆Thp
(7)

where ∆Thp is the estimated 40 K temperature drop between the condenser inlet and outlet
of the condenser. The cooling and heating part loads were defined as the ratios of actual
loads to nominal capacities. To consider the load simultaneity between cooling and heating
part loads, the highest was chosen as the overall part load via Equations (8)–(10).

plheating =

.
Qactual,cd

.
Qcp,cd

(8)

plcooling =

.
Qactual,ev

.
Qcp,ev

(9)

pl = max
(

plheating, plcooling

)
(10)

According to the technical data from the manufacturer, the actual capacity of the
compressors chosen was controlled with step-less capacity control in the 10–100% and
50–100% range for Load 1 and Load 2, respectively [26]. There were no limitations set
regarding step regulation or a minimum speed regulation for the part load, hence it was
assumed that the compressor can operate at any part load between zero and one. The
coefficient of performance (COP) was calculated by Equations (11)–(13).

COPheating =

.
Qactual,cd

Pactual
(11)

COPcooling =

.
Qactual,ev

Pactual
(12)

COPoverall =

.
Qactual,cd +

.
Qactual,ev

Pactual
(13)

Besides the COP of the heat pump stand-alone, the total coefficient of performance
of the system COPtotal,system in Equation (14) was also examined to represent the overall
annual efficiency of the heat pump-based energy system. Hence, the annual energy input
from peak load and storage units was considered.

COPtotal,system =
Eactual,cd + Eactual,ev + EBTES + EHWST

Ecompressor + Epeak
(14)
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3.2. Borehole Thermal Energy Storage Model

The geothermal energy was extracted from the ground by heat exchangers in verti-
cal boreholes. Several models were developed for heat transport inside and outside the
borehole. These models have revealed the importance of the thermal response of ground
heat exchangers in design procedures [10,15,17,27–29]. Moreover, adequate knowledge of
local geology and thermal properties of the ground is demanded to optimize the storage
process under various conditions [1,3,4,7,10]. For sizing the borehole configuration, an
Energy Earth Designer (EED) evaluation was carried out to assess the thermal properties
of the ground and heat carrier fluid in relation to the thermal loads and sizing dimen-
sions [30]. The assessment was performed considering the heat pump evaporation load
and annual demands as inputs. Furthermore, input data for ground, borehole, and heat
carrier fluid properties were considered. Inputs for the ground were thermal conductivity,
heat extraction rate, and heat capacity. Data for the borehole model consisted of thermal
conductivity of single U-pipes and the grout, thickness of the grout, borehole spacing and
depth. Moreover, the thermal conductivity, specific heat, and density of the heat carrier
fluid were assumed as inputs [31]. The ground properties are assumed from typical values
in Norway [32,33]. The thermal properties of the ground are presented in Table 3.

Table 3. Ground and BTES thermophysical properties from the Energy Earth Designer software.

Parameter Value

Ground heat extraction rate (W/m) 30
Ground thermal conductivity (W/m·K) 3.5

The average temperature of the unaffected ground (◦C) 6
Length to the unaffected ground (m) 10

Borehole depth (m) 300
Ground material density (kg/m3) 2800
Ground heat capacity (kJ/kg·K) 0.85

Heat carrier fluid density (kg/m3) 971
Heat carrier fluid heat capacity (kJ/kg·K) 4.298

The center-to-center distance between boreholes (m) 6
Borehole diameter (mm) 110
U-pipe diameter (mm) 32

U-pipe thermal conductivity (W/m·K) 0.42
Filling material thermal conductivity (W/m·K) 0.6

Heat carrier fluid thermal conductivity (W/m·K) 0.43

The sizing of the BTES was performed by considering the nominal capacity of the
evaporator and heat extraction rate per meter from the ground to calculate the total length
of boreholes using Equation (15).

