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Modelling of a water-to-air variable capacity

ground-source heat pump

ABSTRACT

The present work aims at presenting the development of a performance-based model of a
water-to-air variable capacity ground-source heat pump. The main challenge is to apply the
recommended control strategy to vary the speed of the compressor for each mode of
operation and to be able to switch from one mode to the other. A series of verification tests
tend to confirm that the speed control strategy has been correctly implemented. The
proposed model is used in annual simulations of a residential system equipped with a
variable capacity ground-source heat pump. In this case, the seasonal performance factor
(SPF = ratio of the annual energy requirement for heating, cooling and DHW over the
annual total energy consumption) is 3.64. The corresponding value for a conventional
system composed of a single capacity heat pump operating in on-off mode and a separate

electric DHW tank is 2.60.
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1. Introduction and literature review

Ground-source heat pumps can provide space conditioning and domestic hot water with a
high level of energy efficiency (Simon et al. 2016). Since most of them are sized to meet
the annual peak building loads, they need to operate at partial capacity most of the time.
The most common way of varying the capacity is with intermittent heat pump operation.
The duration of the off period is adjusted so that, on average, the heat pump capacity is
equal to the load. Variable capacity ground-source heat pumps, however, can provide a
variable output which leads to more stable space temperatures and reduced cycling losses
associated with part load operation. Furthermore, some have two reversing valves which
enable multiple modes of operation including the production of domestic hot water (DHW)
with either the ground or the house as the heat source. These heat pumps offer significant
improvements over conventional heat pumps. However, very few researchers have
developed detailed models that could be used in simulation studies to quantify their energy

benefits.

The intermittent mode of operation of conventional heat pumps comes at the price of
reduced thermal comfort, equipment lifetime and energy efficiency (Bagarella, Lazzarin,
and Noro, 2016). Among alternative methods of control, Zhao et al. (2003) showed that
varying the compressor speed is probably the most interesting one. It typically shows better
performances at part load due to reduced temperature difference in the heat exchangers and
improved compressor efficiency (Madani et al, 2010). Karlsson and Fahlén (2007a)
compared on-off operated and variable capacity heat pumps. In order to maintain the same
mean temperature over one cycle, on-off heat pumps have to deliver heat during the on
period at a higher temperature than variable capacity heat pumps, which leads to a better
coefficient of performance (COP) for variable capacity machines. According to Madani,
Claesson and Lundqvist (2011), sizing the heat pump to face a small fraction (under 66%)
of peak load to reduce compressor cycling results in an increase in auxiliary energy

consumption (electric or gas), which degrades the overall seasonal performance factor.

Since they operate over a wide operating range, variable capacity heat pumps can cover a

large share of the building load while limiting cycling at partial load (Bagarella, Lazzarin,



and Noro, 2016). Numerous studies have focused on evaluating the benefits of variable
capacity, the conclusions of which sometimes point out different results depending on a
wide set of parameters. The cycling losses and dynamic effects, the use of variable or fixed
speed circulating pumps and fans, and the sizing of on-off heat pumps relative to the
building peak load seem to all affect the conclusions of the studies on variable capacity
heat pumps. For example, in their study, Karlsson and Fahlén (2007a) neglect cycling
losses and dynamic effects and show no benefit from variable capacity, but demonstrate
that secondary fluid flows have to be varied according to the refrigerant flow rate to achieve
maximum efficiency, thus requiring variable speed circulating pump or fan. Karlsson and
Fahlén (2007b) showed that comparisons on a steady-state basis overestimate the
performances of fixed speed systems, thus do not fully display the benefits of variable
capacity. Corberan (2016) also indicates that compressor manufacturers usually optimize
their products for higher pressure ratios than the ones commonly met in a variable capacity
heat pump. He points out that higher performances could be reached if the compressor was
selected for low pressure ratios typical of variable capacity ground-source heat pumps. Del
Col et al. (2012) mention that the most important parameter in a variable capacity heat
pump is the motor type: switching from an asynchronous to a brushless motor can lead to

an improvement of approximately 20% in the COP value.

Several approaches can be found in the literature on heat pump modelling. They range from
empirical, equation-fit models to detailed physical models. Empirical or equation-fit
models, such as the one from Nyika et al. (2014), are based on experimental or
manufacturer’s data and treat the heat pump as a “black box”, without describing each
component individually. Other models like the one developed by Ndiaye and Bernier
(2012a, 2012b) adopt a distributed approach, where each component is modeled in detail,
and then linked together. This later approach requires an accurate knowledge of the heat
pump geometry which is usually not readily available. Blervaque et al. (2016) suggest to
classify modelling approaches according to two criteria: their degree of physical detail
(empirical, simple thermodynamic models or detailed physical models) and their degree of

dynamic consideration (quasi-static or dynamic models).



