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ABSTRACT 
A hybrid solar ground-source heat pump system has 
been designed for a residential house in Oregon, USA. 
Closely working with the house owner’s preferences, 
various designs have been considered. It was found that 
parallel connections of the boreholes (BHs) in the bore-
fields were more beneficial. One reason was that the 
coefficients of performance (COPs) of the heat pump in 
parallel connections were very similar to those in serial 
connections (about 0.68% difference) while the parallel 
flows offered lower operating costs due to lower 
system pressure loss of ground loop. Another reason 
was if one BH failed in parallel connections due to 
fluid leakage, the other BHs still functioned while 
serial connections required complete shutdown of the 
related serial components. Moreover, the flow rate in 
the solar collector loop had much more impacts (about 
10%) on the heat pump system COPs than the flow rate 
in the ground loop. 

Keywords: Simulation, TRNSYS, solar, ground source 
heat pump, design, modeling and simulation 

 

INTRODUCTION 
Because of the environmental friendliness and energy 
efficiency, heat pump systems have been extensively 
researched and developed around the world in the past 
years [1]. Lohani and Schmidt [2] modeled and 
compared the energy and exergy flow for a space 
heating system of a typical residential building of 
natural ventilation system with different heat 
generation plants. They found that the ground source 
heating system was better than are air source heat 
pumps or conventional heating systems. Safa et al. [3] 
compared a GSHP system and a variable capacity air 
source HP (ASHP) system installed at the Archetype 
Sustainable Twin Houses at Kortright Center, Vaughan, 
Ontario, Canada. The measurements showed that 
GSHP system performed slightly to significantly better 
than ASHP system, depending on the outdoor air 

temperature. Nam et al. [4] suggested an estimation 
method to determine the thermal and hydraulic 
properties of the ground and the results could be used 
to design the heat exchanger of energy pile system 
based on geotechnical investigation. However, in 
practical heating applications, the purely single source 
(e.g., ground or air) heat pump system faces problems 
because of the different characteristics of each source 
type [5]. As a result, various hybrid heat pump systems 
have been given extensive considerations and 
researched [6-8]. One of the most energy-efficient ways 
of heating houses is to apply the GSHP systems in 
heating-dominated areas such as Canada or the 
northern USA [9]. 

When an owner of a residential house near Redmond, 
Oregon, USA wanted to replace his 15-year-old air-
source heat pump system, the Solar Assisted GSHP 
(SAGSHP) system with vertical boreholes was 
introduced to him. Therefore, the objectives of the 
present study are: 

1. To design and analyze a hybrid solar-GSHP 
system (≤ 36°C borehole inlet temperatures) for 
the house using the TRNSYS simulation package. 

2. To add a second bore-field (BF) as a backup in 
case the borehole inlet temperatures in the first 
bore-field reaches 36°C. 

3. To parametrically study the COP of the HP loop 
by varying the flow rates of the solar collector and 
ground loops. 

4. To investigate the effects of directing the solar 
energy to the inlet (during heating season) and 
outlet (during cooling season) of the heat pump. 

 

NOMENCLATURE 
P power (W) 

Subscripts: 

HP pertaining to the heat pump 
pumps pertaining to the pumps 
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freezing point of -30°C [13]. If the HWT temperature 
reaches 55°C or higher, the solar energy will be 
diverted to the heat pump’s inlet in the winter or outlet 
in the summer. The indoor set-point temperature for the 
house was set to range from 20°C in the winter to 27°C 
in the summer. If the house was at 27°C or higher and 
the HWT temperature is at 55°C or higher, the heat 
from the solar collector would be diverted to the 
ground (Bore-field 1 (BF1) first). As the current model 
in TRNSYS performs well for boreholes up to about 
40°C, if the borehole inlet temperature in BF1 reaches 
36°C or higher in the summer, the solar heat will be 
diverted to BF2, instead of BF1. To prevent auto shut-
off due to low temperature of the antifreeze solution 
from the ground loop to the heat pump in the winter, if 
the inlet temperature of the boreholes in BF1 drops 
below 2°C, the flow is directed to BF2. 