Ltotal,borehole =

.
Qcp,ev

.
Qg

(15)

The number of boreholes was then decided by dividing the total length of effective
boreholes by the chosen length for the boreholes. The BTES configuration was modelled
as a control volume using a deterministic dynamic approach. The main parts of the BTES
were single U-tube pipes, the borehole with filling material, and the surrounding ground.
To simplify the geometry of the borehole field a square configuration was considered. A
control volume approach presented in Figure 4 was used for the thermal model of the
borehole storage. The physical boundaries of the BTES were set by considering a 10-m
distance from the borehole field’s outermost layer to the undisturbed ground on the bottom
and sides. The upper boundary was assumed to be insulated and located one meter below
the ground. Ferrantelli et al. investigated the surface boundary conditions of boreholes.
They concluded that the surface temperature effect is more significant for lower depths up
to nearly one meter [34].
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Equation (16) represents the thermal energy flow balance used to model the system.
The term

.
Qlosses takes the thermal conductivities of heat carrier fluid, U-pipe, grout, and

soil into account as series equivalent.

dEborehole
dt

=
.

Qin −
.

Qout −
.

Qlosses (16)

3.3. Thermal Storage Tank Model

Using an HWST in the system often makes the operation of the integrated heat pump
system to be controlled and optimized simpler [4]. HWSTs can be separated into two
categories based on the utilization purpose. The first category is the tank that intends
to reduce or dampen the disturbances from one unit to another. The other category of
the tank intends to provide independent operation for a part of the system from heat
pump operation [35]. The role of HWST in the present study is to enable the supply of
heating energy independent of heat pump operation. The sizing approaches of the HWSTs
addressed in the literature are diverse. Depending on the usage profile and composition of
the energy system different methods can be adopted [36–38]. Design guidelines consider
a unit of storage volume per kilowatt of energy input depending on the source type. For
the heat pump, it is usually considered 20–30 L/kW. The volume of the HWST used in this
study was calculated based on the expected maximum energy coverage of the HWST in
Equation (17):

VHWST =

.
Qheating system,design

ρcp∆Tmax
(17)

where Qheating system,design is the design heat rate. The design heat rate was chosen to
correspond to the highest heat demand for 90% of the hours of a year. The design heat rate
for Load 1 and Load 2 was 60% and 90% of the maximum heat demand, respectively.

HWST was modelled by dividing the water in the tanks into two identical horizontal
sections. These sections were assumed to have a uniform temperature with the inlet
and outlet of the tanks at the tank top and bottom. Internal heat exchange between the
sections was neglected. Thermal stratification was simplified by assuming a maximum 40 K
temperature difference between two sections and linearly reducing when the temperature
at the upper section falls below 60 ◦C [39,40]. The thermal energy balance in the tank
was calculated by summation of the ins and outflows and heat losses to ambient due to
conduction. A constant overall heat transfer coefficient of 0.22 W/m2·K between the HWST
and surrounds was assumed. The energy balance is presented in Equation (18):

dEHWST
dt

=
.

Qactual,cd −
.

Qheating system −
.

Qlosses (18)



Sustainability 2022, 14, 5709 9 of 22

3.4. Substation Model

The substation model for the heating system in this study was developed by consid-
ering heat supply from the hot water tank with district heating acting as the peak load
covering unit in Equation (19):

.
Qheating demand =

.
QHWST +

.
Qpeak (19)

Peak load kicks in when the temperature of the water from the hot water tank drops
below 50 ◦C and/or when the tank heat rate does not cover the required heat rate. A
maximum of 40 K temperature drop in the heating system was assumed to estimate the
mass flow rate in the heating system. The substation model for the cooling system was
similarly developed by considering a maximum 5 K temperature gain from the cooling
system to calculate the flow rate in the cooling system.

4. Integrated System Model

The models of the system components were connected to establish the dynamic model
of the integrated heating and cooling system that was described in Section 2. Heating
and cooling loads, as well as heat pump operating temperature range and performance
coefficients, were provided as input for simulations. Since the heating and cooling loads
were provided on an hourly basis, the model was discretized on an hourly basis. Distribu-
tion heat losses and hydraulic components were not considered in the model. The energy
system had three operating modes depending on the heating and cooling demands.

Heating mode: The system operates in heating mode when the heating demand is
larger than the cooling demand. The heat pump extracts energy from the ground. The BTES
were used as a heat source for the heat pump. The actual evaporator load was calculated
from the borehole extraction heat rate. The return brine from the evaporator was sent to
the cooling system. The condenser heat was sent to HWST. Figure 5 shows the system
connections of this mode.
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Figure 5. System configuration in heating mode.