Work has been done on an earlier version of the heat pump modeled in the present study
(Rice et al. 2013 ; Baxter et al. 2013). In these studies, the experimentally validated heat
pump design model (HPDM) of Oak Ridge National Laboratory was used to generate
equipment performance maps for each operation mode as a function of all independent
variables. These maps were then used in TRNSYS with a custom model and thermostat
control logic. The resulting model was used in annual simulations with a 3-min time step
for five US climates. These simulations showed that variable capacity heat pumps used for
space conditioning and DHW production use 52 to 59% less energy than a system

composed of an air source heat pump and an electric water heater.

The TRNSYS and TESS standard libraries (Klein et al. 2014 ; TESS 2012) include single
and dual speed ground source heat pump models. However, these models are not adapted

to variable capacity modelling.

The present work aims at presenting the development of a water-to-air variable capacity
ground-source heat pump model. The model is first described, followed by a series of
verification tests to check the model for each operating mode. Finally, an application
section demonstrates the use of the proposed model in annual simulations and shows the
energy saving potential of such heat pumps when compared to conventional single capacity

heat pumps.

2. Heat pump operation and data

The model developed in this study corresponds to a specific heat pump (Climate Master,
2014). This manufacturer offers two heat pumps of different capacities; the QE930 is
modeled in the present study. However, other variable capacity heat pumps could also be
easily modeled using the same approach by modifying the performance maps files. Model
QE930 has nominal rated capacities of 7.0 and 8.8 kW in cooling and heating, respectively.
The model is based on performance maps obtained for steady-state operation, thus placing
it in the first category proposed by Blervaque et al. (2016): quasi-static, empirical approach.

Even though these data are valid for steady-state operation, they can accurately describe



the heat pump performance in dynamic operation, as shown by Waddicor et al. (2016) and

Corberan et al. (2013).

The heat pump is a residential size ground-source heat pump with variable-speed
compressor, pumps and fan which are all equipped with high-efficiency permanent magnet
brushless motor. As shown in Figure 1, with two reversing valves, the heat pump can
operate in four distinct modes: space heating, dedicated space cooling, dedicated DHW
production and simultaneous space cooling and DHW production. The first three modes
use the ground heat exchanger (GHX) as a heat source or sink, whereas the fourth uses heat

from the building to provide hot water.

An excerpt from the manufacturers’ data in heating mode is presented in Table 1. This table
only includes two values of entering water temperature (EWT) and air flow rate, and a
limited number of heating capacities. The complete table includes seven different EWT,

three different air flow rates and five different heating capacities.

Table 1 Excerpt from manufacturer’s data (Heating mode)

Entering water ~ Source Air flow

temperature AT rate Heating capacity Power input (in kW) and (COP) CF(;:lp:lr:szor
(EWT)(°C)  (°C)  (L/s per kW (kW) (qHZ) y
of HC)*
-1.1 6.7 40.0 26 53 8.8 0.95(2.8) 1.68 (3.1)  3.07(2.8) 54 90 130
67.1 26 53 8.8 0.75 (3.5) 146 (3.6) 2.92(3.0) 50 87 130
33 40.0 26 53 8.8 0.89 (3.0) 1.55(34) 290(3.0) 46 83 123
67.1 26 53 8.8 0.68 (3.9) 1.31 (4.0)  2.68(3.3) 45 83 121
322 6.7 40.0 26 53 8.8 0.44 (6.5) 0.74 (7.1) 1.23(7.2) 25 43 66
67.1 26 53 8.8 0.32 (10.2) 0.55(9.5) 1.09 (8.1) 26 40 62
33 40.0 26 53 8.8 0.42 (7.1) 0.70 (7.6) 1.13(7.8) 25 41 63
67.1 26 53 8.8 0.29 (12.0)  0.50(10.5)  0.99 (8.9) 25 41 64

*40.0 and 67.1 L/s per kW of heating capacity correspond to 300 and 500 CFM /ton

As shown in Table 1, the heat pump capacity can be varied from 2.6 to 8.8 kW. The heat
pump is able to maintain its capacity over a wide range of EWT (i.e. the return temperature
from the GHX), source AT, and air flow rate. It does so by varying the compressor
frequency from 25 to 130 Hz depending on the required capacity. In Table 1, fan power is
included but the power of the GHX pump and the hot water tank circulator pump are
excluded. As shown by Madani, Claesson and Lundqvist (2011), pumping power can be

responsible for a large share of the energy consumption in variable capacity heat pumps,



a) Space heating b) Space Cooling

5
e ® s-lllle———
N @—F 3] s o e e )
=1 4 ; §_:@ pik
6 7'_/_5;"‘_*—‘ N, o 01— [
18] 5jpal ST |
8
c) Dedicated hot water d) Simultaneous c;oling and hot water

= High pressure vapor High pressure liquid Low pressure liquid

= Low pressure vapor " Hot water or brine = Cold water or brine = Inactive

1) Compressor. 2) 1% reversing valve. 3) 2" reversing valve. 4) Micro channel heat exchanger. 5) Check valves.
6) Electronic expansion valves. 7) Brazed plate heat exchangers. 8) Borehole. 9) Hot water tank.