 

 
Figure 3. (a) Estimated average daily water draw and 
(b) Estimated temperature from the main water supply. 

The heating season is from January to March and from 
October to December every year while the cooling 
season is from April to September. The hot water usage 
was also taken into consideration. Based on the U.S. 
Geological Survey’s 2010 Water Census [14] and 
Human Development Report 2010 [15], the estimated 
water draw and temperature from the main for an 
average residential house of five are shown in Fig. 3. 

The heat from the waste water in the drainage system 
was passed through a heat exchanger to the outlet of the 
HP for higher temperatures in the ground.  

 

RESULTS AND DISCUSSION 
The maximum heating and cooling loads of the house 
were estimated to be 9.34 and 9.70 kW respectively. As 
a result, the performance data from the NK009 heat 
pump from WaterFurnace International [16] were 
chosen. A reasonable flow rate to suit the HP was 
chosen to be 1200 kg/hr as default. The flow rate of the 
HWT loop was chosen to be constant at 200 kg/hr.  

Figure 4 shows the temperatures of the HWT and the 
outdoor temperature at Redmond, Oregon, USA. The 

HWT temperature ranges from 43C to 55C for the 
entire simulated time (5 years). Annual climate changes 
are ignored and the annual weather at Redmond, 
Oregon, USA was assumed to be periodic for the 5-
year simulation. 

 
Figure 4. Predicted temperatures of the HWT and the 

weather at Redmond, Oregon, USA. 

As shown in Fig. 5, the indoor temperature of the house 

mostly ranges from 20C to 27C, as the range of set-
point temperatures described previously. The average 
temperature (the dashed orange line) of BF2 turns cold 
in the winter and hot in the summer as expected. In 
addition, it takes at least 5 years for the simulations to 
reach steady, annual periodic behavior for the system. 

Figure 6 shows the temperature of the boreholes in BF1 
and the average BF1 temperature. It can be observed 
from the figure that the borehole inlet temperature 
ranges from 2°C to 36°C as described previously. 
Similar to Fig. 5, it takes at least 5 years for the 
simulations to reach steady, annual periodic behaviors. 
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Also, due to heating demand in the winter, the borehole 
temperature was colder than the average ground 
temperature of the BF1 in the winter. The opposite 
phenomenon was observed in the summer, i.e., the 
borehole temperature was hotter than the average 
ground temperature of the BF1. 

 
Figure 5. Predicted temperatures of house and BF2. 

The COP of the HP loop is defined as: 

                
pumpsHP PP

HouseofLoadThermal
COP


               (1) 

where the Thermal Load of House is the rate of heat 
transferred to the air of the house and PHP and Ppumps 
are the power supplied to the HP and pumps in the HP 
loop. 

 
Figure 6. Predicted temperatures of BF1 and borehole 

in BF1. 

The seasonal heating and cooling COPs of the HP loop 
(default configuration is bolded) are shown in Tables 1 
and 2.  From Table 1, the heating COP decreases every 
year with highest decrease after year 1 and very slight 
decreases afterwards. However, the seasonal cooling 
COP tends to insignificantly increase annually. The 
heating COP is about 2.50 while the cooling one is 
about 3.74 in year 5. 

Further comparisons (from Table 1) with other 
configurations of the boreholes (12 boreholes in total in 
each bore-field) show that, in general, the more the 
boreholes are connected in series, the higher the 
heating COP becomes. In other words, if the bore-fields 
have fewer parallel connections of the boreholes, the 
heating COP increases. However, the increase was very 
small (0.68% between 1 series, i.e., all 12 boreholes 
were connected in series, and 12 series, i.e., all 12 
boreholes were connected in parallel, in year 5). This 
result was opposite for the cooling COP (Table 2), i.e., 
the more boreholes were connected in series, the lower 
the cooling COP becomes. But the decrease was very 
small (0.27% between 1 series and 12 series). As a 
result, parallel connection for the boreholes could be 
more beneficial. One reason was that parallel 
flows/boreholes experienced an overall lower head 
loss, thus lower operating and maintaining costs of the 
pumps [17]. The second reason was that if one parallel 
borehole failed due to leakage, it could be isolated and 
the other boreholes would still work. 