Cooling mode: The system operates in cooling mode when the cooling demand is
larger than the heating demand. The heat pump is connected to the cooling system as a heat
source. Therefore, the actual evaporator load was considered based on the cooling demand.
The condenser heat rate in this mode is higher than the heating demand. Depending on
the energy level of the HWST there could be a surplus heat on the condenser side of the
system. The ground acts as a heat sink where the excess condenser heat was delivered to
the BTES. Figure 6 shows the system connections of this mode.
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Figure 6. System configuration in cooling mode.

Free cooling: The system operates in free cooling mode when the heating demand is
zero. The heat pump in this mode is off. The only flow of energy is from the cooling system
to BTES. Figure 7 shows the system connections of this mode.
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Figure 7. System configuration in the free-cooling mode.

The flow chart shown in Figure 8 depicts the implementation of the data in each
operation mode. The process starts by importing the hourly heating and cooling loads,
outdoor temperature, ground initial temperature, and coefficients for heat pump equations
to calculate design parameters such as mass flow rates, heat pump temperatures and
capacities. Meanwhile, the BTES design parameters including ground extraction rate, heat
transfer coefficients, and borehole distancing are sized and imported from the Energy
Earth Designer software. The annual simulation process starts by setting the initial values.
An “if” condition loop distinguishes between the operation modes described above. In
all modes, first, the cooling load side is processed. In heating mode, the BTES thermal
balance is checked after cooling demand is supplied for regulating the actual heat pump
part loads. Then the heating side is simulated starting with the calculation of supply
source composition. In this stage, the thermal balance of the HWST is checked to assess the
required peak load. In cooling mode, after cooling delivery the heat pump actual loads are
calculated. The heating side is then calculated similarly to the cooling mode except that the
surplus condenser heat is also calculated in the cooling mode. Finally, the thermal balance
at BTES is processed. In free-cooling mode, after cooling delivery the thermal balance of
BTES and HWST is simulated. The “if” condition is applied every hour for a year and the
data is stored on each iteration. For long-term simulation, at the beginning of each year, the
variables and initial values are updated.
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5. Sizing and Performance Analysis

The response of the system model to changes in the design parameters was studied
by a One-At-a-Time sensitivity analysis. The sensitivity analysis was performed to assess
the impact of the selected series of parameters on the sizing and performance outputs of
the system [41–43]. The sizing variables considered for investigation were volume, total
effective length, and maximum heat extraction rate of BTES as well as the energy coverage
rate of HWST. The performance indicators considered were COPoverall and COPtotal,system.
A 20% increase and a decrease were applied to the parameters listed in Table 4 to assess
the impact of each parameter on the targeted sizing and performance variables. The
changes were applied to one parameter at a time. The only exception was the heat pump
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performance coefficients which were changed by 10% because of the valid capacity range
of the chosen heat pumps.

Table 4. Parameters for sensitivity analysis.

Parameter Unit Base Value Change

Borehole storage initial temperature (TBTES)
◦C 8.5 ±20%

Ground conductivity
(

kground

)
W/(m·K) 2.6 ±20%

Temperature setpoint for heating side
(
Tr,cond

) ◦C 50/55 ±20%
Temperature setpoint for cooling side

(
Tr,evap

) ◦C 5/7 ±20%
Borehole pipe distances (∆x) m 6 ±20%

Borehole depth (DBTES) m 300 ±20%

Ground heat rate
( .

Qground

)
W/m 30 ±20%

Heating load
( .

Qhl

)
kW 100% ±20%

Cooling load
( .

Qcl

)
kW 100% ±20%

∆Tcd K 25 ±20%
∆Tev K 5 ±20%

Heat pump performance coefficients (q, C, p, a) - 100% ±10%
∆Tstrat,tank K 0–40 ±20%

HWST initial temperature (THWST,1)
◦C 40 ±20%

Temperature drop around the condenser
(

∆Thp

)
K 40–45 ±20%

Volume of HWST (Load 1/Load 2) (VHWST) m3 35.59/6.45 ±20%

6. Results

The result of this study is presented in three parts. First, the model described in previ-
ous sections was tested on both Load 1 and Load 2 to reveal the main annual performance
characteristics of the system. Then the result of the sensitivity analysis is reviewed. Finally,
the performance analysis of the 10-year operation of the system is presented.

6.1. Annual Performance Analysis

The initial temperature of BTES and HWST was set to 8.5 ◦C and 40 ◦C, respectively.
The overall results of the test on Load 1 and Load 2 for a one-year operation are summarized
in Table 5.