Fig. 1. Refrigerant flow for the 4 operating modes.



since they achieve longer operating time than on-off heat pumps. It is interesting to note
the COP variation with compressor frequency. Taking the first line of the table as an
example, the COP is equal to 2.8, 3.1, and 2.8 for compressor frequencies of 54, 90, and
130 Hz, respectively. This typical behavior indicates that the COP reaches a peak near the

mid-point of the compressor frequency range.

Three other performance maps are available from the manufacturer to cover the other three
operating modes. These maps will not be presented here as they exhibit a format similar to
Table 1. For space cooling, the heat pump can vary the total (sensible + latent) capacity
from 2.6 to 8.8 kW. When space cooling and DHW are provided simultaneously, it is still
possible to vary the compressor frequency to change the total cooling capacity from 2.6 to
8.8 kW. This “heat” is transferred to the DHW tank using the refrigeration cycle by
bypassing the GHX. The compressor requires 0.8 and 3.5 kW of power (for a returning hot
water tank temperature of = 43 °C) for total cooling capacities of 2.6 and 8.8 kW,
respectively. Thus, the DHW capacity is approximately 3.4 and 12.3 kW in this mode.
Finally, when the heat pump provides dedicated DHW production, the water heating
capacity varies from about 3.8 to 4.8 kW depending on whether the returning hot water

tank temperature is high (= 50 °C) or low (= 20 °C).

The manufacturer recommends to control this heat pump using a PI-type controller as
shown in Figure 2. The controller has two main roles: determining the required operating
mode (heating, cooling, DHW production or simultaneous cooling and DHW production),
and controlling the compressor frequency for the current operating mode. The controller
also commands the flow rate at which the GHX pump and hot water tank circulator as well
as the fan need to operate. The water flow rates are calculated based on the source and
DHW ATs and the air flow rate per unit capacity set by the user. The controlled
temperatures are presented in Figure 2, and the controller logic is summarized in Table 2.
The controller determines the required operation mode based on the top and bottom hot
water tank temperatures, Ty, and T}, , as well as the house temperature, T,.. The values of

Tsn, Tse, Tse and Ty, are the set points for heating, cooling, and top and bottom temperatures



of the hot water tank, respectively. A 2 K dead band is applied to avoid control instabilities

and too frequent mode-to-mode switching.

The following control logic is used: priority is given to DHW production over heating,
unless the space temperature has dropped under a user-defined limit (T, ), at which point
heating is granted priority. Thus, heating mode is active when space temperature is under
the priority limit or when hot water is not needed. Dedicated DHW mode is active when
the bottom tank temperature is below T, but no space cooling is necessary; simultaneous
cooling and hot water production is active otherwise. The dedicated cooling mode is active
when cooling is needed and the bottom tank temperature is greater than Tgy,. Finally, if the

top tank temperature is below T, , the top electric water heating element is energized.

Controller Hot water
T,

Loy e .

T P N : Cold
F . » water
14 . ¢ Fan L
14 ' AAnA~)
/, v Compressor

¢®1§ﬁtr‘

source | GHX [0 O] [eXe] DHW DHW
AT pump circulator AT
00 00 Ty
L Y LY 5
Heat pump DHW Tank
GHX

Fig. 2. Schematic representation of the operation of a variable capacity ground-source heat pump for
space conditioning and domestic hot water production.



Table 2 : Controller logic

T, < T Ty, < T, < T T < T < Ty T, > T
R e R e o B e
T, < Ty Spaceheating ARV Uheatpumy cooling and hot water
Ty, > Tgp Space heating Space heating Off Space cooling only
T, < Ty Auxiliary electric water heating element

Once the operating mode is known, the controller determines the required compressor
frequency. For DHW production, compressor frequency is determined based on the
returning fluid temperature from the GHX, the returning water temperature from the
bottom of the hot water tank and the AT's set by the user on both the GHX and hot water
tank side. For other modes, a proportional-integral (PI) action is used. The PI monitors

space temperature and adjusts the compressor frequency accordingly.