Table 1. Seasonal heating COP of HP loop for each 
year for each borehole configuration in each BF. 

Year 1 2 3 4 5 
1 series 2.792 2.523 2.509 2.502 2.508 
2 series 2.764 2.517 2.512 2.503 2.502 
3 series 2.733 2.506 2.509 2.501 2.503 
4 series 2.700 2.503 2.503 2.501 2.503 
6 series 2.723 2.507 2.504 2.498 2.498 

12 series 2.670 2.507 2.502 2.497 2.491 
 

Table 2. Seasonal cooling COP of HP loop for each 
year for each borehole configuration in each BF.  

Year 1 2 3 4 5 
1 series 3.694 3.723 3.728 3.730 3.731 
2 series 3.702 3.725 3.729 3.732 3.732 
3 series 3.712 3.728 3.732 3.732 3.731 
4 series 3.716 3.729 3.730 3.732 3.731 
6 series 3.715 3.732 3.732 3.733 3.737 

12 series 3.719 3.736 3.738 3.739 3.741 
 

Table 2 shows seasonal cooling COP of the HP loop 
under various borehole configurations for 5 years of 
simulation. Unlike the heating COPs, the cooling COPs 
have an increasing trend. However, the cooling COPs 
are not much different from the others. Consequently, 
parallel connections of the boreholes in the bore-fields 
may give more benefits. 
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Table 3 displays the seasonal heating COPs of the HP 
loop with various flow rates in the HWT loop. Similar 
to Table 1, the trend of COP of a configuration of 
boreholes tends to level off after five years of 
simulation. By looking at the fifth year, the COP can 
increase significantly from 0.92% to 4.85% for every 
50 kg/hr decrease in the flow rate in the HWT loop. 
One reason was that lower flow rate of the HWT loop 
had higher fluid temperature from the solar collector. 
When warmer fluid is added to the inlet of the HP, the 
HP works more efficiently, thus lower HP power and 
higher COP as shown in Eq. 1. 

Table 3. Seasonal heating COP of HP loop with 
various flow rates in the HWT loop. 

Year 1 2 3 4 5 
50 kg/hr 2.973 2.774 2.767 2.762 2.756 
100 kg/hr 2.843 2.599 2.592 2.593 2.591 
150 kg/hr 2.770 2.519 2.516 2.517 2.516 
200 kg/hr 2.733 2.506 2.509 2.501 2.503 
250 kg/hr 2.698 2.514 2.494 2.493 2.489 
300 kg/hr 2.671 2.505 2.479 2.481 2.480 

 
In Table 4, the seasonal cooling COP is almost the 
same with changing flow rates in the HWT loop. The 
cooling COP reaches a maximum level at the flow rate 
of 150 kg/hr of the HWT loop. The other flow rates of 
the HWT loop have lower cooling COP. The reason 
can be due to the lower capability of transferring heat 
to the boreholes in the summer as a result of the rapid 
increase of the borehole temperature when the heat 
from both HP and solar collector is injected into the 
BFs. Since the difference in COP between 50 kg/hr and 
150 kg/hr is small, it is recommended to have 50 kg/hr 
flow rate in HWT loop, based on the results in Tables 3 
and 4. 

Table 4. Seasonal cooling COP of HP loop with 
various flow rates in the HWT loop. 

Year 1 2 3 4 5 
50 kg/hr 3.707 3.714 3.714 3.715 3.715 
100 kg/hr 3.726 3.734 3.734 3.734 3.737 
150 kg/hr 3.728 3.734 3.736 3.739 3.737 
200 kg/hr 3.712 3.728 3.732 3.732 3.731 
250 kg/hr 3.686 3.723 3.721 3.724 3.723 
300 kg/hr 3.668 3.710 3.714 3.713 3.711 

 

Table 5 shows the average seasonal heating COP over 
5 years of the HP loop with different flow rates. Similar 
to Tables 1 – 4, the COP levels off as time goes beyond 
5 years. In addition, varying the HP-loop flow rate 

(below 1400 kg/hr) does not significantly change the 
COP.  First, the COP drops significantly (more than 
10%) from 2.879 (at 1400 kg/hr flow rate) to 2.566 (at 
1300 kg/hr flow rate). After that, the COP slightly 
drops from 1200 kg/hr flow rate to 900 kg/hr flow rate. 
This indicates that a HP-loop flow rate of 1400 kg/hr or 
higher is recommended for heating season. 