Table 5. Results of the base case for Load 1 and Load 2.

Variable Unit Load 1 Load 2

Average COP (heating/cooling/overall) - 4.54/3.57/8.34 2.20/1.56/5.99
COPtotal,system - 2.45 2.01

Borehole storage temperature
(max/min/mean)

◦C 8.5/7.78/8.05 8.5/5.38/6.57

HWST temperature (max/min/mean) ◦C 83.91/42.9/53.48 92.56/39.45/58.63
Annual electricity use MWh 1117.4 303.14
HWST coverage ratio % 61 65

Annual peak load energy MWh 2435.4 366.56
Annual surplus heat MWh 223.10 0

Part load operation hours h 5995 4505
Maximum BTES extraction/injection W/m −19.51/23.82 −28.31/131.69
Maximum tank extraction/injection kW −1450.7/718.45 −162.55/176.69

Volume of HWST m3 35.59 6.45
Total BTES volume m3 1,339,200 226,800

Number of boreholes - 124 21
Total BTES field area m2 4464 756
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COPtotal,systemFigure 9 shows the hourly thermal performance of BTES in a one-year
operation. Generally, temperature oscillations of Load 1 were less than Load 2. This could
be due to the presence of cooling demand throughout the year. In the first 3000 h and
last 2500 h of the year, the system was operating mostly in heating mode. Therefore, the
BTES temperature was decreasing due to heat extraction from the ground. In cooling mode
operation with Load 1 BTES was charged with surplus heat from the condenser. However,
due to generally high heat demands, as well as a large HWST volume and undersized
heat pump, with BTES charging in cooling mode operation with Load 1 the heat injection
from that source was not enough to recover the temperature to the initial level. Cooling
demands of Load 2 were supplied only in free cooling mode. Hence, the charging rate and
consequent temperature uplift of BTES was higher for Load 2. The heating mode operation
of Load 2 was characterized as the heating only condition. Therefore, in this mode BTES
was not charged by heat gain from the cooling system. As a result, the heat extraction rate
in heating mode in Load 2 was higher than Load 1.
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per length of BTES, (d) heat rate per length of BTES for Load 1.

The energy balance of the low-temperature side of the system on a monthly scale in
Figure 10 shows the magnitude of the energy flows. For Load 1, in the first four months as
well as the last three months, evaporator load was more than cooling demand because of
the higher load on the condenser. On the other hand, in the rest of the year, higher cooling
demand and surplus heat of the condenser recovered the BTES energy levels to positive.
For Load 2, in the first and last third of the year when the system was operating in heating
mode, the heat rate of BTES was minus and in the second third the cooling system injected
energy into the BTES.

The hourly performance of HWST is given in Figure 11. For Load 2 the temperature
drops to 40 ◦C in less heat demanding hours while for Load 1, due to less operation time
in free cooling mode, charging was performed for more hours. For both Load 1 and Load
2, the cumulative charge and discharge rates were identical which indicates the energy
balance of the component.
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(d) HWST heat rate for Load 1.

The monthly combination of heating energy supplied to the heating system is shown
in Figure 12. HWST was able to cover a maximum of 75% and a minimum of 45% of the
monthly demand for Load 1. In warmer months due to lower accumulated energy in the
HWST, peak load contribution was higher. For Load 2, due to the operation of the system
for several consecutive hours in free cooling mode, the HWST was not charged sufficiently
to cover the demands of the 6th and 7th months while for the rest of the year the water
tank covered between 55% to 92% of the monthly heat demand.
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The actual loads on evaporator and condenser as well as actual compressor power are
shown in Figure 13. The effect of BTES temperature with Load 1 on the heat pump actual
loads and consequently COP is evident. As the temperature of BTES was decreased the
heat pump performance was decreased with the same trend. Given the size of the heat
pumps chosen for the system, the heat pump operated in full load for most of the year. The
lowest partial operation hours were mostly in heating mode. This could be due to reducing
the BTES heat extraction capacity and the high charging capacity of the water tank. For
Load 2, in the heating mode operation, the heat pump operated with full capacity for the
first part of the year. In the last 1000 h of the year, when operating in heating mode, the
performance of the heat pump sharply decreased because of the low BTES temperature.
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6.2. Sensitivity Analysis