There are minimum and maximum operating frequency limits for the compressor. As
explained by Corberan (2016), the compressor speed is limited by lubrication issues: at low
speed, the sealant effect produced by the lubricant disappears, while at high speed, friction
can produce high temperature that can cause the lubrication to fail. For small loads, the
heat pump reaches its minimum operating frequency and has to be switched on-off to
control capacity. This is regulated by the 2 K dead bands of the thermostats used to
determine the correct operating mode. If the compressor stopped because of insufficient
modulating capacity, it is likely to have to operate in intermittent mode until the load
increases again. When starting again after a stop, it is desirable for the heat pump to run at
its minimal capacity, so that it does not have to stop again too soon (anti-short-cycling time
are typically in the range of a few minutes). For this reason, the 1 K temperature drop (or
rise) causing the thermostat to switch has to correspond to the minimal possible frequency

(25 Hz), so a 25 Hz/K gain is applied to the PI controller. A 0.25 h integral time constant

10



has been found to correctly maintain set-point while avoiding excessive overshoot during
transient phases. When the load increases again, heat pump capacity is sufficient to keep
the controlled temperature within the dead band, in which case the heat pump operates in

variable capacity mode.

3. Heat pump model

The heat pump model described in this section is to be used in the TRNSYS simulation
environment (Klein et al. 2014). Figure 3 shows a subset of the final heat pump model
where only the space heating calculations are shown; similar assemblies are required for
the other three modes of operation. A distributed approach, where existing TRNSY'S Types

are grouped together to form the heat pump model, is used instead of developing an entirely

il
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Figure 3 Subset of the heat pump model showing the various Types involved in the space heating
calculations
Overall, the heat pump model includes the controller logic (Type 40), three PI controllers
(Type 23), a multitude of performance maps accessed through multi-dimensional data
interpolation Types (Type 581), and calculators to enter simple algebraic equations. As

shown in Table 1, performance maps give the required frequency as a function of capacity.
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However, in reality, the compressor runs at the frequency determined by the controller and
the capacity varies according to that frequency. It would have been preferable to have
performance maps with capacity given as a function of frequency. To take this behavior
into account, a relationship between capacity and frequency is determined, then the
capacity corresponding to the frequency defined by the controller is used to read the
performance data. Compressor frequency varies almost linearly with capacity. Thus, only
two pairs of capacity—frequency data are needed to evaluate the linear relationship. These
two values are determined based on frequency and capacity limits: in heating, the capacity
is always limited between 2.6 and 8.8 kW, and the minimum and maximum frequencies
allowed vary according to operating conditions (see Table 1). Knowing the frequency
corresponding to 2.6 and 8.8 kW, it is possible to determine the linear relationship between
heating capacity (HC) and frequency (f) (i.e. HC = a X f + b). A data table of heating
frequency limits is built which outputs minimum and maximum frequencies and capacities
for each operating condition and for each space conditioning mode. Table 3 shows how the
coefficients a and b are determined for a specific condition. The last line of this table also
shows the range of error (in %) between the real HC and the one estimated based on the
linear relationship. This error is typically under 5% for most cases. Similar capacity-

frequency relationships are also determined for the other three modes of operation.

Table 3 : Comparison of the exact and predicted capacities for EWT =-1.1°C, AT =
3.3°C, and an air flow rate of 67.1 L/s-kW

HC [kW] exact 2.6 3.5 5.3 7.0 8.8
f [Hz] 49 62 83 102 123
a[kW/Hz] 0.083 Coefficients determined using minimum and maximum
b [kW] 14 capacities and frequencies
HC=aXf+b 2.6 3.7 5.5 7.0 8.8
Error (%) 0.0 5.7 3.6 0.2 0.0

The modelling strategy can be explained by referring to Figure 3. On the far left of the
figure, an equation Type (Setpoints and settings) is used to fix all set point temperatures

(Tsp» Tsn, Tse» Tse and Tgp) as well as the AT's on the source and DHW tank and the air flow

D>
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rate. These defined parameters are then used in appropriate Types and no links between
this Type and the others are required. These parameters are fixed for the duration of the
simulation. The microprocessor controller (Type 40) is used to implement the controller
logic shown in Table 2. This controller receives the building space temperature from the
building model as well as the temperatures from the DHW tank model and sets the heat
pump operating mode. If space heating is required, then a control signal is sent to the high
frequency limits and to the PI controller. The heating frequency limits Type reads high
frequency limits from an external file. An excerpt of this file is shown in Figure 4 where
the TRNSYS format has been used. The first three lines of this file indicate the range for
each of the three independent variables. Starting at the fourth line, values of minimum and
maximum frequency and capacity are given for each combination of the three independent
variables. For example, values on the fourth line indicate that the minimum and maximum
operating frequencies for an EWT of-1.1 °C, a AT of 3.6 °C, and an air flow rate of 0.0403
L/s-kW are 49 and 123 Hz, respectively. Linear interpolations are performed whenever the

independent variables differ from the values given in the first three lines of the file.