Table 5. Average heating COP of HP loop with various 
flow rates in the HP loop. 

Year 1 2 3 4 5 
900 kg/hr 2.702 2.485 2.460 2.461 2.456 

1000 kg/hr 2.674 2.524 2.495 2.485 2.489 
1100 kg/hr 2.734 2.537 2.503 2.504 2.501 
1200 kg/hr 2.733 2.506 2.509 2.501 2.503 
1300 kg/hr 2.777 2.581 2.574 2.571 2.566 
1400 kg/hr 3.024 2.920 2.897 2.884 2.879 

 

Table 6 shows the seasonal cooling COP over 5 years 
of the HP loop with different flow rates. There is an 
optimum flow rate (at 1300 kg/hr) within the studied 
range. However, the changes in the cooling COPs are 
not as significant as with the heating ones. Since the 
difference in COP between 1300 kg/hr and 1400 kg/hr 
is small (1.2% different), it is recommended to have 
1400 kg/hr flow rate in the HP loop, based on the 
results in Tables 5 and 6.  

Table 6. Average cooling COP of HP loop with various 
flow rates in the HP loop.  

Year 1 2 3 4 5 
900 kg/hr 3.620 3.616 3.643 3.618 3.614 

1000 kg/hr 3.594 3.674 3.680 3.682 3.681 
1100 kg/hr 3.672 3.710 3.708 3.713 3.710 
1200 kg/hr 3.712 3.728 3.732 3.732 3.731 
1300 kg/hr 3.720 3.734 3.735 3.733 3.732 
1400 kg/hr 3.684 3.688 3.689 3.684 3.687 

 

With the default setup, the solar heat is directed to the 
inlet of the HP in the winter and outlet of the HP in the 

summer once the HWT reaches 55C. However, 
directing the solar heat in that way is more complicated 
than just directing the heat to the inlet of the HP all the 
time. The reason is that a timer and a flow-directing 
mechanism (which includes controller programming, 
piping, and diverting valve) to change the flow paths 
are needed when the season changes. As a result, 
Tables 7 and 8 are made to see how the HP performs 
with such direction. Case 1 means the solar heat goes to 
the inlet of the HP in the winter and outlet of the HP in 



 

the summer. Case 2 means the solar heat goes to the 
inlet of the HP all the time. 

From Tables 7 and 8, it can be seen that the results are 
opposite. Case 2 is better for heating season and Case 1 
is better for cooling season. As shown in Fig. 7, the 
inlet fluid temperature to the HP in Case 1 is slightly 
lower than that in Case 2 for a longer period in the 
summer. Since the inlet fluid temperature to the HP 

ranges from 3.6C to 31.3C over a year, the HP will 
probably work without triggering the auto-shutoff of 
the HP. 

Table 7. Average heating COP of HP loop for different 
directing ways of the solar energy to the HP. 

Year 1 2 3 4 5 
Case 1 2.733 2.506 2.509 2.501 2.503 
Case 2 2.735 2.528 2.522 2.510 2.513 

 

Table 8. Average cooling COP of HP loop for different 
directing ways of the solar energy to the HP.  

Year 1 2 3 4 5 
Case 1 3.712 3.728 3.732 3.732 3.731 
Case 2 3.721 3.729 3.723 3.727 3.725 

 

 

 
Figure 7. Predicted fluid temperature at the HP inlet. 

 

CONCLUSION 
A hybrid solar ground-source heat pump system was 
designed for a house in Oregon, USA and simulated for 
5 years using TRNSYS. From the results, it could be 
observed that: 

- It takes at least 5 years to reach the steady, annual 
periodic behavior of the entire system. 