The influence of one-at-a-time changing of 16 parameters on six sizing and perfor-
mance values is depicted in Figure 14a for Load 1 and Figure 14b for Load 2.
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Among the tested parameters, only the impact of borehole pipe distances and the
ground heat extraction rate on the volume of BTES were considerable. Temperature
setpoints for the secondary sides of the heat pump together with the heat pump design
parameters ∆Tcd, ∆Tev and the performance coefficients, had a smaller effect on the volume
of BTES.
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The dependence of the effective length of the borehole pipes on the ground heat ex-
traction rate was the only significant uncertainty for both Load 1 and Load 2. However, for
Load 2 the temperature of the water at the condenser side and ∆Tcd caused approximately
10% change in the total length of the borehole. The reason behind this dependency was
found in the change in the evaporator operation regime that resulted in a change in the size
of BTES. The influence of other parameters such as evaporator secondary side temperature
setpoint, depth of boreholes, ∆Tev, and heat pump performance coefficients were relatively
insignificant.

The initial temperature of BTES, the water temperature at the condenser side, demand
magnitudes, and temperature difference at the condenser side on the total amount of
heating energy covered by HWST were the most sensitive design parameters of HWST
operated with Load 1. HWST coverage was affected by more parameters for Load 2.
Due to the utilization of a smaller HWST unit and therefore being more prone to thermal
disturbance thermal stratification, the volume of the HWST, and the initial temperature of
HWST, the heat coverage of Load 2 changed by nearly 10%. Borehole pipe distances and
water temperature at the evaporator side had a larger impact on HWST energy coverage for
Load 2 compared to Load 1. The reason for this change was the effect of these parameters
on the BTES extraction rate and the condenser actual load. Unlike Load 1, due to non-
overlapping energy thermal demand profiles for Load 2, the impact of change in cooling
demand and water temperature at the condenser side was less significant.

Changes in both heating and cooling demands, the water temperature at the evapora-
tor side, initial temperature of BTES, and the temperature difference at the condenser side
had the largest impact on COPtotal,system for both Load 1 and Load 2. For Load 2, borehole
pipe distance, water tank stratification, and initial temperature of the water tank had a
considerable impact on COPtotal,system.

The initial temperature of BTES, magnitudes of demands, and heat pump performance
coefficients had the strongest impact on COPoverall for Load 1. Regarding Load 2, the
initial temperature of BTES, the water temperature at the evaporator and condenser sides,
borehole pipe distance, and ∆Tcd were the most impactful parameters.

The maximum heat extraction rate per meter from BTES was affected by changing the
initial temperature of BTES, the water temperature at the evaporator side, the ground heat
extraction rate, and the cooling demand for Load 1. However, for Load 2 only the impact
of the initial temperature of BTES and the ground heat extraction rate were significant,
while ground conductivity, the water temperature at the evaporator and condenser sides,
∆Tcd, ∆Tev, borehole pipe distances, and depth of borehole pipes had a minor impact.

6.3. Long-Term Operation of the System

The projection of the operation of the system in 10 years was simulated to analyze the
long-term performance of BTES. The simulation was performed on both users Load 1 and
Load 2 under the same design conditions for all the components. Besides the base-case
loads with α value being 0.52 for Load 1 and 0.29 for Load 2, the simulation was done for
an alternative scenario with an increased α value of 0.20 for both Load 1 and Load 2.

As shown in Figure 15, for the base-case loads, the temperature of BTES decreased for
approximately 6 years before reaching a stable annual evolution. This period decreased
for the alternative cases to less than 5 years for Load 1 and almost 3 years for Load 2. The
impact of the increase in cooling to heating load ratio on ground temperature changes
showed that with an increased α the temperature of the ground was less reduced.