F1.1 4.4 10 15.6 21.1 26.7 32.2 P EWT [°C] 3rd independant variable

3.6 7.0 AT [°C] 2nd independant variable

0.0403 0.0537 0.0671 I Air flow rate [L/s-kw] 1st independant variable

49 123 2638 8792 ! values of minimum and maximum frequency and capacity for 0.0403 L/s-kw 3.6 °C -1.1 C
47 121 2638 8792 ! values of minimum and maximum frequency and capacity for 0.0537 L/s-kW 3.6 °C -1.1 °C
45 121 2638 8792 ! values of minimum and maximum frequency and capacity for 0.0671 L/s-kw 3.6 °C -1.1 C
54 130 2638 8587 I values of minimum and maximum frequency and capacity for 0.0403 L/s-kw 7.0 °C -1.1 °C
52 130 2638 8645 ! values of minimum and maximum frequency and capacity for 0.0537 L/s-kw 7.0 °C -1.1 “C
50 130 2638 8674 I values of minimum and maximum frequency and capacity for 0.0671 L/s-kw 7.0 °C -1.1 °C
42 109 2638 8792 ! values of minimum and maximum frequency and capacity for 0.0403 L/s-kw 3.6 °C 4.4 °C
39 106 2638 8792 I values of minimum and maximum frequency and capacity for 0.0537 L/s-kw 3.6 °C 4.4 “C
38 105 2638 8792 ! values of minimum and maximum frequency and capacity for 0.0671 L/s-kW 3.6 °C 4.4 °C
46 117 2638 8792 I values of minimum and maximum frequency and capacity for 0.0403 L/s-kw 7.0 °C 4.4 “C
44 115 2638 8792 ! values of minimum and maximum frequency and capacity for 0.0537 L/s-kWw 7.0 °C 4.4 °C
42 114 2638 8792 I values of minimum and maximum frequency and capacity for 0.0671 L/s-kw 7.0 °C 4.4 “C
36 97 2638 8792 ! values of minimum and maximum frequency and capacity for 0.0403 L/s-kW 3.6 °C 10 °C
34 94 2638 8792 ! values of minimum and maximum frequency and capacity for 0.0537 L/s-kw 3.6 °C 10 “C

Figure 4 Excerpt of the high frequency limits performance data file used as part of the heat pump model

Thus, the heating frequency limits Type determines the minimum and maximum
frequencies and the corresponding capacities as a function of the EWT, the source AT set
by the user, and the air flow rate also set by the user. Then, this information is sent to an
equation (heating capacity) which evaluates a and b in the equation HC = a X f + b.
The heating capacity Type also calculates the heating capacity which is determined based
on the frequency set by the PI controller. Finally, the heating capacity is sent as an input
to the heating data Type (Type 581) and to the building to provide space heating. An
excerpt of the heating data file is shown in Figure 5. Here again the TRNSYS format is

13



used and values of power input (kW) and water pressure drop through the heat pump (WPD
in Pa) are determined based on four independent variables (listed on the first four lines of

the files): the heating capacity (HC) , the EWT, the source AT and the air flow rate set by

the user.

2.637 3.517 5.275 7.033 8.792 THC [kw] 4th independant variable

-1.1 4.4 10 15.6 21.1 26.7 32.2 TEWT [°C] 3rd independant variable

3.6 7.0 AT [°C] 2nd independant variable

0.0403 0.0537 0.0671 'Air flow rate per capacity [L/s/W] 1st independant variable
1.55 5250 ! values of KW and wPD [Pa] for 0.0403 L/s/W 3.6 °C -1.1 °C and 5.275

1.40 5774 ! values of KW and wPD [Pa] for 0.0537 L/s/W 3.6 °C -1.1 °C and 5.275

1.31 6058 I values of KW and wWPD [Pa] for 0.0671 L/s/W 3.6 °C -1.1 “C and 5.275

Figure 5 Excerpt of the heating data performance data file used as part of the heat pump model

Finally, heating capacity and power input are based on an inlet dry-bulb temperature of
21.1 °C (70 °F). For other values of dry-bulb temperature, the heating capacity and power
input are corrected (not shown here) according to the manufacturer’ recommendations.

These corrections factors are usually small and could be neglected as a first approximation.

Other variables such as COP, leaving water temperature to the GHX (LWT), heat extraction
from the ground heat exchanger (HE), and water mass flow rate (m,,,) are calculated using

the following relationships (similar relationships are used for the other operating modes):

HC

COP = — (la)  LWT= EWT-AT (1b)
. HE
HE= HC- KW (IC) my = m (ld)
14

where AT is the temperature difference across the ground heat exchanger and C,, is the

specific heat of the fluid.

4. Results

In this section, annual simulations of the proposed heat pump model are performed on a
typical residential building. The other TRNSY'S models used in these simulations are first

briefly described. Then, the heat pump model is verified by examining its behavior for the

14



four operating modes. Finally, the energy consumption of a variable capacity heat pump is

compared against a single capacity heat pump.