- The indoor temperature of the house can be 

maintained from 20C in the winter to 27C in the 
summer. 

- The thermal energy collected by the solar 
collector can produce domestic hot water ranging 

between 43C and 55C. 
- The borehole inlet fluid temperature goes from 

2C to 36C. Consequently, the existing vertical 
ground heat exchanger model (Type557a) in 
TRNSYS, which considers only heat conduction 
in the ground, can work well. In addition, auto-
shutoff of the HP due to low/high fluid 
temperature can be avoided. 

- Changing the flow rate of the HWT loop can 
affect the COP of the HP’s loop from mildly to 
significantly. The heating COP can increase from 
0.37% to 6.00% for every 50 kg/hr decrease in the 
flow rate of the pumps in the HWT loop. On the 
other hand, the cooling COP slightly increases 
with decreasing flow rate of the HWT loop. 

- Varying the flow rate of the HP loop from 900 
kg/hr to 1300 kg/hr slightly changes the COP. 
However, with flow rate of at least 1400 kg/hr, the 
heating COP is 17.23% better and the cooling 
COP is 2.02% worse than those from the flow rate 
of 900 kg/hr in year 5. 

- It is recommended to have more parallel 
connections or flows because the COP does not 
change much after 5 years and the head losses of 
the ground loop in parallel flows are less than that 
of serial flows. Also, if one borehole 
malfunctions, the other boreholes can still be 
operating with parallel connections. 

 

FUTURE WORK 
The following recommendations are suggested to 
improve the hybrid solar ground-source heat pump 
design: 
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- Varying the solar collector area and the depth of 
the boreholes to see how the COPs are affected. 

- Study the effects of the solar loop by considering 
cases with and without the solar energy added to 
the HP loop. 

- Changing U-tube size in the bore-fields. 
- Replacing BF2 with a thermal storage tank. 
- Explore several different water furnaces. 
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APPENDICES 
Component details: 

Solar collector: 
- Type1b 
- 6 m2 surface area 
- 3.84 kJ/kg·K fluid specific heat 

- 45 incidence angle 

- 26 collector slope 

Pump: 
- Type114 
- 3.84 kJ/kg·K fluid specific heat 
- 373 W rated power 
- 0.9 motor efficiency 
- 0.6 overall efficiency 

Hot water tank: 
- Type60n 
- 0.22 m3 tank volume 
- 1.25 m tank height 
- 4.18 kJ/kg·K fluid specific heat 
- 0.607 W/m·K fluid thermal conductivity 
- Outlet is mixed with the same mass flow rate 

of the water from the main water supply 

Heat exchanger: 
- Type5b (Counter-flow type) 
- 4.18 kJ/kg·K fluid specific heat (hot side) 
- 3.84 kJ/kg·K fluid specific heat (cold side) 
- 2.78 W/K overall heat transfer coefficient 
- The waste water from house and the sewage 

system are attached to the hot side while HP 
outlet and Pump 4 are attached to the cold side 

- Inlet and outlet temperatures vary with time 

Heat pump: 
- Type505b 
- 3.84 kJ/kg·K fluid specific heat (liquid stream) 
- Other specifications are based on the NK009 

heat pump [16] 

Bore-field: 
- Type557a 
- 800 m3 storage volume 

- 15.24 m borehole depth 
- 1.8 m header depth 
- 0.203 m borehole diameter 
- 12 boreholes 
- 1.2 W/m·K storage thermal conductivity 
- 2016 kJ/kg·K storage heat capacity 
- 1.3 W/m·K fill thermal conductivity 
- 0.42 W/m·K pipe thermal conductivity 
- 1.4 W/m·K gap thermal conductivity 
- 0.278 W/m·K insulation thermal conductivity 
- 3.84 kJ/kg·K fluid specific heat 
- Number of simulation years: 10 
- Number of preheating years: 5 

Control valve: 
- Type647 or Type649 

House: 
- Type56a 

 

 