System performance coefficients are shown in Figure 16. The simulation with Load
1 resulted in a constant decrease in COPoverall and COPtotal,system up to 20% and roughly
10%, respectively. The 10-year operation with Load 2 showed a 26% and 18% reduction of
COPOverall , while, the rate of change after the sixth year with α = 0.29 and the fourth year
with α = 0.49 was insignificant. Reduction in COPtotal,system for Load 2 was also evident.
With α = 0.29, the COPtotal,system constantly decreased by up to 23% after the tenth year
while with α = 0.49 the reduction nearly stopped after three years with a 21% reduction.
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7. Discussion

The model presented in this study was aimed at the analysis of the sizing and thermal
performance of cooling and heating building energy systems. The focus was on the annual
and 10-year study of the system with hourly time intervals. Therefore, some affecting
aspects such as hydraulic flow distribution and control as well as the detailed structural
design of components and distribution losses were not presented. The model was tested
for two distinct combinations and magnitudes of thermal loads. Results of the annual
analysis reflected the expected thermal energy supply performance of the system within an
acceptable range. Sensitivity analysis showed the parameters which affected the sizing and
performance of the system the most. Ground properties were found to be an important
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factor for the volume and effective length of boreholes. Temperature setpoints of heat
pumps together with the intensity of thermal demands had a large impact on the water
tank heat coverage ratio. For Load 2 with the lower total annual demands, the HWST
energy coverage and COPtotal,system were more influenced by the HWST design parameters
such as thermal stratification and volume. Changing the initial temperature of the BTES
largely affected COPoverall , thereby indicating the dependence of the system operation on
the BTES temperatures. The temperature levels of heat pump refrigerant had a small effect
on COPoverall , while the water temperature set points had a larger impact. For Load 2 with
a smaller BTES size, the effect of the borehole pipe distances was more significant due
to increased heat loss. The effects of changing cooling load, the ground heat extraction
rate, the initial temperature of the BTES, and the cooling brine temperature set point were
considerable on the annual energy extracted from BTES. Further investigation of the 10-year
operation showed that with a smaller cooling to heating ratio, the ground temperature
would decrease more and consequently the COPoverall and COPtotal,system would decrease
in the long term. Higher heat rate extracted from the cooling system together with a lower
load on the evaporator in the heating mode would induce higher available surplus heat
and thereby improve the temperature profiles.

One of the limitations of this study is that typical ground conditions in Norway were
used, while ground properties vary with locations. For specified cases with detailed ground
property data available, it is suggested to substitute the available data with these typical
values in the proposed models, whereby more convincing results can be achieved.

8. Conclusions

Due to the complexity as well as the high installation cost of the integrated cooling
and heating energy systems, the sizing and performance analysis of such systems was the
designated goal of this study. Sizing approaches for components of a heat pump-based
building energy system including heat pump, BTES, and HWST as well as the dynamic
thermal energy balance of the system were introduced and implemented in MATLAB.
The model was tested for two profiles with completely different energy demand profiles
and a sensitivity analysis on the design parameters was applied. Two definitions of the
COP were introduced, one for heat pump stand-alone and one considering thermal energy
storage units. It was found that the low ratio between cooling and heating loads plays
an important role in the long-term performance of the system by increasing the ground
temperature reduction rate over the years. In general, efficiency reduction for the smaller
system was sharper. However, in the long term, the smaller system could reach the balance
sooner than the bigger system. The setpoint temperatures and working temperature range
of the heat pump were other sources of the system imbalance. Therefore, as a further study,
detailed temperature and exergy analyses at the component level with consideration of
the hydraulic aspect of such a system could give a clearer perspective of the performance
efficiency of these systems.

In conclusion, the novel contribution of this study is that it provides a general method
to support the cost-effective design and operation of integrated heating and cooling systems
with heat pumps, as well as short-term and long-term thermal storage, especially for areas
with cold climates, like Norway.
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Nomenclature

Variables and Abbreviations
α Cooling to heating ratio (−)
.

Q Heat rate (W)
T Temperature (◦C)
t Time (s)
P Compressor power (W)
.

m Mass flow rate (kg/s)
pl Part load ratio (−)
cp Specific heat capacity (J/kg.K)
E Energy (J)
L Length (m)
V Volume (m3)
ρ Density (kg/m3)
k Thermal conductivity (W/m.K)
∆x Distance (m)
qg Ground heat extraction rate (W)
D Depth (m)
COP Coefficient of performance
GCHP Ground coupled heat pump
GSHP Ground source heat pump
GHE Ground heat exchanger
HWST Hot water storage tank
BTES Borehole thermal energy storage
Subscript
cp Capacity
ev Evaporator
cd Condenser
set Setpoint
hp Heat pump
max Maximum
g Ground
hl Heating load
cl cooling load
r Return
s Supply
strat Stratification
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