Models used in the annual simulations

The single-zone building model (Type 88 of TRNSYS) was found to be adequate for the
present study. This model uses a global loss coefficient (UA) as an input. The output of the
heat pump model (either heating or cooling capacity) is inputted into the building model
as ventilation air with temperature and humidity calculated by the heat pump model with
standard psychrometric TRNSYS Types. A value of UA =165 W/K is selected to match
the maximum heating capacity of the heat pump (~8.8 kW) at a frequency of 130 Hz. A
second value of UA= 106 W/K is chosen so that the peak building load corresponds to the
heat pump capacity at 60 Hz (~5.3 kW). The annual heating and cooling requirements are
16650 and 3225 kWh and 10120 and 2140 kWh for values of UA =165 and 106 W/K,
respectively. Set point temperatures are fixed at Tg, = 19 °C, Ty, =25 °C and Ty, =20 °C.

The air flow rate is set at 53.7 L/s per kW for all conditions.

The hot water tank is modeled with Type 534. The tank has a capacity of 270 liters and a
height of 1.5 m. It is modeled with five equal thickness axial nodes (node #1 corresponding
to the top of the tank). Two back-up electric resistance heaters, each with a capacity of 4.5
kW, operate in master/slave mode (priority given to the top heating element). They are
located in the 2" and 4™ node. For the simulations presented here, the bottom element was
never activated but could possibly be used in more severe conditions. As shown in Figure
2, the tank has two inlet and two outlet ports. Hot water exists from the top node while hot
water generated by the heat pump enters in the bottom node (Liu (2014). Incoming cold
water goes directly to the bottom node (through a dip tube) if the heat pump is not
operating. When hot water is needed and the heat pump is in DHW heating mode, return
temperature to the heat pump is a mix of mains water and water from the tank bottom. . A
uniform heat loss factor of 1.0 W/m2-K similar to the one used by Allard et al. (2011) is
used to account for tank heat losses. A DHW consumption profile with a one minute time

step 1s used. This profile is based on the work of Eslamin-nejad and Bernier (2009) and
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leads to a mean daily hot water consumption of 194 liters and an annual energy
consumption of = 4000 kWh. The set point temperatures for the hot water tank are fixed at
Tse =41 °C and Ty, =49 °C. Thus, whenever the bottom tank temperature is lower than
49 °C, a signal is sent to the heat pump to produce hot water. If the tank temperature in
node #2 is lower than 41 °C than the electric resistance is energized. Finally, the mains

water temperature is taken from the meteorological file.

The duct ground heat storage (DST) model (Type557a) is used to model the vertical GHX
which is composed of two 100-m long boreholes connected in parallel. The ground thermal
conductivity and the ground storage capacity are equal to 1.3 W/m-K and 2016 kJ/m*-K,
respectively. The undisturbed ground temperature is set at 10 °C. The other parameters of
Type557a are kept at their default values. The fluid flow rate is varied based on the AT set
by the user on the GHX side. In this work, values of 8.3 °C in cooling and 5.6 °C in heating
are used. Simulations reported in this study are performed for the Montreal climate with
the corresponding TMY file. Finally, a 30 sec time-step is required to properly control the
heat pump.

Verification of the heat pump operating modes

Figure 6 shows the behavior of the heat pump during a time period when both variable
capacity and on-off controls are present. The UA value for this case is set at 165 W/K and
DHW production by the heat pump is deactivated. At around ¢ = 515 h, the building load
is small and the heat pump is operating at its minimum frequency at ~ 40 Hz. However,
the space temperature continues to increase up to a point where the heat pump is turned off
by the controller. Then, the temperature drops slowly until the thermostat switches again,
causing the heat pump to run at =~ 40 Hz at its lowest capacity. The building load is still
lower than the corresponding capacity at =~ 40 Hz and the heat pump is turned off again.
On-off cycles are repeated several times, until the building load increases and becomes
higher than the heat pump minimum capacity at around ¢ = 518 h. Beyond this point,
heating remains activated continuously and variable capacity control is applied as shown

by the compressor frequency curve which varies from =~ 40 Hz up to = 75 Hz at t = 525 h.
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Figure 6 Evolution of room temperature and compressor frequency for small building loads

This shows that the delicate control strategy occurring for small building loads is handled

correctly by the proposed heat pump model.

The top portion of Figure 7 shows the evolution of space and hot water temperatures as
well as compressor frequency for a 24 h period starting at midnight at the beginning of the
summer. The bottom part of the figure presents the corresponding control signals. All four
operating modes are used alternatively during this period. Up to £ =3916.8 h, the space
heating load is below the minimum capacity (2.6 kW) so the compressor runs at its
minimum frequency (= 40 Hz) for the EWT prevailing at that time. There is one instance
of DHW production and the compressor runs at = 60 Hz in that case. Then, for
t > 3916.8 h, the building gradually shifts from space heating to space cooling. The heat
pump is off, except for a DHW production episode, and the space temperature increases up

to t =3919.9 h when space cooling is required. Space cooling lasts until ¢t = 3931.5 h.
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Fig.7. Evolution of room space and hot water temperatures, compressor frequency and operating mode
for a 24 h period.
During that period there are 12 episodes of simultaneous space cooling and DHW
production. The compressor frequency peaks at = 80 Hz at t = 3922.8 h when the space

cooling load is maximum.

For t > 3931.5 h, the cooling load decreases, the heat pump is off and the space temperature
starts to fall up to t =3932.5 h, where the heat pump operates alternatively in space heating
or in DHW production modes up to t = 3936 h.

Throughout this 24 hour period, the space temperature remains within the set points and
dead bands set in the controller for heating and cooling. At the beginning of the period, the
space temperature fluctuates around the dead band due to the fact that the heating load is
below the minimum capacity and the heat pump operates in on-off mode. At mid-day,
during space cooling, there are small temperature fluctuations around 25°C caused by
simultaneous cooling and DHW production modes. Finally, the water temperature at the
top of the DHW tank remains stable at =50 °C throughout this period. Based on these
results, it appears that the proposed model is able to handle all four modes of operation and

to smoothly switch from one mode to the other.
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The heat pump manufacturer specifies that hot water production modes are optional and it
is possible to operate the heat pump in space conditioning modes only. Results of an annual
simulation in this mode of operation is shown in Figure 8 for the same day that was
presented in Figure 7. In this case, hot water is provided by the auxiliary electric heaters in
the tank. The overall behavior is much the same as in Figure 7. However, the room
temperature is slightly more stable than in Figure 7 at mid-day when space cooling is
provided since the heat pump does not have to heat hot water. This seems to indicate that
simultaneous space cooling and hot water production could result in room temperature

fluctuations which could affect thermal comfort.
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Fig. 8. Evolution of room temperature, frequency and operation mode for a 24h period, only space
conditioning allowed.

5. Application

In this section, the variable capacity heat pump model is used in a comparative study
against a regular fixed capacity heat pump. The fixed capacity heat pump has the same
performance as the variable capacity heat pump at a fixed compressor frequency of 60 Hz.

A 10 kW electric auxiliary heater is added for the case where the heat pump cannot meet
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the building heating load. The energy consumption of the GHX pump was found to be
relatively low at around 30 kWh per year and will not be included in the following energy

consumption study.

The resulting total energy consumption is shown in Table 4 for the following three cases:
1) Four modes, variable compressor speed. 2) Only space conditioning modes are allowed,
variable compressor speed. 3) Only space conditioning modes are allowed, fixed
compressor speed. The value of UA is set at 165 W/K based on the heat pump maximum

capacity at 130 Hz.

Table 4: Comparison of the annual energy consumption for three heat pump configurations, UA = 165 W/K (values in kWh) .

Heat pump energy consumption
(compressor + fan)

. Auxiliary
Space Auxiliary Space Sub-total Simultancous Hot water Sub-total Total

. . . (space heating space cooling .
heating air heaters cooling and cooling)  and hot water water  heaters (DHW)  (relative)

Four modes, 6560
variable 4231 15 372 4603 310 1374 227 1911 1.0
compressor speed (1.0)
Space conditioning 8747
only, variable 4307 0 454 4761 n/a n/a 3986 3986 133
compressor speed (1.33)
Space conditioning 9179
only, fixed 3629 1168 396 5193 n/a n/a 3986 3986 (1.40)

compressor speed

Results show, as expected, that operating the heat pump with its full capabilities (four
modes) leads to the lowest annual energy consumption (6560 kWh). When the heat pump
operates at fixed speed, the total energy consumption is 40% higher (9179 kWh). In the
intermediate case where the variable capacity heat pump does not provide hot water, the
total energy consumption is 33% higher than in the four mode case. Most of the difference
in the total annual energy consumption for the first two cases is due to DHW production.
In the four mode case, the sum of the energy associated with DHW production either
directly by the heat pump (1374 kWh) or by simultaneously providing space cooling
(310 kWh) or with the auxiliary electric water heaters (227 kWh) is 52% lower than for the
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second case (3986 kWh). In the third case, where the compressor speed is fixed at 60 Hz,
the heat pump capacity is insufficient to meet the peak building loads and, in these cases,
the auxiliary electric air heater is activated with corresponding annual energy consumption
of 1193 kWh. As noted earlier, when the heat pump operates in simultaneous space cooling
and DHW production, it requires 310 kWh on an annual basis. It should be noted that the
space cooling load is not significant for this building in a heating dominated climate such
as the one of Montreal. For warmer climates, it is expected that simultaneous space cooling
and hot water production would occur more often thereby reducing the total energy
consumption.

It is also possible to define a seasonal performance factor (SPF) as the ratio of the annual
energy requirement for heating, cooling and DHW (=16650+3225+3986 kWh) over the
annual total energy consumption. When the heat pump is working with the four modes of

operation, the SPF is 3.64. In comparison, the SPF for the third case in Table 4 is 2.60.

Another UA value for the building is used to perform annual energy calculations. In this
case, the building peak load corresponds to the capacity of the heat pump at 60 Hz. The
mid-range capacity of 5.3 kW is chosen to set the UA of the building to 106 W/K. However,
it 1s not guaranteed that the fixed capacity heat pump provides exactly 5.3 kW if the
compressor speed is fixed at 60 Hz as capacity depends largely on entering water
temperature which varies throughout the year. Consequently, the heat pump capacity may
be insufficient to meet the building load. For these cases, which only occur a few hours per

year, the auxiliary electric air heater is activated.

Table 5 presents the annual energy consumption for the same three configurations
examined in Table 4 but for the new UA value. Much like the results presented in Table 4,
the total annual energy consumption of the heat pump operating in all four modes is lower
than for the variable capacity operating only in space conditioning modes. However, the
difference here is larger at 47% because DHW production represents a larger part of the
total annual energy consumption. It is interesting to note that the annual energy
consumption of the fixed capacity heat pump (6629 kWh) is 3.5% lower than for the
variable capacity heat pump which does not provide hot water (6873 kWh). This can be
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caused by the fact that with this relatively low value of UA, the variable capacity heat pump
has to cycle on and off more frequently as it reaches the compressor frequency lower limits.
As shown earlier, the heat pump COP is lower at the lower end of the frequency range.
Finally, the SPF is 3.48 and 2.45 for the four modes of operation and the fixed capacity

heat pump (third case), respectively.

Table 5 : Comparison of annual energy consumption for three heat pump configurations, UA = 106 W/K (values in kWh).

Heat pump energy consumption
(compressor + fan)

. Auxiliary
Space Auxiliary Space Sub-total Simultancous Hot water Sub-total

. . . (space heating space cooling
heating air heaters cooling and cooling)  and hot water water  heaters (DHW)  (r

Total
elative)

Four modes, 4674
variable 2461 0 296 2757 353 1422 132 1907 1.0
compressor speed (1.0)
Space conditioning 6873
only, variable 2494 0 393 2887 n/a n/a 3986 3986 1.47
compressor speed (1.47)
Space conditioning 6629
only, fixed 2367 13 263 2643 n/a n/a 3986 3986 (1.42)

compressor speed

6. Conclusion

This paper presents the development of a water-to-air variable capacity ground-source heat
pump model. The model is designed to be used in TRNSYS and is based on the
manufacturer’s steady-state performance maps. The heat pump modeled in this study can
operate under four operating modes: space heating, dedicated space cooling, dedicated
DHW production and simultaneous space cooling and DHW production. The heat pump is
controlled by a PI-type thermostat which evaluates the required compressor frequency for

the given condition.

The heat pump model is assembled around standard TRNSYS components. The action of
the thermostat is modeled using a microprocessor logic controller (Type 40) along with PI

controllers (Type 23). The performance maps are included in standard multi-dimensional
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data interpolation tables (Type 581). These maps give the required frequency as a function
of capacity. However, in reality, the compressor runs at the frequency determined by the
controller and the capacity varies according to that frequency. To take this behavior into
account, a relationship between capacity and frequency is determined (compressor
frequency varies almost linearly with capacity), then the capacity corresponding to the

frequency defined by the controller is used to read the performance data.

Results of one of the verification tests where the four modes of operation occur over a 24-
hour period (Figure 7) show that the model is able to handle all four modes of operation

and to smoothly switch from one mode to the other.

The proposed model is used in annual simulations of two residential buildings equipped
with variable capacity and fixed capacity heat pumps. For the building with the highest
heating and cooling loads, it is shown that the energy consumption of the fixed capacity
heat pump is 40% higher than for the variable capacity heat pumps. The heat pump seasonal
performance factor (SPF = ratio of the annual energy requirement for heating, cooling and
DHW over the annual total energy consumption) operating with the four modes of
operation is 3.64. The second case with the lower building loads was selected such that a
fixed speed heat pump could handle the peak load and the annual heating requirement. In
this case, the fixed speed heat pump uses slightly less energy for space heating as the
variable speed heat pump is oversized and runs at the lower end of its frequency range
where COP are lower. However, the SPF for the variable capacity heat pump operating

with all four modes of operation remains relatively high at 3.48.
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